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A B S T R A C T

Stable carbon isotopes provide information on aerosol sources, but no extensive long-term studies of these
isotopes have been conducted in China, and they have mainly been used for qualitative rather than quantitative
purposes. Here, 24 h PM2.5 samples (n= 58) were collected from July 2008 to June 2009 at Xi'an, China. The
concentrations of organic and elemental carbon (OC and EC), water-soluble OC, and the stable carbon isotope
abundances of OC and EC were determined. In spring, summer, autumn and winter, the mean stable carbon
isotope in OC (δ13COC) were−26.4 ± 0.6,−25.8 ± 0.7,−25.0 ± 0.6 and−24.4 ± 0.8‰, respectively, and
the corresponding δ13CEC values were −25.5 ± 0.4, −25.5 ± 0.8, −25.2 ± 0.7 and −23.7 ± 0.6‰. Large
δ13CEC and δ13COC values in winter can be linked to the burning coal for residential heating. Less biomass is
burned during spring and summer than winter or fall (manifested in the levels of levoglucosan, i.e., 178, 85, 370,
935 ngm−3 in spring, summer, autumn, and winter), and the more negative δ13COC in the warmer months can be
explained by the formation of secondary organic aerosols. A levoglucosan tracer method combined with an
isotope mass balance analysis indicated that biomass burning accounted for 1.6–29.0% of the EC, and the mean
value in winter (14.9 ± 7.5%) was 7 times higher than summer (2.1 ± 0.4%), with intermediate values of
6.1 ± 5.6 and 4.5 ± 2.4% in autumn and spring. Coal combustion accounted for 45.9 ± 23.1% of the EC
overall, and the percentages were 63.0, 37.2, 36.7, and 33.7% in winter, autumn, summer and spring respec-
tively. Motor vehicles accounted for 46.6 ± 26.5% of the annual EC, and these contributed over half
(56.7–61.8%) of the EC in all seasons except winter. Correlations between motor vehicle-EC and coal com-
bustion-EC with established source indicators (B(ghi)P and As) support the source apportionment results. This
paper describes a simple and accurate method for apportioning the sources of EC, and the results may be
beneficial for developing model simulations as well as controlling strategies in future.

1. Introduction

Carbonaceous aerosols are important component of fine particulate
matter (PM2.5, particles≤ 2.5 μm in diameter), and carbon-containing
compounds concentrations can reach 20%–30% of the PM2.5 mass in
urban China (Cao et al., 2012). Carbonaceous aerosols are typically
classified into organic carbon (OC) and elemental carbon/black carbon
(EC/BC). In general, EC is a primary pollutant derived exclusively from
the incomplete combustion of carbon-containing substances, especially
fossil fuels and biofuels, and from forest and agricultural fires and other
combustion related sources (Bond et al., 2013; Jacobson, 2001). In

contrast, OC is a complex mixture of primary OC (POC) and secondary
OC (SOC), which can be directly emitted from various combustion
processes or produced from atmospheric reactions involving gaseous
organic precursors (Pöschl, 2005; Turpin and Huntzicker, 1995). More
than simply being components of PM2.5, carbonaceous aerosols can
substantially affect climate, air quality, visibility and impact human
health. While it is important to investigate the spatial and temporal
variations in these particles, they are derived from a variety of sources
that can change over space and time, and as a result it can be chal-
lenging to identify their sources and even harder to quantify the im-
pacts (Liu et al., 2013). This has led researchers to use increasingly
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sophisticated models or combined methods to quantify the contribu-
tions of individual sources to the aerosol populations.

For source apportionment studies, receptor-oriented models (posi-
tive matrix factorization models (PMF), chemical mass balance models
(CMB) and UNMIX, etc.), source-specific marker method (also called
Aethalometer method, quantified contributions based on light absorp-
tion coefficient in the earlier study by Sandradewi et al. (2008), but not
confined to the Aethalometer data only) and various multivariate
models are the conventional techniques. Among these, receptor models
have been in broad use for the source types quantification/assessment
works, which facilitate the source contributions based on atmospheric
concentrations. The marker methods (e.g., levoglucosan or stable
carbon isotopes/radiocarbon, etc.) are advantageous from the point of
view that they do not require many samples or extensive data sets and
are quite straightforward (Salma et al., 2017; Szidat et al., 2006).

Ratios of stable carbon isotopes measured as delta-13C (δ13C, see
below for formula) can provide information about the sources of
aerosols, and these isotopes have proven to be useful geochemical
markers (López-Veneroni, 2009; Widory, 2006), while radiocarbon
(14C) provides information on the influence of fossil fuel, biomass
burning and biogenic emissions on carbonaceous aerosols (Andersson
et al., 2015; Szidat et al., 2006). In particular, they have been applied in
various types of environmental studies to identify emission sources
(Andersson et al., 2015; Cao et al., 2011, 2013; Kawashima and
Haneishi, 2012; Liu et al., 2013; Salma et al., 2017; Zhang et al., 2015).
For example, measurements of δ13C in both OC and EC, led Cao et al.
(2013) to conclude that fossil fuel combustion was the dominant source
for carbonaceous PM2.5 in Shanghai. Earlier studies by Cao et al. (2011)
using the same approach showed that northern cities in China were
strongly impacted by coal combustion during winter. To date, mea-
surements of carbon isotopes and other substances have been combined
to provide new insights into characteristics of atmospheric aerosols
from different sources. For example, levoglucosan (1,6-anhydro-b-D-
glucopyranose), which is a sugar anhydride produced during the com-
bustion of cellulose (Simoneit et al., 1999), is a marker commonly used
to indicate biomass burning (Liu et al., 2013). Some studies coupled 14C
and levoglucosan marker method for source apportionment of carbo-
naceous aerosols (Andersson et al., 2015; Liu et al., 2013, 2017; Salma
et al., 2017). Some δ13C studies have conducted during biomass
burning episodes, and based on the assumption that the aerosols were
only affected by biomass burning, it was possible to estimate the con-
tributions from the burning of C3 versus C4 plants to the fine PM (Cao
et al., 2016; Mkoma et al., 2014). Although source apportionments
based on δ13C data hold considerable promise, this approach is still
being developed.

Xi'an, the largest city in northwest China, is located on the
Guanzhong Plain, which is surrounded by Qingling Mountains to the
south and loess plateau to the north. Recently, Xi'an has experienced
some of the worst air pollution among China's cities (Cao et al., 2012).
The Guanzhong Plain is one of the major agricultural production areas
for wheat and corn in China, and agricultural biomass burning (espe-
cially the post-harvest burning of crop residues to clear farmland) and
the burning of biomass for domestic purposes are common sources of
pollutants in this region, especially in autumn and winter. Previous
work showed that biomass burning contributed to 5.1–43.8% of the OC
in Xi'an (Zhang et al., 2014a). In addition to biomass burning, emissions
from the combustion of fossil fuels, such as coal, gasoline, and diesel,
are among the major sources for the carbonaceous aerosols. For ex-
ample, Cao et al. (2005) found that 44% of the total carbon was from
the exhaust emitted by gasoline engines, and 44% was from coal
burning during winter; these results were based on absolute principal
component analysis of eight thermally-derived carbon fractions.

Although studies on stable carbon isotope analysis of aerosol have
been conducted at several sites in China (Cao et al., 2011, 2013, 2016;
Dai et al., 2015), no extensive, long-term observations have been made,
and to this point, stable carbon isotope analyses of atmospheric

particles have been used more for qualitative studies of sources rather
than quantitative analysis. Here, we measured the concentrations of
selected carbonaceous components and the stable carbon isotope
abundances of OC and EC in PM2.5 collected in Xi'an over an entire
year. The objectives of this study were (1) to investigate seasonal var-
iations of OC, EC, WSOC as well as stable carbon isotope composition;
(2) to develop a combined 13C stable isotope and levoglucosan tracer
method in source apportionment for EC; and (3) to quantitatively ap-
portion the contributions from different sources for EC mass loadings
using this method and to characterize the seasonal changes in impacts
from these sources.

2. Experimental

2.1. Sampling site and sample collection

The sampling site was located in the southeastern part of downtown
Xi'an (34.23°N, 108.88°E) where there were no major industrial or
constructive activities nearby. More detailed descriptions of the site
may be found in previous publications (Xu et al., 2012; Zhang et al.,
2014a). An air sampler (Model TE-6001-2.5-I-PM2.5 SSI, Tisch Inc.,
USA) was deployed on the rooftop of the Institute of Earth Environ-
ment, Chinese Academy of Sciences, ∼10m above ground level. A total
of 58 PM2.5 filter samples were collected from July 2008 to June 2009.
The high-volume air sampler operated at a flow rate of 1.1 m3min−1,
and the sample substrates were 20 × 25 cm QM-A quartz-fiber filters
(Whatman Ltd., Maidstone, UK), which were preheated in 900°Cmuffle
furnace for at least 3 h to avoid inherent carbonaceous contaminants
before using. Samples were collected every sixth day starting at 10:00
China standard time (UTC+8), and each sample was run for 24 h.

Based on the meteorological characteristics and the dates of the
traditional residential heating period (mid-November through mid-
March), the period from 15 November to 14 March was designated as
winter, spring was 15 March to 31 May, summer was 1 June to 31
August, and autumn was 1 September to 14 November (Zhang et al.,
2014a,b). In addition, four filed blank filters in each season were col-
lected by exposing filters in the sampler without drawing air through
them; these were used to account for any artifacts introduced during the
sample handling process.

2.2. Carbon and stable isotope analyses

Portions of the quartz filters (0.526 cm2 punches) were analyzed for
OC and EC using a DRI Model 2001 thermal/optical carbon analyzer
(Atmoslytic Inc., USA) following the IMPROVE_A protocol (Chow et al.,
2007). The method detection limits (MDLs) for OC and EC were below
0.41 and 0.03 μg cm−2, respectively. Replicate measurements were
made for one in ten samples, and the difference between replicates
was< 10% for both OC and EC. Quality assurance/quality control
(QA/QC) procedures for these analyses have been described by Cao
et al. (2003).

Another aliquot of the sample filters was extracted with 30mL pure
water under ultrasonic agitation/extraction for three times, and filtered
through a polytetrafluoroethylene filter to remove the particles and
filter debris. The water extract was analyzed for water-soluble organic
carbon (WSOC) using a TOC-L CPH Total Carbon Analyzer (Shimadzu
Corp., Japan). The difference between OC and WSOC was considered as
water-insoluble OC (WIOC).

The stable carbon isotope composition of OC and EC was de-
termined from carbon dioxide (CO2) evolving at two temperatures and
detected with a Finnigan MAT-251 ratio mass spectrometer (Thermo
Electron Corporation, Burlington, ON, Canada). The isolation of OC and
EC in the study followed up by our previous studies (Cao et al., 2011;
Ho et al., 2006). Briefly, the particulate carbon captured on the quartz-
fiber filters was oxidized to CO2 with CuO catalyst grains by first
combusted at 375 °C for 3 h (no oxygen under vacuum). The CO2
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collected by a series of cold traps, and then its isotopic composition
determined as δ13COC. Isolation of EC was achieved by combustion of
the remaining carbonaceous material at 850 °C for 5 h; the CO2 pro-
duced by this treatment was quantified as the EC fraction and its iso-
topic composition defined as δ13CEC. The EC recovery for 13C mea-
surement in this work was 123 ± 8%. The positive EC artifact was
probably due to OC charring during OC removal procedure before EC
isolation.

The isotopic abundances were expressed relative to the interna-
tional standard Vienna Pee Dee Belemnite (V-PDB) as follows:

δ13C = (13C/12Csample/13C/12Cstandard– 1)× 1000

V-PDB is the primary reference material for measuring natural
variations of 13C, and it is composed of calcium carbonate from a cre-
taceous belemnite rostrum of the Pee Dee Formation in South Carolina,
USA. Samples were analyzed at least in duplicate, and the maximum
difference in carbon isotopes between replicates was 0.3‰.

All the data reported here were corrected by the four field blanks.

2.3. Analysis of chemical tracers

Analysis details for levoglucosan have been reported in our previous
paper (Zhang et al., 2014a,b). Briefly, aliquot of PM2.5 samples were
extracted with 10mL Milli-Q water under ultrasonication, and filter
through 0.45 μm pore size microporous membranes to remove insoluble
material, then measured using high-performance anion-exchange
chromatography with pulsed amperometric detector (HPAEC-PAD) on a
Dionex DX-600 ion chromatograph (Dionex Inc., Sunnyvale, CA, USA).
Data about levoglucosan have been reported by Zhang et al. (2014a)
and cited here to evaluate biomass burning contributions to EC.

The concentrations of chemical tracers (arsenic(As) and benzo[ghi]
perylene(B(ghi)P)) were determined for the PM2.5 samples as follows.
Energy dispersive X-ray fluorescence (ED-XRF) spectrometry (Epsilon 5
XRF analyzer, PANalytical, Almelo, the Netherlands) was used to de-
termine the concentrations of the As collected on the PM2.5 quartz-fiber
filters. The analytical details and QC/QA procedures have been de-
scribed in Xu et al. (2012). The accuracies and precisions of the ED-XRF
analyses have been reported in previous publications (Cao et al., 2012;
Xu et al., 2012). Thermal desorption (TD) coupled with gas chroma-
tography/mass spectrometry (GC/MS) was used for quantifying the
concentrations of B(ghi)P in the PM2.5 samples. The in-injection port
TD-GC/MS procedure that was used in our study involves a short
sample preparation time (< 1min), avoids contamination from solvent
impurities, and is highly sensitive (Ho et al., 2008, 2011; Ho and Yu,
2004). QA/QC information for our TD-GC/MS methods may be found in
Xu et al. (2013).

3. Results and discussion

3.1. Seasonal variations and concentrations of carbonaceous components

Fig. 1 presents the temporal variations in the concentrations of
WSOC, WIOC and EC as well as the δ13C for OC and EC at Xi'an. The
seasonal variations in the concentrations of carbonaceous components
are summarized in Table 1. The grand mean concentrations of WSOC,
WIOC, OC and EC were 9.2 ± 6.8, 13 ± 12, 22 ± 17 and
7.6 ± 3.0 μgm−3, and they ranged from 2.1 to 36, 1.0 to 50, 3.3 to 67
and 2.0–16 μgm−3, respectively. The WSOC abundance contributes
∼48% ± 17% of OC at Xi'an, and shows strong dependence on OC
(R2=0.62, p < 0.001) with all data points falling on a liner regression
with a slope of 0.39. Although the concentrations varied significantly
among samples, a seasonal pattern was observed; that is, the maximum
in carbonaceous components occurred in the winter, followed by au-
tumn, with relatively low levels in spring and summer. For example, the
concentrations of WSOC, OC and EC were 1.5–3 times higher in winter

than in summer. The high loadings of carbonaceous components in
winter could be explained by 1) more emissions from burning sources in
the colder months coupled with meteorological conditions that led to
the buildup of pollutants in the boundary layer; and 2) the emission
sources, especially biomass burning for heating, residential and com-
mercial coal combustion, etc. changed from season-to-season (mani-
fested in the levels of levoglucosan: levoglucosan concentrations in
winter were ten times higher than those in summer).

3.2. Stable carbon isotopes distribution

The daily mean isotope abundances of OC and EC were −25.3‰
and −24.9‰, and they ranged from −27.4‰ to −23.2‰ and
−26.5‰ to −22.8‰, respectively. The mean values for δ13COC and
δ13CEC were similar to the values reported for winter and summer
samples from seven northern Chinese cities in 2003 (mean value of
δ13COC and δ13CEC: −25.5 and −25.1‰) (Cao et al., 2011); PM2.5

δ13CEC in Akita, Japan (−24.3‰), (Kawashima and Haneishi, 2012);
and PM2.1 δ13CEC in Tokyo, Japan (−25.1‰) (Takahashi et al., 2008).
On the other hand, the δ13COC and δ13CEC were larger than the values
measured in seven southern Chinese cities (−26.0‰ and −25.8‰)
(Cao et al., 2011), British Columbia, Canada (−26.3‰ and −26.7‰)
(Huang et al., 2006) and PM2.5 δ13CEC in Hangzhou and Hong Kong,
China (Ho et al., 2006; Liu et al., 2007). Comparisons of the isotope
abundances in this study with the signatures of likely sources, show that
the δ13CEC was close to that reported for emissions from motor vehicles
(−24.9‰ to −20.3‰) (Kawashima and Haneishi, 2012) and coal
combustion (−24.4‰ to −23.3‰) (Kawashima and Haneishi, 2012;
Mori et al., 1999; Widory et al., 2004). Furthermore, the δ13CEC in the
Xi'an samples was heavier than in emissions from C3 plant combustion
(e.g., rice: −29.5‰ to −27.5‰) (Liu et al., 2014) but lighter than the
values for C4 plants (e.g., maize: −22.2 to −13.0‰) (Liu et al., 2014).
These comparisons suggest that the δ13CEC in our samples primarily
reflected emissions from motor vehicles and coal combustion.

Notable differences were observed in the seasonality of the carbon
isotopes (Fig. 2); that is, both δ13COC and δ13CEC were clearly more
enriched with 13C in winter compared with the other seasons. For
δ13COC, the values decreased in the following order: winter
(−24.4‰ ± 0.8‰) > autumn (−25.0‰ ± 0.6‰) > summer
(−25.8‰ ± 0.7‰) > spring (−26.4‰ ± 0.6‰); while δ13CEC

showed enrichments of the larger 13C isotope in winter
(−23.7‰ ± 0.6‰) and similar ratios in spring (−25.5‰ ± 0.4‰),
summer (−25.5‰ ± 0.8‰) and autumn (−25.3‰ ± 0.7‰). Nor-
mally, EC is unreactive, and therefore δ13CEC is likely to preserve the
characteristics of the primary sources (Huang et al., 2006). Differences
in the mean winter δ13CEC values versus other seasons indicate that the
major sources for EC from Xi'an change with season. In northern China,
large quantities of coal are burned for residential heating, and the so-
called heating season extends from November of one year to March of
the following year (Cao et al., 2007). The larger values of δ13CEC as well
as δ13COC we observed in winter relative to other seasons might be
linked to the burning of coal for residential heating.

In contrast to EC, the OC fraction of the aerosol can be modified by
various reactions, and as a result, δ13COC values typically change with
time (Cao et al., 2011). Indeed, photochemical reactions and the ac-
cumulation of biogenic materials can both lead to lighter δ13COC (Ho
et al., 2006), and a study by Irei et al. (2006) showed that the δ13C of
secondary organic aerosol (SOA) produced in laboratory studies was
light, ranging from −32.2‰ to −32.9‰. Along these lines, we found
higher percentages of WSOC in OC in spring (55%) and summer (52%)
compared with autumn (40%) or winter (46%) (Table 1). Generally,
WSOC is associated with polar compounds, SOA formation, and bio-
mass burning-derived POC (Ding et al., 2008). Due to the relatively low
levels of biomass burning emissions during spring and summer, which
can be seen in the seasonality of levoglucosan concentrations
(spring= 178 ngm−3; summer=85 ngm−3; autumn=370 ngm−3;
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winter= 935 ngm−3), we can conclude that the high WSOC fraction is
indicative of aged aerosols. And thus, the more negative δ13COC in the
planting and growing seasons can be explained by the formation SOA
with the higher percentage of the lighter 12C isotope (See Fig. 3).

A plot of δ13COC versus δ13CEC shows that the stable C ratios of OC
and EC were moderately correlated over the whole year (R2= 0.47,
p < 0.001); however, when the samples were grouped by season, the
correlation between δ13COC and δ13CEC decreased in winter and autumn
(R2=0.38 and 0.36, respectively) and became non-significant
(p > 0.05) in spring (R2=0.18) and summer (R2= 0.19). Assuming
that EC maintains the isotopic signature (δ13CEC) of the original emis-
sions, one can conclude that the isotopic composition of OC was at
times affected by the same combustion sources as EC, especially coal
combustion during the winter heating season and the postharvest
burning of crop residues in autumn. In spring and summer, there was no
correlation between δ13COC and δ13CEC, however, and that was most
likely due to the formation of SOA and the attendant effects on δ13COC.

3.3. Source apportionment of EC

3.3.1. Biomass burning EC
Atmospheric processing and photochemical aging affect the δ13C

signature of OC but not EC, and this is why δ13CEC was the focus in our

assessment of the emission sources. More specifically, EC is chemically
stable, and carbon isotopic fractionation of EC does not occur easily in
nature (Liu et al., 2014), and thus δ13CEC provides information on
emission sources (Andersson et al., 2015). For our quantitative mass-
balance source-apportionments for EC, three main combustion source
fuels were assumed, and these were biomass, coal and liquid fossil fuels.
This strategy is based on two principles; first, these sources account for
the bulk of the BC emissions in China, and second, these sources can be
distinguished by analyses of stable carbon isotopes. Here, the carbon
isotope mass balance approach was combined with a levoglucosan
tracer method to estimate the relative contributions of various sources
to EC.

Levoglucosan to EC ratios have been used to assess impacts from
biomass burning, and previous studies have used a levoglucosan tracer
method to evaluate the impacts of biomass burning on OC (Sang et al.,
2011; Zhang et al., 2014a). Here, equation (1), which is based on an
enrichment factor receptor modeling approach, was adapted and ap-
plied to estimate the contribution of biomass burning to EC

=Contribution of biomass burning to EC
[Levoglucosan]/[EC]
[Levoglucosan]/[EC]

ambient

source

(1)

The implicit assumptions of this approach are (1) that levoglucosan

Fig. 1. Temporal variations in the mass concentrations of carbonaceous aerosol components, including water-soluble and water-insoluble organic carbon (WSOC and
WIOC), elemental carbon (EC) and delta 13C (δ13C) for OC and EC.

Table 1
Annual and seasonal mean ± SD (median) concentrations of WSOC, WIOC, OC, EC, levoglucosan and δ13C for PM2.5 from Xi'an.

Variable Season Annual

Spring Summer Autumn Winter

Number of samples 13 15 12 18 58
WSOC (μg m−3) 6.1 ± 2.5 (6.0) 5.3 ± 1.9 (4.8) 7.5 ± 4.3 (7.4) 16 ± 8.0 (15) 9.3 ± 6.8 (7.5)
WIOC (μg m−3) 6.7 ± 7.1 (3.4) 5.6 ± 3.7 (4.9) 13 ± 7.8 (17) 22 ± 14 (19) 13 ± 12 (8.2)
OC (μg m−3) 13 ± 8.5 (11) 11 ± 4.6 (10) 21 ± 12 (24) 38 ± 18 (38) 22 ± 17 (16)
EC (μg m−3) 5.7 ± 2.3 (5.7) 6.3 ± 2.0 (7.0) 8.4 ± 2.9 (10) 9.6 ± 3.1 (9.1) 7.6 ± 3.0 (8.0)
levoglucosan (ng m−3) a 178 ± 125 (97) 85 ± 24 (87) 370 ± 325 (176) 935 ± 443 (872) 428 ± 399 (156)
WSOC/OC (%) 55 ± 19 (52) 52 ± 14 (50) 40 ± 10 (40) 46 ± 19 (42) 48 ± 17 (48)
δ13COC (‰) −26.4 ± 0.6 (−26.4) −25.8 ± 0.7 (−25.5) −25.0 ± 0.6 (−25.0) −24.4 ± 0.8 (−24.3) −25.3 ± 1.0 (−25.4)
δ13CEC (‰) −25.5 ± 0.4 (−25.4) −25.5 ± 0.8 (−25.9) −25.2 ± 0.7 (−25.3) −23.7 ± 0.6 (−23.5) −24.9 ± 1.0 (−25.1)

a Data obtained from Zhang et al. (2014a).
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can be used as a tracer for separating biomass burning impacts from
those of other sources, but (2) it cannot be used to distinguish among
different biomass fuels and combustion sources. With reference to the
levoglucosan/EC ratios of likely sources materials, Zhang et al. (2007)
reported an average of 7.69% (with a range of 5.4–11.8%) for cereal
straw (corn, wheat, and rice) in China. Due to the lack of information

on the composition of emissions from different types of biomass under
realistic burning scenarios, we used this value in our calculations. Using
this approach, the percent contribution of biomass burning to EC in fine
particles for the daily samples was found to vary from 1.6% to 29% over
the course of the sampling campaign and averaged 7.4 ± 7.2%
(Fig. 4). The average percent contribution in winter (15 ± 7.5%) was
seven times higher than in summer (2.1 ± 0.4%), and the percentages
were 6.1 ± 5.6% and 4.5 ± 2.4% for autumn and spring, respectively.

3.3.2. Coal combustion EC and motor vehicle EC
Based on the “Aethalometer method” principle, if one assumes that

the influence of mineral dust on EC is negligible, the relative con-
tributions of biomass burning, coal combustion and motor vehicle ex-
haust can be estimated using the isotope mass balance approach for
δ13CEC. Again, the focus here is on EC because that is the carbonaceous
aerosol fraction that retains the original signature of the primary
emissions. The mass balance model for δ13CEC is as follows:

= + +aδ C δ C bδ C cδ C13
EC AM

13
EC CC

13
EC MV

13
EC BB (2)

where δ13CEC AM is the δ13CEC measured in ambient samples (here
PM2.5), δ13CEC CC is the δ13CEC representative of coal combustion (CC),
δ13CECMV is the δ13CEC of motor vehicle (MV) exhaust, δ13CEC BB is the
δ13CEC of biomass burning (BB), and a, b, and c denote the percent
contributions from CC, MV and BB; note that a + b + c = 1. The value
for c for each sample was obtained from Eq. (1).

This approach can be refined to take into allow for differences in

Fig. 2. Box plots of OC, EC, WSOC concentrations (μg m−3) as well as δ13COC, δ13CEC (‰) in PM2.5 in four seasons. Boxes and whiskers represent the minimum value,
25th, 50th, 75th percentiles and maximum value. The X sign in the middle of the boxes show the mean values for each component.

Fig. 3. Relationships between stable carbon isotope ratios (δ13CEC and δ13COC)
in PM2.5 in four seasons. The diagonal line shows the linear regression.

Fig. 4. Daily contributions of biomass burning to EC (calculation based on the levogluconsan tracer method). The solid line shows the seasonal mean values.
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terrestrial vegetation, that is, to account for the fact that C3, C4 and
CAM plants show differences in isotope discrimination (Sage, 2004). To
do this, we first collected productivity figures for the staple crops (rice,
wheat and maize) in 2008 and 2009 for Shaanxi Province from Shaanxi
Statistical Yearbook (Table S2). The average yields of rice, wheat, and
maize in 2008 and 2009 combined were 0.83, 3.87 and 5.05 million
tons, respectively, and these three crops accounted for nearly 84% of
the total crop production. If one assumes that biomass burning emis-
sions are dominated by these three crops, then we can estimate their
contributions to biomass burning separately based on their production
figures, and to do this, Eq. (2) was revised as follows:

= + + +

+

aδ C δ C bδ C c(c δ C c δ C

c δ C

13
EC AM

13
EC CC

13
EC MV rice

13
ECrice wheat

13
ECwheat

maize
13

ECmaize (3)

where δ13CEC rice, δ13CEC wheat, δ13CEC maize denote the δ13CEC values for
rice, wheat and maize, respectively, and Crice, Cwheat and Cmaize are the
percent contributions from rice, wheat and maize to biomass burning.

For these calculations, we used δ13CEC values matched to these three
crops that were taken from a paper by Liu et al. (2014). These authors
collected six cultivars of rice, maize, and wheat, burned the residues
under both flaming and smoldering conditions, and then determined
the carbon isotopic ratios for EC in smoke and ash. The δ13C values
were relatively similar for rice (−29.5 and −27.5‰) and wheat
(−29.9 and −25.4‰) while those for maize were somewhat larger
(−22.2 and −13.0‰). To allow for the uncertainties in these isotopic
values, three calculations were done here. The first using the mean δ13C
values for all three crops, the second with the lower values and the third
with the upper values.

For the coal combustion products and motor vehicle exhaust, we
considered the δ13C values reported in several relevant publications
(Mori et al., 1999; Widory, 2006; Huang et al., 2006; Kawashima and
Haneishi., 2012), and finally adopted values of −23.3‰ for coal and
−26.9‰ for motor vehicle for use in Eq. (3). The δ13C values for EC for
selected atmospheric pollution sources are listed in Table S1. Thus,
based on the selected δ13C values, we could establish binary equations
to apportion the source contributions for each sample.

The temporal source apportionment of EC for the set of 24 h samples
collected from July 2008 to June 2009 indicates that coal combustion
accounted for 46 ± 23% of the EC (Fig. 5) on average, and its con-
tribution was highest in winter (63 ± 18%), similar in autumn
(37 ± 16%) and summer (37 ± 21%) and lowest in spring
(34 ± 13%). Motor vehicle emissions accounted for 47 ± 27% of
annual EC mass, and it was the largest contributor to EC in spring
(62%), summer (61%) and autumn (57%). The results of the source
apportionments are comparable to the results for previous assessments
for cities in northern China that were based on measurements of
radiocarbon. For example, Zhang et al. (2015) found that the con-
tributions of fossil fuel sources to EC was 78% ± 3% in Xi'an in Jan-
uary 2013. Chen et al. (2013) found that 83–86% of the EC was asso-
ciated with fossil fuel combustion during winter 2009–2010 in Beijing,
Shanghai and Xiamen, with the remainder from biomass burning.
Andersson et al. (2015) found that coal combustion contributed 66%
(46–74%) of the EC in the Beijing region in winter 2013.

3.3.3. Evaluation the apportionment results
To evaluate the validity of the stable carbon isotope-resolved source

contributions, we compared the EC concentrations calculated for coal
combustion and motor vehicle sources with those of established mar-
kers for these sources. The markers used for this purpose were As for
coal burning and B(ghi)P for vehicular emissions. Coal combustion is
one of the major sources for As in the atmosphere (Xie et al., 2006), and
for each ton of permocarboniferous coal (containing roughly 5mg kg−1

As) burned, power stations emit roughly 0.40 g As into the atmosphere,
most of which is associated with fly ash (Luo et al., 2004). The chemical
tracer we used for motor vehicles is B(ghi)P. Although B(ghi)P can be

genetated by both coal and gasoline combustions, B(ghi)P is maily from
gasoline emissions (Wang et al., 2006; Xu et al., 2013). Fig. 6 shows a
moderate correlation (R2=0.32, p < 0.001) between the calculated
coal combustion-EC and As, and this supports the conclusions we have
drawn from the source apportionment regarding the contributions of
this source. Interestingly, we had to separate the data into winter and
other seasons (spring, summer and autumn) to obtain good correlations
between B(ghi)P and motor vehicle-EC, with R2= 0.44 (p= 0.005)
and 0.49 (p < 0.001) in winter and other seasons, respectively. The
correlations between B(ghi)P and motor vehicle-EC did not hold for all
data combined because the slopes varied among seasons. This might
relate to the B(ghi)P concentrations were perturbed by the increased
coal combustion in winter. Even so, the relationships between the tra-
cers and the coal combustion-EC and motor vehicle-EC indicate that our
assessment provides a reasonable representation of EC sources and
concentrations at Xi'an.

3.3.4. Uncertainty estimation and limitations
Special care needs to be taken in interpreting the apportioning re-

sults because the source apportionments are dependent on the selection
of the δ13C reference values. The uncertainties of coal combustion and
motor vehicle contributions to EC calculated in different isotopic values
were estimated. When we used the lower and upper bounds of δ13CEC

values of rice, wheat and maize in separate calculations, estimates of
the annual mean contribution of coal combustion to EC were ∼55%
and 41%, respectively. Correspondingly, motor vehicle emissions con-
tributed ∼38% and ∼52%. The seasonal contributions from coal
combustion and motor vehicle exhaust emissions to EC are listed in
Table S3. The overall relative uncertainty of the coal combustion con-
tributions was assessed to be up to 10% (medians: 6.6%; range:
1.2%–45%), while the relative uncertainty for the motor vehicle con-
tributions is expected to be ∼15%. Besides that, we selected one end
number of δ13CEC for coal combustion (−23.3‰) and motor vehicle
(−26.9‰) in the calculations, while large range for δ13CEC from dif-
ferent sources have been reported in previous publications (Huang
et al., 2006; Kawashima and Haneishi, 2012; Mori et al., 1999; Widory,
2006). The uncertainties were estimated by varying reference ratios
by± 0.1. It was estimated that the relative uncertainty associated with
the variations is approximately ∼3%.

Meanwhile, this study has some limitations. We note that the typical
uncertainties of source apportionment arise from the input parameters
for calculations, including not only the variability of reference values,
but also analytical uncertainties (including OC/EC mass and isotope
measurements) and recoveries of different carbon fractions. Hammes
et al. (2007) pointed out that the specific chemical/thermal/physical
methods used to isolate the EC fraction could conceivably influence the
signatures. Zhang et al. (2012) evaluated the extent of positive and
negative artefacts during OC and EC separation, and then obtained the
optimal strategy for subsequent off-line 14C measurement which used in
their recently works (Zhang et al., 2014b, 2015). Thus, the determi-
nation of these uncertainties as well as the results of the sensitivity
analysis should be conducted in the future. In addition, the levoglu-
cosan/EC ratio of 7.69% for the main types of Chinese cereal straw
(Zhang et al., 2007) was chosen to evaluate the biomass burning con-
tribution to EC, which also should be taken into account in the calcu-
lations. Nevertheless, this apportioning method provides a new chance
to obtain relative contributions to EC from different sources.

4. Conclusions

PM2.5 samples (n=58) were collected every sixth day from July
2008 to June 2009 at Xi'an, Shaanxi Province, in the interior of China.
Stable carbon isotope abundances for the OC and EC fractions as well as
the concentrations of carbonaceous components (OC, EC and WSOC)
were determined. The larger values of δ13CEC and δ13COC observed in
winter relative to other seasons can be linked to the burning of coal for
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residential heating. On the other hand, relatively low amounts of bio-
mass are burned during spring and summer, so the more negative
δ13COC in those seasons is probably related to the formation SOA be-
cause that process favors the lighter 12C isotope over 13C.

We combined a levoglucosan tracer method, which has been used to
estimate the impacts of biomass burning, with the isotope mass-balance
approach to estimate source contributions to EC. The percent con-
tribution of biomass burning to EC ranged from 1.6% to 29% and
averaged of 7.4 ± 7.2% for the study. After accounting for the con-
tributions of biomass burning to EC, the relative contributions of coal
combustion and motor vehicle exhaust were estimated using the isotope
mass balance approach for δ13CEC. Motor vehicle emissions apparently
were responsible for the greatest fraction of EC in spring, summer and
autumn while coal combustion was the most important source in
winter. These findings are similar to results from previous studies in
northern Chinese cities that were based on measurements of radio-
carbon. To assess the validity of the source contributions based on
stable carbon isotopes, the EC concentrations calculated for coal

combustion and motor vehicle source were compared with those of
source markers, As for coal combustion and B(ghi)P for motor vehicle
emissions. Significant relationships between As and coal combustion-
EC, and for B(ghi)P and motor vehicle-EC indicated that our new ap-
proach for assessing EC sources was able to provide a reasonable re-
presentation of EC sources and concentrations at Xi'an.

This is the first study to use stable C isotopes for source appor-
tionments of EC, which provides a simple and relatively accurate ap-
portioning method. In addition, carbonaceous aerosols are a major
cause of high PM2.5 loadings, and the findings presented here con-
cerning sources provide a starting point for developing model simula-
tions as well as controlling strategies in future.
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Fig. 5. Temporal source apportionment of EC from July 2008 to June 2009.
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