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ABSTRACT: Molecular compositions and stable carbon isotope
ratios (δ13C) of n-alkanes and fatty acids (FA) were investigated in
urban aerosols from Beijing, China. Seasonal trends for n-alkanes
showed a higher carbon preference index (CPI) and Cmax at C29 in
spring indicating the enhanced emission of higher plant waxes.
Lower CPIs and Cmax at C23 were found in winter that should be
associated with fossil fuel combustion. 13C-depletion in C29 n-alkane
was observed during an extreme rainfall event, during which the
inflow of air masses were originated from lower latitude regions.
Higher concentrations of 13C-enriched C23 n-alkane in winter
together with the air mass trajectories suggested that the Beijing
aerosols were affected by the air masses transported from the
southern regions. Fatty acids were abundant in fall and showed a
bimodal pattern with Cmax at C16:0 and C18:0. Higher C24:0/FA ratios with 13C-enrichment occurred as influenced by southerly air
masses, and lower C24:0/FA ratios with 13C-depletion was observed with northerly air masses in fall and winter. These results
suggested that C24:0 fatty acid was more abundantly transported from the southwestern air masses and may be a powerful tool to
distinguish polluted aerosol source regions. Moreover, the δ13C values of C24:0 fatty acid showed a positive correlation with
levoglucosan, implying that the biomass-burning process may contribute 13C-enriched C24:0 fatty acid.
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1. INTRODUCTION

Organic aerosols are ubiquitous in atmospheric environments
around the world, which contain thousands of identified and
unidentified organic compounds. They have received increas-
ing attention because of their important roles in the
physicochemical properties of the atmosphere, biogeochemical
cycles of nutrients, regional climate, and human health.1−3

Among the identified organic compounds, n-alkanes and fatty
acids are the major compound classes and are important
biomarkers in the biogeochemical cycle. Previous studies have
reported a large number of fossil (e.g., coal combustion and
vehicle exhaust) and nonfossil emissions (e.g., vegetation,
biomass burning, and cooking)1−5 derived n-alkanes and fatty
acids in aerosol samples. These studies have elucidated a
number of modern geochemical processes, such as local and/or
long-range atmospheric transport, circulation,6 and deposition

of organic pollutants,7−9 as well as the relative contributions to
lipid compounds from terrestrial vegetation emissions.10−12

Carbon isotope analysis of leaves from plants employing
different pathways of photosynthetic carbon fixation, C3 (using
C3 carbon metabolic pathway), C4 (using C4 carbon metabolic
pathway), and Crassulacean acid metabolism (CAM) plants
(using both C3 and C4 pathways), reveals characteristic
differences in isotopic composition.4,13,14 Therefore, com-
pound-specific isotope analyses (CSIA) can help to determine
the plant types from which the lipids are derived and to further
understand the physiological process in the leaf wax.
Furthermore, the stable carbon isotopic compositions of lipids
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also show significant correlation with environmental parame-
ters such as location and precipitation, resulting in isotope
fractionation of bioelements prior to and during biosyn-
thesis.15−17

Biomarkers in atmospheric aerosols are readily transported
long distances by aeolian and/or photochemical processes
from clean and remote areas (such as Mongolia, Russian Far
East, Siberia) to East Asia,16,18 resulting in characteristic δ13C
signatures for some specific compounds associated with
biogenic input.10,19,20 High molecular weight (HMW) n-
alkanes and fatty acids are representative biomarkers that
originate from the epicuticular waxes of terrestrial higher plants
and are indicators of their biogenic source. Low molecular
weight (LMW) n-alkanes and fatty acids are the major
components of anthropogenic sources, such as coal burning,
vehicular exhaust, and cooking, resulting in a relatively narrow
range of carbon isotope ratios.20,21 Advances in analytical
chemistry enabling compound-specific isotope measurements
have brought about a decade of exploration into the δ13C
signatures of n-alkanes and fatty acids formed as important
components of plant leaf waxes and organic aerosols.19,22−25

However, our knowledge of their sources and transport
processes in heavily polluted urban aerosols in China is still
limited.
According to Beijing Environmental Statements, concen-

trations of total suspended particles (TSP) and PM2.5 were 426
and 89.5 μg m−3, respectively, in 2013, indicating that Beijing
is facing severe atmospheric particle pollution. The problem
was exacerbated in winter due to adverse meteorological
factors.26 Recently, extensive studies have been conducted to
investigate seasonal variations in urban aerosols and thereby
identify their sources and evolution processes and explore haze
formation mechanisms.27,28 Nevertheless, there has been no
CSIA of n-alkanes and fatty acids in aerosol samples collected
throughout the year to investigate their molecular composi-
tions and source characterization.
Here we investigate the seasonal variation in stable carbon

isotopic composition of n-alkanes and fatty acids in urban
aerosols from Beijing. To the best of our knowledge, this study
is the first time incorporating compound-specific isotope
measurements from all four seasons to characterize the sources
of organic aerosols in urban Beijing. Our study provides a
useful insight into the nonfossil and fossil sources of
atmospheric aerosols in polluted regions.

2. MATERIAL AND METHODS
2.1. Sampling. Ambient TSP samples (n = 40) were

collected on the rooftop of a three-story building (8 m above
ground level) at the Institute of Atmospheric Physics, Chinese
Academy of Sciences in urban Beijing (39°58′28″N,
116°22′13″E) from April 15, 2012 to January 27, 2013.
Samples were collected onto prebaked (450 °C for 6 h) quartz
fiber filters (20 cm × 25 cm, Pallflex) using a high-volume air
sampler at a flow rate of 1.0 m3 min−1. For each season, 10
samples were collected continuously over 1−3 days. After
sampling, each filter was stored separately in a precombusted
glass jar with a Teflon-lined screw cap in a refrigerator at −20
°C until analysis.
2.2. Quantitative Determination. Our analytical method

was identical to that reported previously.29 Briefly, a filter
aliquot (about 25 cm2) was extracted three times with
dichloromethane/methanol (2:1; v/v) under ultrasonication
for 10 min. The supernatants were concentrated using a rotary

evaporator and then were blown down to dryness under pure
nitrogen gas. Derivatization was performed by reaction with 50
μL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with
1% trimethylsilyl chloride and 10 μL of pyridine at 70 °C for 3
h. After that, 140 μL of n-hexane containing the internal
standard (C13 n-alkane, 1.43 ng μL−1) was added into the
derivatives prior to gas chromatography/mass spectroscopy
(GC-MS) analysis.
The compounds including n-alkanes, fatty acids, and

levoglucosan were measured using an Agilent model 7890A
GC coupled with an Agilent model 5975C mass-selective
detector. The GC was equipped with an on-column injector
and a DB-5 MS fused silica capillary column (30 m × 0.25 mm,
0.25 μm film thickness). The GC oven temperature was held at
50 °C (2 min) to 120 °C at 15 °C min−1 and then followed
from 120 to 300 °C at 5 °C min−1 with a final isotherm at 300
°C for 16 min. Mass spectral data were processed by the
ChemStation software. Individual n-alkanes and fatty acids
were identified by comparing mass spectra with authentic
standards and by interpretation of mass fragmentation
patterns. GC-MS response factors of individual compounds
were obtained with authentic standards. Signal-to-noise ratios,
limits of detection (LOD), and relative standard deviation
were calculated for each compound based on duplicate analysis
(Table S1). The result showed that LODs ranged from 0.017
to 0.139 ppm for n-alkanes and 0.004 to 0.262 ppm for fatty
acids, respectively. The relative standard deviations of these
detected compounds were less than 16% (Table S1).
Recoveries for the authentic standards of compounds that
were spiked onto precombusted quartz filters were better than
80%, while operation process can be found in our early
report.29 The data reported here were corrected for field blanks
but not for recoveries.
Organic carbon (OC) was analyzed using a thermal/optical

carbon analyzer (model RT-4, Sunset Laboratory Inc.,
U.S.A.).30 The uncertainties from a duplicate analysis of each
filter were within ±10%. The blank levels were in range of
1.54−2.43 μg C for OC.

2.3. Compound-Specific Stable Carbon Isotope
Analyses. Each sample filter was extracted with 0.1 M
KOH-methanol solution (70 °C, 2 h), and subsequent
ultrasonication for 10 min with dichloromethane (DCM)
three times at 25 °C. The extracts were combined and
concentrated by a rotary evaporator and divided into neutral
and acidic components with ultrapure water and a hexane/
methylene chloride mixture (10:1; v/v). n-Alkanes were
separated from the neutral fraction using a silica gel (230−
400 mesh) column by elution with n-hexane. The acidic
fraction was extracted with methylene chloride from the
remaining solution after acidification with 6 M HCl (pH < 2).
The acidic extracts were concentrated and then reacted with
14% BF3/methanol (90 °C, 1 h) to convert carboxylic acids to
their methyl esters. Monocarboxylic acid methyl esters were
then purified on a silica gel (230−400 mesh) column by
elution with hexane/methylene chloride (1:2; v/v) mixture.
n-Alkanes and the fatty acid methyl esters (FAME) were

analyzed using a Thermo Trace GC Ultra coupled with a gas
isotope ratio MS (ThermoFisher Scientific MAT 253) via a
combustion furnace maintained at a temperature of 1000 °C.
The GC was equipped with a DB-5 MS fused silica capillary
column (30 m × 0.25 mm, 0.25 μm film thickness). The Trace
GC oven temperature program was identical to the previously
described GC-MS measurement protocol. Figure S1 shows a
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typical isotope ratio gas chromatogram. Peaks were simulta-
neously detected in Faraday collectors at m/z 44 (12C16O2), 45
(13C16O2 and 12C17O16O), and 46 (12C16O18O), amplified,
corrected for the presence of 17O at mass 45 using the Craig
correction.31 The analytical error of the δ13C values of each
compound based on duplicate analysis was <0.4‰. The
carbon isotopic composition was reported as per mil (‰)
relative to the Vienna Pee Dee Belemnite (VPDB) standard.
The measured δ13C values of FAMEs were corrected for the
contribution of carbon (δ13C = −21.1‰) added during methyl
esterification using the mass balance equation of Ren et al.21

2.4. Meteorological Parameters and Backward Tra-
jectory Analyses. The meteorological parameters, including
temperature (T), relative humidity (RH), wind speed (WS),
atmospheric pressure (P), and precipitation were obtained
from a ground-based meteorological station at the sampling
site. The time series of these meteorological parameters are
presented in Figure S2. Pronounced seasonal variations were
observed for all meteorological parameters. Temperature
ranged from 11 to 28 °C in the warm seasons (spring,
summer, and fall) and ranged from −8.5 °C to −3.5 °C in
winter. Relative humidity averaged at 60% in summer and
reached its minimum value (<30%) in winter. The temporal
variations in WS were slightly higher in spring (1.82−4.41 m−1,
average 2.74 m−1). Apart from an extreme rainfall event in July
2012, the other precipitation events were characterized by
considerably lower amounts of precipitation (<100 mm). The
July 2012 rainstorm was the largest rainfall event since 1951,
and within 24 h the total precipitation reached 460 mm32

causing multiple disasters, including urban/forest flooding,
landslides, and debris flows, which claimed 79 lives.33−35

Three-day air mass backward trajectory analyses were
conducted for each of the samples (Figure 1). Air mass
trajectories were sorted into four categories in terms of wind
direction and the regions over which they passed. Trajectories
of “Category A” were characterized by long-range transport
from the northwestern region of Siberia, which were observed

throughout the sampling period. “Category B” was associated
with air masses also from the northern regions, which was only
observed in summer. “Category C” represented air masses
from the south of Beijing and was also observed within each
sampling period. “Category D” was associated with the air
masses derived from the marine environment and carried by
southeast winds.

3. RESULTS AND DISCUSSION
3.1. Molecular Distributions of Organic Compounds

and Their Stable Carbon Isotope Ratios. Table S2 is a
summary of n-alkanes (C19−C37) and fatty acids (C12−C32) in
the Beijing samples. Concentrations, compositions, distribu-
tions, and δ13C of the n-alkane homologues in the warm
seasons were significantly different to those of winter aerosols.
The concentrations of n-alkanes ranged from 34 to 360 ng m−3

(average 152 ng m−3) with the highest abundance in winter
(173−360 ng m−3, average 281 ng m−3), followed by spring
(155 ng m−3), fall (114 ng m−3), and summer (57.8 ng m−3;
Figure S3). The concentrations of n-alkanes in Beijing were
lower than those in coastal and inland megacities in China
(42−1433 ng m−3)36−38 and 1−2 orders of magnitude higher
than those (1.8 ng m−3) in marine aerosols from the western
north Pacific.7 HMW (≥C26) n-alkanes were the dominant
species in warm seasons with Cmax values at C29, whereas
abundant LMW (<C26) n-alkanes were detected in winter
aerosols with Cmax vlaues at C23 (Figure 2).
The concentrations of fatty acids (C12−C32) ranged from

158 to 934 ng m−3 (average 382 ng m−3) with the highest in
fall (359−934 ng m−3, 553 ng m−3), followed by spring (356
ng m−3), winter (356 ng m−3), and summer (263 ng m−3;
Figures 2 and S4). Lower concentrations of n-alkanes and fatty
acids in summer were probably due to the meteorological
condition. The elevated planetary boundary layer (PBL)
influenced the distribution and transport of aerosols emitted
to the higher troposphere in summer which increases the
dilution of organic aerosols. Precipitation was also an
important contributor to scavenge aerosol particles in summer;
meteorological data indicated that more precipitation events
occurred in summer resulting in lower concentrations of
organic compounds (Figures S2 and S3). Higher concen-
trations in winter were mainly due to the lower mixing heights,
increased carbon source emissions and poor ventilation (see
Section 3.3). The concentrations of fatty acids were lower than
those in coastal and inland megacities from China (155 to
3244 ng m−3)36−38 and 1−2 orders of magnitude higher than
those (13.8 ng m−3) in marine aerosols from the western north
Pacific.7 Molecular distributions of fatty acids exhibited a
strong even/odd carbon number predominance (CPI > 3.06)
with Cmax at C16:0 and C18:0 (Table S2; Figure 2). The average
ratios of LMW/HMW fatty acids ranged from 1.1 to 13 with
the highest ratios in summer (7.4 on average; Table S2), which
were much higher than mountain aerosols (1.0 ± 0.8) in
China29 but comparable to those (5.3 ± 1.8) reported in urban
aerosols from Chennai, India39 where the contribution from
biomass burning was significant.
The stable carbon isotope ratios (δ13C) of C23−C34 n-

alkanes ranged from −40.6‰ to −25.2‰ (Table S3; Figure
2). The δ13C values of odd-carbon numbered n-alkanes were
generally lower in 13C by 1‰ relative to those of even-carbon
numbered homologues (Figure 2a). LMW n-alkanes were
relatively enriched in 13C in winter (average: −27.1‰),
whereas HMWodd n-alkanes exhibited consistently negative

Figure 1. (a) Three-day backward air mass trajectories at 200 m
height, using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT4) model (https://ready.arl.noaa.gov/
HYSPLIT.php), which are grouped into four air mass categories (A
is from the northwestern region; B is from the northern regions; C is
from the southwestern region; D is extended to the marine
environment and carried by southeast winds), and (b) three-day
backward air mass trajectories at 500, 1000, 1500, and 2000 m AGL
(above ground level) during the extreme rainfall events.
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δ13C values (−33.4‰) and showed a similar pattern to urban
aerosols from Tokyo and Chichi-Jima19,20 (Table S4; Figure
3a). The δ13C values of C14:0−C28:0 fatty acids ranged from
−36.9‰ to −22.6‰ (Table S3; Figure 2), whereas HMW
fatty acids exhibited systematic depletion in 13C as compared
to the LMW fatty acids (average: 3.5‰; Figure 3b). Both
HMW and LMW fatty acids displayed similar temporal
variations in δ13C (Figure S4a). The HMW δ13C values were
positively correlated with LMW values (n = 40, r2 = 0.62;
Figure S4b). The similar trends of variation between HMW
and LMW fatty acids suggested that they might have similar
sources and/or experienced similar atmospheric pathways and
transport processes.
3.2. Characterization of Nonfossil Sources. 3.2.1. δ13C

Signatures of HMW Compounds. The carbon preference
indexes (CPIs) of terrestrial higher plant waxes are generally
>5 when there is no significant input from anthropogenic
emissions but the values tend to decrease down to 1.0 with

increasing contribution from anthropogenic pollutants.40 In
this study, the CPIHMW of n-alkanes showed relatively higher
values (1.8 to 9.0, average: 3.5; Table S2). The percentage of
plant wax derived n-alkanes (WNA%) represents the
contribution of biogenic n-alkanes from higher plant waxes.
The largest values of WNA% were observed in spring (31.6−
74.8%, average 57.9%), which highlighted that the biogenic
origin, such as terrestrial plant waxes, could be the main source
for n-alkanes during spring when a large number of green
leaves exist. HMWodd n-alkanes are important constituents of
plant surfaces and are susceptible to environmental changes
because of their location at the plant/atmosphere interface.41,42

The δ13C values of HMWodd n-alkanes (−37.6‰ to −28.7‰)
were in the typical range of C3 and CAM plants, being similar
to the values of urban aerosols from Tokyo and Chichi-
Jima,19,20 where the contribution from C3 plants was more
significant (Table S4; Figure 3a). These results suggest that

Figure 2. Concentrations of and δ13C variations in n-alkanes in (a) spring, (b) summer, (c) fall, (d) winter and those of fatty acids in (e) spring, (f)
summer, (g) fall and (h) winter in atmospheric aerosols of Beijing.

Figure 3. Comparison of the δ13C ranges of (a) n-alkanes and (b) fatty acids between terrestrial higher plants,14,49,50,69 anthropogenic sources
(such as vehicle exhaust)70−72 and urban aerosols.10,20,47 The red line shows the LMW lipids, whereas the blue line shows the HMW lipids.
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HMWodd n-alkanes in the Beijing aerosols were probably
dominated by materials derived from C3 vegetation.
The C20−C32 even-carbon numbered n-fatty acids mainly

originate from higher plant leaves, whereas terrestrial plants
rarely contain odd-carbon numbered species.10,43 Odd-carbon
numbered fatty acids are mainly derived from various
geochemical reservoirs, such as soils, in which they are
produced by microbial α-oxidation of even-carbon numbered
fatty acids.44,45 The existence of odd carbon-number species in
the aerosols (Figure 2) suggested that fatty acids in the studied
region were derived not only from higher plant leaves but also
from soil organic matters which could be emitted into the
atmosphere.
The C22−C32 even-carbon numbered n-fatty acids revealed

relatively high concentrations in spring (92.9 ng m−3), fall
(91.6 ng m−3), and winter (67.4 ng m−3) compared with
summer (28.3 ng m−3; Figure 4). Figure 4a showed the

variations in the distribution of air mass trajectory. Relatively
higher concentrations were generally observed when the clean
air masses were transported from northwest regions to Beijing
(category A trajectories; Figure 4a,b), which suggested that the
HMW fatty acids were efficiently transported from rural
regions by northwesterly winds. Figure 4b showed the
temporal variations in the concentration ratios of the C24:0
and C28:0 fatty acids to the total C22−C32 even-carbon
numbered n-fatty acids (C24:0/FA and C28:0/FA). Figure 4a
revealed that southwest and northwest regions were the main
source regions during fall and winter. Higher C24:0/FA and
lower C28:0/FA ratios were associated with more air masses
from southwest winds (category C), whereas lower C24/FA
and higher C28/FA ratios were associated with more
northwesterly air masses (category A), especially in fall and
winter. Meanwhile, C24:0 fatty acid had higher δ13C (−27.5‰)
with category C and lower δ13C (−29.2‰) with category A in
fall and winter seasons (Figure 4c). Previous studies had
demonstrated that the molecular composition of fatty acids in
aerosols varied significantly between different source regions.11

Thus, the different seasonal trends of C24/FA and C28/FA
ratios suggested that the relative abundance between the C24:0
and C28:0 fatty acids could be used to distinguish polluted
aerosol source regions, and polluted air masses from the
southwest could result in higher concentrations of 13C-
enriched C24:0 fatty acid.
The δ13C values of HMW fatty acids (−36.9‰ to −25.6‰)

were within the typical range of terrestrial plants and
combustion of C3 and C4 plants (Figure 3b), indicating the
mixed sources of nonfossil input. The δ13C values of HMW
fatty acids in spring varied from −36.9‰ to −28.5‰ and were
depleted in 13C by up to 4.1‰ compared to other seasons and
marine aerosol samples (Table S3; Figure 3b). We speculate
that they may originate from plenty of green leaves because of
enhanced vegetation activities in the growing season, and
pollen grains that contain HMW fatty acids abundantly as
coating wax.46 Pollen grains can be emitted into the
atmosphere in spring and are unlikely transported long
distances because of their large particle sizes. Summer, fall,
and winter aerosols had the similar patterns with those of
marine aerosol samples from the Chichi-Jima Island and urban
aerosols from Hokkaido, Japan (Table S4; Figure 3b).10,47

Those marine aerosol samples were characterized by
siginificant contributions of nonfossil sources, such as higher
plants, marine organisms, and loess deposits which could be in
part transported long distances from the Asian continent when
the westerlies prevail. Thus, HMW fatty acids in Beijing
aerosols may originate from the combination of anthropogenic
sources (such as biomass burning of C3 and/or C4 plants) and
natural sources (such as the leaf waxes, pollen, and soil organic
matter).

3.2.2. δ13C Signatures of Biomass Burning. Levoglucosan is
specifically formed by the pyrolysis of cellulose. Although
levoglucosan is susceptible for photochemical degradation
under strong oxidizing environment, its degradation is
relatively low and its temporal trends could reflect the strength
of the biomass burning contribution. Thus, it has been
recognized as an excellent tracer of biomass burning.48 Higher
concentrations of levoglucosan were observed in fall (281 ng
m−3) and winter (358 ng m−3; Figure S5) and were much
higher than those in spring (121 ng m−3) and summer (40.8 ng
m−3). Interestingly, the concentrations of levoglucosan showed
a positive correlation to C24:0 fatty acid and their δ13C values
(Figure S5), suggesting biomass-burning processes may
contribute more C24:0 fatty acid with less negative δ13C values
in Beijing aerosols.
Compared to the δ13C values of fatty acids in C4 plants, the

δ13C values of fatty acids in aerosols showed an isotopic
depletion of 2‰ to 6‰ during controlled laboratory burning
of C4 vegetation. However, the opposite relationship was
observed for C3 vegetation, with a carbon isotopic enrichment
of 2‰ to 7‰ during biomass-burning processes compared
with unburned C3 plant matter.49,50 In this study, the δ13C
values of HMW fatty acids in spring were in the range of C3
plants (Figure 4b). Compared to the fatty acid homologues in
spring, the δ13C values of fatty acids in fall and winter exhibited
13C enrichment of 2.7‰ to 6.1‰ (except for C16:0 fatty acid:
1‰ to 1.5‰), which were similar to the offsets in C3 plants
associated with biomass-burning (2‰ to 7‰). This suggested
a dominant contribution from the combustion of C3 plants in
Beijing, which was consistent with previous studies.51

3.2.3. δ13C Signatures of the Precipitation Effect. C29 n-
alkane is a representative lipid biomarker component of

Figure 4. (a) Variations in the distribution of air mass trajectory
sectors. Different colors show different back-trajectories according to
Figure 1a, (b) concentrations of C22−C32 even-carbon numbered n-
fatty acids and the concentration ratios of C24:0 and C28:0 n-fatty acids
against total concentrations of C22−C32 even-carbon numbered n-fatty
acids (C24:0/FA, C28:0/FA, respectively), and (c) time series of δ13C
values of C24n-fatty acids (C24 FA).
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terrestrial higher plants.2,14 The results of the stable isotopic
measurements for the C29 n-alkane are given in Table S3.
Abundant C29 n-alkane was observed in spring (45.8 ng m−3)
due to the enhanced emission of higher plant waxes and was
about three times higher than the mean concentration for the
other seasons (14.8 ng m−3; Figure 5a). The δ13C values of C29

n-alkane (δ13CC29) in spring (−33.8 to −31.8‰), summer
(−36.8 to −30‰), fall (−35.7 to −32.3‰), and winter
(−37.3 to −30.9‰) were in the range of C3 plants (−38.9 to
−30‰) (Table S3; Figure 2), indicating a dominant
contribution from C3 plants in the studied region.
δ13CC29 showed a significant fluctuation during the whole

sampling period (up to 7.3‰ offset; Figure 5b). The lowest
δ13CC29 value (−36.8‰) in summer was observed during the
extreme rainfall event, whereas there were no significant
variations during the other precipitation events. Atmospheric
transport is the main pathway for the terrestrial lipid
compounds. Previous studies showed that the source of
moisture at different elevations have a limited variation.52 Most
moisture in the atmosphere is thought to be in the first 2000 m
above ground level,53,54 so no higher levels were considered in
this study (Figure 1b). The elevation was chosen at three
different elevations: 500, 1000, and 2000 m above ground level
in this study. Moisture pathways for the extreme precipitation
events were clustered to the northwestern (accounting for
14.4%) and southern regions at lower latitudes (85.6%; Figures
1b and 4a). Atmospheric processes were capable of retaining
the original isotope signal of moisture sources. Bendle et al.22

observed that different air masses may cause the shift of δ13C
through the inflow of air mass from lower latitudes globally
where vegetation provides lower isotopic values. A previous
study55 described the global distribution of C3 and C4 plants
using biosphere models to predict the biomass of C3 and C4
vegetation, which demonstrated the lower fractional C4
coverage (0% to 40%) in northeast China where southern air
masses passed in this study. Previous studies also showed that
C3 plants, such as Cinnamomum camphora,56 Cyperaceae, and
Potentilla chinensis,57−59 were the main terrestrial vegetation
and widely distributed in northeast China.60 C3 plants had
lower carbon isotopic values compared with C4 plants in terms
of n-alkanes (Figure 3a).24 The δ13CC29 value (−36.8‰)
during the extreme rainfall event was in the range of C3 plants.
Thus, lower isotopic values of C29 n-alkane may provide

potential insight into the higher contribution of C3 plant and
lipid materials transported from the lower latitudes to the
observation site during the extreme rainfall event. However,
δ13CC29 during other rainfall event did not show similar
variations. This was because the air masses during the lower
precipitation event did not involve regional transport from
lower latitudes, but rather local transport and/or air masses
from the marine environment played a major role in their
sources. Substantial variations in δ13C during the extreme
rainfall event suggested changes in the atmospheric environ-
ment could be recorded by the isotopic signatures of plant-
derived n-alkanes in aerosols; and the δ13CC29 may reflect
variability in the source areas and atmospheric transport
pathways in a specific environment.

3.3. The Influence of Fossil Fuel Sources. Previous
studies have demonstrated that organic aerosols were
dominated by nonfossil sources throughout the year except
winter when a higher fossil-derived contribution was observed
associated with enhanced coal combustions for heating in
Beijing.27 The winter aerosols showed the least WNA%
(10.7%), implying a minor input from leaf epicuticular
waxes. Low CPIs of n-alkanes (1.2) were detected in winter
aerosols (Table S1), whereas abundant LMW n-alkanes
(Figure S3) were relatively enriched in 13C in winter (average:
−27.1‰) and within the range of those for fossil fuel sources
(Figure 3a). Seasonal variations in the fossil fuel-derived
marker, C23 n-alkane, showed high concentrations in winter
(38.6 ng m−3) (Figure 4a), which were more than 10 times
higher than those in warm seasons (2.9 ng m−3). The δ13C
values of C23 n-alkane in winter (−27.2‰) were significantly
enriched in 13C relative to those in warm seasons (−32‰)
(Figure 4b). These values indicated that anthropogenic sources
(such as vehicular exhausts and fossil fuel combustion
residues61) contributed more n-alkanes in cold seasons than
in warm seasons. Floods of studies reported that Beijing
experienced severe haze events in January 2013 due to
unfavorable meteorological factors.61−63 The air masses on
hazy days were from the south and southwest (category C)
with a large number of anthropogenic pollutants.61−63 The
wind speed was relatively low and the air pressure remained
low, resulting in a highly stable atmospheric layer associated
with category C (Figures 5a and S2).61−63 Unfavorable
meteorological factors made the ground convergence stronger,
thus preventing the diffusion of pollutants causing higher
concentrations and 13C-enriched LMW n-alkanes.21 Thus,
winter aerosols in Beijing were likely to be affected by southern
air masses with abundant LMW n-alkanes and higher δ13C
values.
Fossil fuel combustion (e.g., diesel truck exhaust) is an

important source of fatty acids.64−66 C16:0 and C18:0 fatty acids
as individual compounds are not source-specific but the C18:0/
C16:0 fatty acid ratio is unique and can be used as a qualitative
tool for source apportionment studies.67 C18:0/C16:0 values are
lower than 0.25 in aerosols from nonfossil sources (such as
vegetation combustion and waxy leaf surface abrasions); values
in the interval 0.25−0.5 are typical of car and vehicle exhaust
and values between 0.5 and 1.0 are characteristic of cooking
and paved and unpaved road dust. The average ratios of C18:0/
C16:0 in the present study were 0.31−0.47, indicating a strong
and stable input of LMW fatty acids from vehicle emissions.
Both the concentrations and δ13C values of C16:0 fatty acid
showed a strong positive correlation with those of C18:0 fatty
acid throughout the year (r2 = 0.97 and 0.66, respectively;

Figure 5. Time series of (a) concentrations of C23 and C29 n-alkanes,
and (b) δ13C values of C23 and C29 n-alkanes and precipitation during
the sampling period.
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Figure S4c,d), suggesting that C16:0 and C18:0 fatty acids may
have experienced similar atmospheric pathways and/or have
similar sources.
3.4. Implications for Sources of Organic Aerosols.

Average concentrations of OC in TSP were higher in winter
(30.4 μg m−3 on average), followed by fall (24.3 μg m−3) and
lower in summer (9.17 μg m−3), which are similar to those of
n-alkanes. Interestingly, the temporal trends of OC (Figure S6)
were also comparable to those of C20−C32 even-carbon
numbered fatty acids (Figure 4b). Such similarities in temporal
and seasonal patterns of n-alkanes and fatty acids with that of
OC imply that OC should have been mainly derived from the
similar emission sources (coal burning, biomass burning, and
higher plants) of n-alkanes and fatty acids and influenced by
the meteorological conditions such as PBL and precipitation.
Therefore, the main sources identified based on molecular
composition and isotopic signatures of markers such as n-
alkanes and fatty acids could be attributed to total organic
aerosols. However, although n-alkanes and fatty acids could
contribute 30% to 50% to carbon of detected organic
compounds using GC-MS in urban aerosols,39,68 their
contributions to OC were found to be very low (0.59% for
n-alkanes and 1.41% for fatty acids; Table S2). Furthermore,
their stable carbon isotopic characteristics for specific
anthropogenic sources remain unclear due to a lack of
sufficient isotopic data from emission sources such as coal
combustion, vehicle exhaust, and cooking. Hence, the
molecular and isotopic compositions of biomarkers could
provide key insights for fossil and nonfossil sources of organic
aerosols and add to a very limited base of information in the
scientific literature on stable carbon isotope ratios of n-alkanes
and fatty acids in atmospheric environment but it is difficult to
apportion the specific sources, which require further studies.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsearthspace-
chem.9b00113.

Tables S1−S4, Figures S1−S6 (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: fupingqing@tju.edu.cn.

ORCID
Wei Hu: 0000-0002-0416-1130
Siyao Yue: 0000-0003-1320-9279
Yele Sun: 0000-0003-2354-0221
Chandra Mouli Pavuluri: 0000-0002-2955-474X
Kimitaka Kawamura: 0000-0003-1190-3726
Pingqing Fu: 0000-0001-6249-2280
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This study was financially supported by the National Key R&D
Program of China (Grant 2017YFC0212700) and the National
Natural Science Foundation of China (Grants 41625014,
41571130024, and 41807303).

■ REFERENCES
(1) Simoneit, B. R. T. Organic matter of the troposphere-III.
Characterization and sources of petroleum and pyrogenic residues in
aerosols over the western United States. Atmos. Environ. 1984, 18 (1),
51−67.
(2) Simoneit, B. R. T.; Cox, R. E.; Standley, L. J. Organic matter of
the troposphereIV. Lipids in harmattan aerosols of nigeria. Atmos.
Environ. 1988, 22 (5), 983−1004.
(3) Simoneit, B. R. T. Organic matter of the troposphere-V:
Application of molecular marker analysis to biogenic emissions into
the troposphere for source reconciliations. J. Atmos. Chem. 1989, 8
(3), 251−275.
(4) Smith, B. N.; Epstein, S. Two categories of 13C/12C ratios for
higher plants. Plant Physiol. 1971, 47 (47), 380−384.
(5) Simoneit, B. R. T. Compound-specific carbon isotope analyses of
individual long-chain alkanes and alkanoic acids in Harmattan
aerosols. Atmos. Environ. 1997, 31 (15), 2225−2233.
(6) Kawamura, K. Land-derived lipid class compounds in the deep-
sea sediments and marine aerosols from North Pacific. Biogeochemical
processes and ocean flux in the western pacific 1995, 31−51.
(7) Kawamura, K.; Ishimura, Y.; Yamazaki, K. Four years’
observations of terrestrial lipid class compounds in marine aerosols
from the western North Pacific. Global Biogeochem. Cycles 2003, 17
(1), 3-1−3-19.
(8) Huang, Y. S.; Shuman, B.; Wang, Y.; et al. Hydrogen isotope
ratios of individual lipids in lake sediments as novel tracers of climatic
and environmental change: a surface sediment test. Journal of
Paleolimnology 2004, 31 (3), 363−375.
(9) Gagosian, R. B.; Peltzer, E. T.; Merrill, J. T. Long-range transport
of terrestrially derived lipids in aerosols from the south Pacific. Nature
1987, 325 (6107), 800−804.
(10) Fang, J. S.; Kawamura, K.; Ishimura, Y.; Matsumoto, K. Carbon
isotopic composition of fatty acids in the marine aerosols from the
Western North Pacific: Implication for the source and atmospheric
transport. Environ. Sci. Technol. 2002, 36 (12), 2598−2604.
(11) Conte, M. H.; Weber, J. C. Plant biomarkers in aerosols record
isotopic discrimination of terrestrial photosynthesis. Nature 2002, 417
(6889), 639−641.
(12) Schefuß, E.; Ratmeyer, V.; Stuut, J.-B. W.; Jansen, J. H. F.;
Sinninghe Damste,́ J. S. Carbon isotope analyses of n-alkanes in dust
from the lower atmosphere over the central eastern Atlantic. Geochim.
Cosmochim. Acta 2003, 67 (10), 1757−1767.
(13) Chikaraishi, Y.; Naraoka, H. Compound-specific δD−δ13C
analyses of n-alkanes extracted from terrestrial and aquatic plants.
Phytochemistry 2003, 63 (3), 361−371.
(14) Bi, X. H.; Sheng, G. Y.; Liu, X. H.; Li, C.; Fu, J. M. Molecular
and carbon and hydrogen isotopic composition of n-alkanes in plant
leaf waxes. Org. Geochem. 2005, 36 (10), 1405−1417.
(15) Mihailova, A.; Abbado, D.; Kelly, S. D.; Pedentchouk, N. The
impact of environmental factors on molecular and stable isotope
compositions of n-alkanes in Mediterranean extra virgin olive oils.
Food Chem. 2015, 173, 114−121.
(16) Yamamoto, S.; Kawamura, K.; Seki, O. Long-range atmospheric
transport of terrestrial biomarkers by the Asian winter monsoon:
Evidence from fresh snow from Sapporo, northern Japan. Atmos.
Environ. 2011, 45 (21), 3553−3560.
(17) Li, R. C.; Meyers, P. A.; Fan, J.; Xue, J. T. Monthly changes in
chain length distributions and stable carbon isotope composition of
leaf n-alkanes during growth of the bamboo Dendrocalamus
ronganensis and the grass Setaria viridis. Org. Geochem. 2016, 101,
72−81.
(18) Yamamoto, S.; Kawamura, K.; Seki, O.; Kariya, T.; Lee, M.
Influence of aerosol source regions and transport pathway on δD of
terrestrial biomarkers in atmospheric aerosols from the East China
Sea. Geochim. Cosmochim. Acta 2013, 106 (1), 164−176.
(19) Bendle, J. A.; Kawamura, K.; Yamazaki, K. Seasonal changes in
stable carbon isotopic composition of n-alkanes in the marine aerosols
from the western North Pacific: Implications for the source and

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.9b00113
ACS Earth Space Chem. 2019, 3, 1896−1904

1902



atmospheric transport. Geochim. Cosmochim. Acta 2006, 70 (1), 13−
26.
(20) Yamamoto, S.; Kawamura, K. Compound-specific stable carbon
and hydrogen isotopic compositions of n-alkanes in urban
atmospheric aerosols from Tokyo. Geochem. J. 2010, 44 (5), 419−
430.
(21) Ren, L.; Fu, P.; He, Y.; Hou, J.; Chen, J.; Pavuluri, C. M.; Sun,
Y.; Wang, Z. Molecular distributions and compound-specific stable
carbon isotopic compositions of lipids in wintertime aerosols from
Beijing. Sci. Rep. 2016, 6, 1−12.
(22) Bendle, J.; Kawamura, K.; Yamazaki, K.; Niwai, T. Latitudinal
distribution of terrestrial lipid biomarkers and n-alkane compound-
specific stable carbon isotope ratios in the atmosphere over the
western Pacific and Southern Ocean. Geochim. Cosmochim. Acta 2007,
71 (24), 5934−5955.
(23) Bai, H. L.; Li, Y. H.; Peng, L.; Liu, X. K.; Liu, X. F.; Song, C. F.;
Mu, L. Stable hydrogen isotope composition of n-alkanes in urban
atmospheric aerosols in Taiyuan, China. Atmos. Environ. 2017, 153,
206−216.
(24) Conte, M. H.; Weber, J. C.; Carlson, P. J.; Flanagan, L. B.
Molecular and carbon isotopic composition of leaf wax in vegetation
and aerosols in a northern prairie ecosystem. Oecologia 2003, 135 (1),
67−77.
(25) Kawamura, K.; Matsumoto, K.; Uchida, M.; Shibata, Y.
Contributions of modern and dead organic carbon to individual fatty
acid homologues in spring aerosols collected from northern Japan. J.
Geophys. Res. 2010, 115 (D22), 1842−1851.
(26) Sun, Y. L.; Wang, Z. F.; Du, W.; Zhang, Q.; Wang, Q. Q.; Fu, P.
Q.; Pan, X. L.; Li, J.; Jayne, J.; Worsnop, D. R. Long-term real-time
measurements of aerosol particle composition in Beijing, China:
seasonal variations, meteorological effects, and source analysis. Atmos.
Chem. Phys. 2015, 15 (17), 10149−10165.
(27) Zhang, Y.; Ren, H.; Sun, Y.; Cao, F.; Chang, Y.; Liu, S.; Lee, X.;
Agrios, K.; Kawamura, K.; Liu, D.; Ren, L.; Du, W.; Wang, Z.; Prevot,
A. S. H.; Szidat, S.; Fu, P. High contribution of non-fossil sources to
sub-micron organic aerosols in Beijing, China. Environ. Sci. Technol.
2017, 51, 7842−7852.
(28) Sun, Y. L.; Wang, Z. F.; Fu, P. Q.; Yang, T.; Jiang, Q.; Dong, H.
B.; Li, J.; Jia, J. J. Aerosol composition, sources and processes during
wintertime in Beijing, China. Atmos. Chem. Phys. 2013, 13 (9), 4577−
4592.
(29) Fu, P. Q.; Kawamura, K.; Okuzawa, K.; Aggarwal, S. G.; Wang,
G. H.; et al. Organic molecular compositions and temporal variations
of summertime mountain aerosols over Mt. Tai, North China Plain. J.
Geophys. Res. 2008, 113 (D19), 1429−1443.
(30) Li, L. J.; Ren, L. J.; Ren, H.; Yue, S. Y.; Xie, Q. R.; Zhao, W. Y.;
Kang, M. J.; Li, J.; Wang, Z. F.; Sun, Y. L.; Fu, P. Q. Molecular
Characterization and Seasonal Variation in Primary and Secondary
Organic Aerosols in Beijing, China. J. Geophys. Res.: Atmos. 2018, 123
(21), 12394−12412.
(31) Craig, H. Geochim. Cosmochim. Acta 1957, 12, 133−149.
(32) Yu, M.; Liu, Y. M. The possible impact of urbanization on a
heavy rainfall event in Beijing. Journal of Geophysical Research-
Atmospheres 2015, 120 (16), 8132−8143.
(33) Zhou, T. J.; Song, F. F.; Lin, R. P.; Chen, X. L.; Chen, X. Y. The
2012 north China floods: explaining an extreme rainfall event in the
context of a longer-term drying tendency. Bull. Am. Meteorol. Soc.
2013, 94 (9), S49−S51.
(34) Zhang, D. L.; Lin, Y. H.; Zhao, P.; Yu, X. D.; Wang, S. Q.;
Kang, H. W.; Ding, Y. H. The Beijing extreme rainfall of 21 July 2012:
“Right results” but for wrong reasons. Geophys. Res. Lett. 2013, 40 (7),
1426−1431.
(35) Jia, J.; Yu, X.; Li, Y. Response of forestland soil water content to
heavy rainfall on Beijing Mountain, northern China. J. For. Res. 2016,
27 (3), 541−550.
(36) Wang, G. H.; Kawamura, K.; Lee, S. C.; Ho, K. F.; Cao, J. J.
Molecular, seasonal, and spatial distributions of organic aerosols from
fourteen Chinese cities. Environ. Sci. Technol. 2006, 40 (15), 4619−
4625.

(37) Ren, H.; Kang, M. J.; Ren, L. J.; Zhao, Y.; Pan, X. L.; Yue, S. Y.;
Li, L. J.; Zhao, W. Y.; Wei, L. F.; Xie, Q. R.; Li, J.; Wang, Z. F.; Sun, Y.
L.; Kawamura, K.; Fu, P. Q. The organic molecular composition,
diurnal variation, and stable carbon isotope ratios of PM2.5 in Beijing
during the 2014 APEC summit. Environ. Pollut. 2018, 243, 919−928.
(38) Kang, M. J.; Ren, L. J.; Ren, H.; Zhao, Y.; Kawamura, K.;
Zhang, H. L.; Wei, L. F.; Sun, Y. L.; Wang, Z. F.; Fu, P. Q. Primary
biogenic and anthropogenic sources of organic aerosols in Beijing,
China: Insights from saccharides and n-alkanes. Environ. Pollut. 2018,
243, 1579−1587.
(39) Fu, P. Q.; Kawamura, K.; Pavuluri, C. M.; Swaminathan, T.;
Chen, J. Molecular characterization of urban organic aerosol in
tropical India: contributions of primary emissions and secondary
photooxidation. Atmos. Chem. Phys. 2010, 10 (6), 2663−2689.
(40) Simoneit, B. R. T.; Mazurek, M. A. Organic-matter of the
troposphere-II. Natural background of biogenic lipid matter in
aerosols over the rural western United-States. Atmos. Environ. 1982,
16 (9), 2139−2160.
(41) Williams, M.; Robertson, E. J.; Leech, R. M.; Harwood, J. L.
The effects of elevated atmospheric CO2 on lipid metabolism in
leaves from mature wheat (Triticum aestivum cv Hereward) plants.
Plant, Cell Environ. 1998, 21 (9), 927−936.
(42) Wiesenberg, G. L. B.; Schmidt, M. W. I.; Schwark, L. Plant and
soil lipid modifications under elevated atmospheric CO2 conditions:
I. Lipid distribution patterns. Org. Geochem. 2008, 39 (1), 91−102.
(43) Eglinton, G.; Hamilton, R. J. Leaf epicuticular waxes. Science
(Washington, DC, U. S.) 1967, 156 (3780), 1322−1335.
(44) Matsumoto, K.; Kawamura, K.; Uchida, M.; Shibata, Y.
Radiocarbon content and stable carbon isotopic ratios of individual
fatty acids in subsurface soil: Implication for selective microbial
degradation and modification of soil organic matter. Geochem. J. 2007,
41 (6), 483−492.
(45) Kawamura, K.; Ishiwatari, R. Geochim. Cosmochim. Acta 1984,
48, 251−266.
(46) Kolattukudy, P. E. Biopolyester membranes of plants: cutin and
suberin. Science (Washington, DC, U. S.) 1980, 208 (4447), 990−
1000.
(47) Matsumoto, K.; Kawamura, K.; Uchida, M.; Shibata, Y.;
Yoneda, M. Compound specific radiocarbon and δ13C measurements
of fatty acids in a continental aerosol sample. Geophys. Res. Lett. 2001,
28 (24), 4587−4590.
(48) Hoffmann, D.; Tilgner, A.; Iinuma, Y.; Herrmann, H.
Atmospheric Stability of Levoglucosan: A Detailed Laboratory and
Modeling Study. Environ. Sci. Technol. 2010, 44 (2), 694−699.
(49) Ballentine, D. C.; Macko, S. A.; Turekian, V. C. Variability of
stable carbon isotopic compositions in individual fatty acids from
combustion of C4 and C3 plants: implications for biomass burning.
Chem. Geol. 1998, 152 (1−2), 151−161.
(50) Ballentine, D. C.; Macko, S. A.; Turekian, V. C.; Gilhooly, W.
P.; Martincigh, B. Compound specific isotope analysis of fatty acids
and polycycfic aromatic hydrocarbons in aerosols: impfications for
biomass burning. Org. Geochem. 1996, 25 (1−2), 97−104.
(51) Cao, F.; Zhang, S. C.; Kawamura, K.; Zhang, Y. L. Inorganic
markers, carbonaceous components and stable carbon isotope from
biomass burning aerosols in Northeast China. Sci. Total Environ.
2016, 572, 1244−1251.
(52) Krklec, K.; Dominguez-Villar, D. Quantification of the impact
of moisture source regions on the oxygen isotope composition of
precipitation over Eagle Cave, central Spain. Geochim. Cosmochim.
Acta 2014, 134, 39−54.
(53) Bershaw, J.; Penny, S. M.; Garzione, C. N. Stable isotopes of
modern water across the Himalaya and eastern Tibetan Plateau:
Implications for estimates of paleoelevation and paleoclimate. Journal
of Geophysical Research-Atmospheres 2012, 117, 1−18.
(54) Krklec, K.; Dominguez-Villar, D.; Lojen, S. The impact of
moisture sources on the oxygen isotope composition of precipitation
at a continental site in central Europe. J. Hydrol. 2018, 561, 810−821.

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.9b00113
ACS Earth Space Chem. 2019, 3, 1896−1904

1903



(55) Still, C. J.; Berry, J. A.; Collatz, G. J.; DeFries, R. S. Global
distribution of C3 and C4 vegetation: Carbon cycle implications.
Global Biogeochemical Cycles 2003, 17 (1), 6-1−6-14.
(56) Song, X. Z.; Jiang, H.; Peng, C. H.; Zhou, G. M.; Chang, S. X.;
Yu, S. Q.; Ma, Y. D.; Peng, S. L.; Wei, X. H. Leaf litter decomposition
along the temperate-tropical transect (east china): the influence of
stand succession, litter quality and climate. Polym. J. Ecol. 2012, 60
(2), 265−276.
(57) He, Y. J.; Gao, J. H.; Guo, N.; Guo, Y. J. Variations of Leaf
Cuticular Waxes Among C3 and C4 Gramineae Herbs. Chem.
Biodiversity 2016, 13 (11), 1460−1468.
(58) Liu, J. L.; Chen, Y.; Ma, L. M.; Pu, H. M.; Liu, C.; Zhao, Z.;
Shu, Q. The δ13C of cellulose from modern plants and its responses to
the atmosphere - From the peatland records of Dajiuhu, China.
Holocene 2018, 28 (3), 408−414.
(59) Li, M. C.; Liu, H. Y.; Yi, X. F.; Li, L. X. Characterization of
photosynthetic pathway of plant species growing in the eastern
Tibetan plateau using stable carbon isotope composition. Photo-
synthetica 2006, 44 (1), 102−108.
(60) Fan, S.; Zheng, J.; Wei, S.; Huang, X.; Zhang, Z. Predicting
suitable distribution of dominant herbaceous plant functional groups
in a forest-steppe zone, Hebei, China. Acta Prataculturae Sinica 2018,
27 (3), 24−32.
(61) Sun, Y. L.; Jiang, Q.; Wang, Z. F.; Fu, P. Q.; Li, J.; Yang, T.; Yin,
Y. Investigation of the sources and evolution processes of severe haze
pollution in Beijing in January 2013. Journal of Geophysical Research-
Atmospheres 2014, 119 (7), 4380−4398.
(62) Zhang, J. K.; Sun, Y.; Liu, Z. R.; Ji, D. S.; Hu, B.; Liu, Q.; Wang,
Y. S. Characterization of submicron aerosols during a month of
serious pollution in Beijing, 2013. Atmos. Chem. Phys. 2014, 14 (6),
2887−2903.
(63) Wang, Z. F.; Li, J.; Wang, Z.; Yang, W. Y.; Tang, X.; Ge, B. Z.;
Yan, P. Z.; Zhu, L. L.; Chen, X. S.; Chen, H. S.; Wand, W.; Li, J. J.;
Liu, B.; Wang, X. Y.; Wand, W.; Zhao, Y. L.; Lu, N.; Su, D. B.
Modeling study of regional severe hazes over mid-eastern China in
January 2013 and its implications on pollution prevention and
control. Sci. China: Earth Sci. 2014, 57 (1), 3−13.
(64) Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A.; et al. Sources
of fine organic aerosol. 2. Noncatalyst and catalyst-equipped
automobiles and heavy-duty diesel trucks. Environ. Sci. Technol.
1993, 27 (4), 636−651.
(65) Schauer, J. J.; Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A.;
Cass, G. R.; Simoneit, B. R. T. Source apportionment of airborne
particulate matter using organic compounds as tracers. Atmos. Environ.
1996, 30 (22), 3837−3855.
(66) Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A.; Cass, G. R.;
Simoneit, B. R. T. Sources of fine organic aerosol. 3. Road dust, tire
debris, and organometallic brake lining dust: roads as sources and
sinks. Environ. Sci. Technol. 1993, 27 (9), 1892−1904.
(67) Rogge, W. F.; Medeiros, P. M.; Simoneit, B. R. T. Organic
marker compounds for surface soil and fugitive dust from open lot
dairies and cattle feedlots. Atmos. Environ. 2006, 40 (1), 27−49.
(68) Haque, M. M.; Kawamura, K.; Deshmukh, D. K.; Fang, C.;
Song, W. H.; Bao, M. Y.; Zhang, Y. L. Characterization of organic
aerosols from a Chinese megacity during winter: predominance of
fossil fuel combustion. Atmos. Chem. Phys. 2019, 19 (7), 5147−5164.
(69) Collister, J. W.; Rieley, G.; Stern, B.; Eglinton, G.; Fry, B.
Compound-specific δ13C analyses of leaf lipids from plants with
differing carbon dioxide metabolisms. Org. Geochem. 1994, 21 (6−7),
619−627.
(70) Harvey, S. D.; Jarman, K. H.; Moran, J. J.; Sorensen, C. M.;
Wright, B. W. Characterization of diesel fuel by chemical separation
combined with capillary gas chromatography (GC) isotope ratio mass
spectrometry (IRMS). Talanta 2012, 99 (18), 262−269.
(71) Bjorøy, M.; Hall, K.; Gillyon, P.; Jumeau, J. Carbon isotope
variations in n-alkanes and isoprenoids of whole oils. Chem. Geol.
1991, 93 (1-2), 13−20.

(72) Muhammad, S. A.; Frew, R. D.; Hayman, A. R. Compound-
specific isotope analysis of diesel fuels in a forensic investigation.
Front. Chem. 2015, 3, 1−10.

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.9b00113
ACS Earth Space Chem. 2019, 3, 1896−1904

1904


