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Abstract. To investigate the sources and formation mechanisms of carbonaceous aerosols, a major contributor to severe 

particulate air pollution, radiocarbon (14C) measurements were conducted on aerosols sampled from November 2015 to 

November 2016 in Xi’an, China. Based on the 14C content in elemental carbon (EC), organic carbon (OC) and water-

insoluble OC (WIOC), contributions of major sources to carbonaceous aerosols are estimated over a whole seasonal cycle: 15 

primary and secondary fossil sources, primary biomass burning, and other non-fossil carbon formed mainly from secondary 

processes. Primary fossil sources of EC were further sub-divided into coal and liquid fossil fuel combustion by 

complementing 14C data with stable carbon isotopic signatures. 

The dominant EC source was liquid fossil fuel combustion (i.e., vehicle emissions), accounting for 64% (median; 45–74%, 

interquartile range) of EC in autumn, 60% (41–72%) in summer, 53% (33–69%) in spring and 46% (29–59%) in winter, 20 

respectively. An increased contribution from biomass burning to EC was observed in winter (~28%) compared to other 

seasons (warm period; ~15%). In winter, coal combustion (~25%) and biomass burning equally contributed to EC, whereas 

in the warm period, coal combustion accounted for a larger fraction of EC than biomass burning. The relative contribution of 

fossil sources to OC was consistently lower than that to EC, with an annual average of 47 ± 4%. Non-fossil OC of secondary 

origin was an important contributor to total OC (35 ± 4%) and accounted for more than half of non-fossil OC (67 ± 6%) 25 

throughout the year. Secondary fossil OC (SOCfossil) concentrations were higher than primary fossil OC (POCfossil) 

concentrations in winter, but lower than POCfossil in the warm period.  

Fossil WIOC and water-souble OC (WSOC) have been widely used as proxies for POCfossil and SOCfossil, respectively. This 

assumption was evaluated by (1) comparing their mass concentrations with POCfossil and SOCfossil, and (2) comparing ratios 

of fossil WIOC to fossil EC to typical primary OC to EC ratios from fossil sources including both coal combustion and 30 

vehicle emissions. The results suggest that fossil WIOC and fossil WSOC are probably a better approximation for primary 

and secondary fossil OC, respectively, than POCfossil and SOCfossil estimated using the EC tracer method. 
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1. Introduction 

Carbonaceous aerosols are an important component of PM2.5 (particles with aerodynamic diameter <2.5 µm), constituting 

typically 20–50% of PM2.5 mass in many urban areas in China (Cao et al., 2012; R. J. Huang et al., 2014; Tao et al., 2017). 

The total carbon content of carbonaceous aerosols (TC) is operationally classified into elemental carbon (EC) and organic 

carbon (OC) (Pöschl, 2005). EC is emitted as primary aerosols from incomplete combustion of biomass (e.g., wood, crop 5 

residues, and grass) and fossil fuels (e.g., coal, gasoline and diesel). In addition to these combustion sources, OC has other 

non-combustion sources, for example, biogenic emissions, cooking, etc. Unlike EC that is exclusively emitted as primary 

aerosols, OC includes both primary and secondary OC (POC and SOC, respectively), where SOC is formed in the 

atmosphere by chemical reaction and gas-to-particle conversion of volatile organic compounds (VOCs) from non-fossil (e.g., 

biomass burning, biogenic emissions, and cooking) and fossil sources (Jacobson et al., 2000; Kanakidou et al., 2005; 10 

Hallquist et al., 2009). Moreover, OC can be separated into water-soluble OC (WSOC) and water-insoluble OC (WIOC), 

aaccording to water solubility of OC.  

High concentrations of carbonaceous aerosols have been observed during severe air pollution events in China (R. J. Huang et 

al., 2014; Elser et al., 2016; Liu et al., 2016a, 2016b). Knowledge and  understanding of the sources and formation processes 

of carbonaceous aerosols, which remain unclear due to the complicated chemical composition, are highly needed to improve 15 

air quality. Clear-cut separation between fossil and non-fossil sources of carbonaceous aerosols can be successfully achieved 

by radiocarbon measurement (Gustafsson et al., 2009; Szidat et al., 2009; Dusek et al., 2013). Radiocarbon (14C) source 

apportionment exploits the fact that carbonaceous aerosol emitted from fossil sources (e.g., coal combustion, vehicle 

emissions) does not contain 14C, whereas carbonaceous aerosol released from non-fossil (or “contemporary”) sources has a 

typical contemporary 14C signature. Radiocarbon studies show that a sizeable fraction of carbonaceous aerosols is from non-20 

fossil origins, even for aerosols collected in urban areas (Heal, 2014; Cao et al., 2017). For example, Zhang et al. (2015b) 

found that 48 ± 9% total carbonaceous aerosols were contributed by non-fossil sources in urban areas of 4 large Chinese 

cities in winter of 2013. 14C measurements conducted in early winter in 10 Chinese cities show that on average 65 ± 7% total 

carbonaceous aerosols were derived from non-fossil sources (Liu et al., 2017). When 14C analysis is conducted for OC and 

EC separately, contributions from biomass burning and other non-fossil sources to carbonaceous aerosols can be separated 25 

for a more comprehensive source apportionment.  

14C measurements on either WIOC or WSOC can help to separate primary from secondary OC from fossil sources. Fossil 

sources tend to mainly produce WIOC in primary emissions (Weber et al., 2007; Dai et al., 2015; Yan et al., 2017). 

Therefore, fossil WIOC (WIOCfossil) can be used as a proxy of fossil POC (POCfossil). WSOC can be directly emitted as 

primary aerosols mainly from biomass burning or produced as SOC. There is evidence that SOC produced through the 30 

oxidation of VOCs followed by gas-to-particle conversion contains more polar compounds and thus may be an important 

source of WSOC (Miyazaki et al., 2006; Sannigrahi et al., 2006; Kondo et al., 2007; Weber et al., 2007). Fossil WSOC 
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(WSOCfossil) therefore is thought to be a good proxy of fossil SOC (SOCfossil). 14C analysis of WIOC and WSOC can 

therefore provide new insights into sources and formation processes of primary and secondary OC, respectively, and has 

been applied in several source apportionment studies (e.g., Liu et al., 2016a, 2016b; Dusek et al., 2017; Liu et al., 2017). For 

example, using this approach, Y. L. Zhang et al. (2014) found that secondary fossil OC dominates total fossil OC in a 

background site in southern China. Measurements in 4 Chinese megacities highlight the importance of secondary formation 5 

to both fossil and non-fossil WSOC in severe winter haze episodes, by combining 14C measurements of WSOC with positive 

matrix factorization of aerosol mass spectrometer data (Zhang et al., 2018). 

14C measurements on EC allow direct separation of fossil and biomass burning source contributions. In addition, analysis of 

the stable carbon isotopic composition (namely the 13C/12C ratio, expressed as δ13C in Eq. 1) of EC can be used to separate 

fossil sources into coal and liquid fossil fuel combustion (i.e., vehicle emissions), because EC from coal combustion is on 10 

average more enriched in the stable carbon isotope 13C compared to liquid fossil fuel combustion (Andersson et al., 2015; 

Winiger et al., 2015, 2016; Fang et al., 2018). The interpretation of the stable carbon isotope signature for OC source 

apportionment is more difficult, because OC is chemically reactive and δ13C signatures of OC are not only determined by the 

source signatures but also influenced by chemical reactions of the organic compounds in the atmosphere (Irei et al., 2011; 

Pavuluri and Kawamura, 2016). 15 

In this study, one-year PM2.5 samples collected from Xi’an, China are investigated. Xi’an is the largest city in northwest 

China and is also one of the most polluted cities in the world.  We present, to our best knowledge, the first 1-year 14C 

measurements that distinguish fossil and non-fossil contributions to various carbon fractions, including EC, OC, WIOC and 

WSOC in Xi’an. Fossil sources of EC are further divided into coal and liquid fossil fuel combustion by complementing 

radiocarbon with the stable carbon isotopic signature. Concentrations of POCfossil and SOCfossil are modeled based on the 14C-20 

apportioned OC and EC and compared with their widely used proxies, i.e., 14C-apportioned WIOCfossil and WSOCfossil, 

respectively. 

2. Methods 

2.1 Sampling 

Sampling was conducted in Xi’an, China from 30 November 2015 to 17 November 2016. PM2.5 samples were collected on 25 

the rooftop (~10 m) of a two-floor building located at the Institute of Earth Environment, Chinese Academy of Sciences 

(34.2° N, 108.9° E). This site is a typical urban background site surrounded by residential and education areas. The 24 h 

integrated PM2.5 samples were collected from 10:00 to 10:00 the next day (local standard time, LST). PM2.5 samples were 

collected on pre-baked (780 °C for 3 h) quartz fiber filter (QM/A, Whatman Inc., Clifton, NJ, USA, 20.3 cm × 25.4 cm) 

using a high-volume sampler (TE-6070 MFC, Tisch Inc., Cleveland, OH, USA) at a flow rate of 1.0 m3 min-1. After 30 
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collection, the filter sample was immediately removed from the sampler, packed in a pre-baked aluminum foils (450 °C for 3 

h), sealed in polyethylene bags and stored in a freezer at -18 °C until analysis.   

2.2 Thermal/optical organic carbon (OC) and elemental carbon (EC) analysis  

Filter pieces of 1.5 cm2 were taken for OC and EC analysis using a carbon analyzer (Model 5L, Sunset Laboratory, Inc., 

Portland, OR, USA) following the thermal-optical transmittance protocol EUSAAR_2 (Cavalli et al., 2010). In the 5 

EUSAAR_2 protocol the filter sample is heated stepwise in an inert helium (He) atmosphere up to 650 °C to thermally 

desorb organic compounds. After a rapid cooling to 500 °C the sample is heated again stepwise up to 850 °C in an oxidizing 

98% He/2% O2 atmosphere to oxidize EC. All carbon gases are converted to CO2 and detected with a non-dispersive infrared 

(NDIR) detector. During heating in the inert He atmosphere, a fraction of OC pyrolyzes (chars) to light-absorbing EC, as 

demonstrated by decreasing transmission signal. When the charred OC and original EC are released in the He/O2 atmosphere, 10 

transmission signal increases again. The split between OC and EC is set when the transmission signal reaches their pre-

pyrolysis value. The sum of OC and EC is total carbon (TC).  

At the beginning of each work day, the instrument is calibrated using a sucrose standard solution. The instrument blank, 

representing the background contamination of the instrument during the analysis, is measured every day and negligible (TC 

< 0.2 μg m-2) compared to the TC loading of the samples (13–246 μg m-2; range). The reproducibility determined by 15 

duplicate analysis of the filter samples was within 6% for OC and 5% for EC. Details of the OC/EC measurement can also 

be found in Zenker et al. (2017). 

2.3 Stable carbon isotopic composition of EC 

The stable carbon isotopic composition of EC was measured at the Stable Isotope Laboratory at the Institute of Earth 

Environment, Chinese Academy of Sciences. To remove OC, filter pieces were heated at 375 °C for 3 h in a vacuum-sealed 20 

quartz tube in the presence of CuO catalyst grains. Extraction of EC was done by heating the carbon that remained on the 

filters at 850 °C for 5 h. The resulting CO2 from EC was isolated by a series of cold traps and quantified manometrically. 

The stable carbon isotopic composition of the purified CO2 was determined as δ13C (δ13CEC for EC) by offline analysis with a 

Finnigan MAT-251 mass spectrometer (Bremen, Germany). δ13C values are expressed in the delta notation as per mil (‰)  

deviation from the international standard Vienna Pee Dee Belemnite (V-PDB): 25 

δଵଷC (‰) = ቈ
൫ େభయ େభమൗ ൯

౩౗ౣ౦ౢ౛

൫ େభయ େభమൗ ൯
౒షౌీా

− 1቉ × 1000. (1) 

A routine laboratory working standard with a known δ13C value was measured every day. The analytical precision of δ13C 

was better than ± 0.3 ‰ based on duplicate analyses. Details of stable carbon isotope measurements are described in our 

previous studies (Cao et al., 2011, 2013; Ni et al., 2018).  
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2.4 Radiocarbon (14C) measurements of OC, WIOC and EC 

2.4.1 Sample selection for 14C analysis 

For 14C analysis of OC, WIOC and EC, 3 composite samples per season were selected to represent high (H), medium (M) 

and low (L) concentrations of total carbon (TC = OC + EC), to cover various pollution conditions in each season. Each 

composite sample consists of 2 to 4 24 h filter pieces with similar TC loadings and air mass backward trajectories (Fig. S1, 5 

Table S1).  In total, 36 radiocarbon data were measured, including 12 OC, 12 WIOC and 12 EC. WSOC can be calculated as 

the difference between OC and WIOC. 

2.4.2 Extraction of OC, WIOC and EC  

OC, WIOC and EC extractions were conducted on our custom-built aerosol combustion system (ACS). The ACS has been 

described in detail by Dusek et al. (2014) and evaluated in two intercomparison studies (Szidat et al., 2013; Zenker et al., 10 

2017). In brief, the ACS consists of a reaction tube and a CO2 purification line. In the reaction tube aerosol filter samples are 

inserted into a filter holder and heated at different temperatures in pure O2. Combustion products are fully oxidized using a 

platinum catalyst. The resulting CO2 is separated from other gases (e.g., NOx, water vapor) in the purification line. Here, NOx 

and liberated halogens are first removed by a heated oven (650 °C) filled with copper grains and silver, water is then 

removed by a U-type tube cooled with dry ice-ethanol mixture (around -70 °C) and a flask containing phosphorus pentoxide 15 

(P2O5). The amount of purified CO2 is determined manometrically in a calibrated volume and CO2 is subsequently stored in 

flame-sealed glass ampoules. 

OC is combusted by heating filter pieces at 375 °C for 10 min. WIOC and EC are combusted from water-extracted filter 

pieces. By water-extraction, water-soluble OC (WSOC) is removed from filter pieces (Dusek et al., 2014). For WIOC, a 

water-extracted filter piece is heated at 375 °C for 10 minutes. Subsequently, the oven temperature is increased to 450 °C for 20 

3 min to remove the most refractory OC that left on the filter. However, during this step some less refractory EC might be 

lost. After this step, OC has been completely removed from the filter pieces. Finally, the remaining EC is combusted by 

heating the filter at 650 °C in O2 for 5 min (Dusek et al., 2017; Zenker et al., 2017). 

Contamination during the extraction procedure is determined by following the same extraction procedures with either empty 

filter boat or pre-heated filters (at 650 °C in O2 for 10 min). The contamination yields on average 0.85 μgC OC, 0.73 μgC 25 

WIOC and 0.72 μgC EC per extraction, respectively. Compared with our sample size of 45–210 μgC OC, 45–328 μgC 

WIOC and 15–184 μgC EC, the contamination is relatively small (<5 % of the sample amount).  

2.4.3 14C measurements by accelerator mass spectrometer (AMS) 

14C measurements were conducted using the the Mini Carbon Dating System (MICADAS) AMS at the Centre for Isotope 

Research at the University of Groningen. The extracted CO2 is released from the glass ampules and captured by a zeolite trap 30 
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within a gas inlet system (Ruff et al., 2007), where the sample is diluted using He to 5% CO2 (Salazar et al., 2015). The 

CO2/He mixture is directly introduced into the Cs sputter ion sources of the MICADAS at a constant rate (Synal et al., 2007). 

The 14C/12C ratio of an aerosol sample is usually normalized to the 14C/12C ratio of an oxalic acid standard (OXII) and 

expressed as fraction modern (F14C). The 14C/12C ratio of OXII is related to the unperturbed atmosphere in the reference year 

of 1950 by multiplying it with a factor of 0.7459 (Mook and Van Der Plicht, 1999; Reimer et al., 2004): 5 
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where the 14C/12C ratio of the sample and OXII are both corrected for machine background and normalized to ŭ13C = -25 ă 

to correct for isotope fractionation.   

The F14C values are corrected for memory effect (Wacker et al., 2010) using alternate measurements of OXII and 14C-free 

material as gaseous standards. Correction for instrument background (Salazar et al., 2015) is done by subtracting the memory 10 

corrected F14C values of the 14C-free standard. Finally, the values are normalized to the average value of the (memory and 

background corrected) OXII standards. A set of secondary standards is used to assess the robustness and reliability of the 

data. This includes IAEA-C7 with a consensus value of F14C = 0.4953 Ñ 0.0012 and sample masses of 76 ɛg and 80 ɛg and 

IAEA-C8 with a consensus value of F14C = 0.1503 Ñ 0.0017 and sample masses of 63 ɛg and 100 ɛg. All standards 

including OXII and 14C-free material used for data correction and IAEA-C7 and IAEA-C8 for quality control of AMS 15 

measurements are measured on the same day as the samples. F14C values of secondary standards undergo the same data 

correction as the samples. Results of IAEA-C7 and C8 agree within uncertainties (Table S2).  

F14C of carbon from fossil sources is 0, and carbon from non-fossil sources (or ñcontemporaryò sources) should have F14C of 

1. But the extensive release of 14C from nuclear bomb tests in the late 1950s and early 1960s and 14C-free CO2 from fossil 

fuel combustion has perturbed the atmospheric F14C values significantly. The former increased the F14C in the atmosphere 20 

by up to a factor of 2 in the northern hemisphere in the 1960s. The nuclear tests have been banned in the atmosphere, outer 

space and under water since 1963. Since then, the atmospheric F14C has been slowly decreasing, as 14C is mainly taken up by 

the oceans and terrestrial biosphere and diluted by 14C-free CO2 (Hua and Barbetti, 2004; Levin et al., 2010). Currently, the 

F14C of the atmospheric CO2 is approximately 1.04 (Levin et al., 2008).  
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F14C of EC, OC and WIOC (i.e., F14C(EC), F14C(OC) and F14C(WIOC), respectively) are directly measured. Mass concentrations 

(MWSOC) and F14C of WSOC (F14C(WSOC)) can be calculated as 
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