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a  b  s  t  r  a  c  t

Daytime  and  nighttime  aerosol  samples  for  total  suspended  particles  (TSP)  were  collected  in  Chengdu
from  12 to 23  January  2013  (winter)  and 10 to 21  August  2014  (summer).  The  mass  concentrations
of TSP,  major  inorganic  ions,  and  stable  sulfur  isotope  ratios  were  determined.  Clear  winter–summer
variation  in  TSP  was  observed;  the mass  concentrations  of TSP  in  summer  were  below  levels  defined  by  the
Chinese  National  Ambient  Air  Quality  Standard  (GB3095-2012),  whereas  winter  TSP  levels  exceeded  the
standard  by  2–4 times.  Overall,  the  sum  of  SO4

2−, NO3
−, and NH4

+ concentrations  represented  the  highest
contribution  to  water-soluble  ionic  components,  which  showed  similar  trends  to  TSP mass.  According  to
correlations  among  major  ions,  the  major  compounds  in  TSP  were  likely  to  be (NH4)2SO4, NH4NO3, CaCl2,
and  KCl  in  both  sampling  times,  and  CaSO4 and  Ca(NO3)2 were  also  present  in  summer.  The  NO3

−/SO4
2−

ratios  ranged  from  0.57  to 1.28  (average  0.85  ±  0.16)  in winter  and  0.5  to 0.93  (average  0.66  ±  0.11)  in
summer,  indicating  stationary  source  emissions  (coal  burning)  were  more  important  sources  than  the

2− 34
vehicle  exhaust.  The  relationship  between  SO4 and  � S  indicated  the  sulfate  sources  were  affected
by  the  low  sulfur  isotope  value  of biogenic  sulfur  release  in summer,  and  the high  sulfur  isotope  value
of  coal  in  winter.  As  a whole,  the  mixture  of  coal  burning  and  vehicle  exhaust  represent  the  major  TSP
sources  in  Chengdu  in  the  study  period,  and  biogenic  sulfur  also  contributes  to  TSP  in summer.

©  2018  Chinese  Society  of Particuology  and Institute  of  Process  Engineering,  Chinese  Academy  of
Sciences.  Published  by Elsevier  B.V.  All  rights  reserved.
ntroduction

Total suspended particles (TSP; particulate matter with aerody-
amic diameters less than 100 �m)  significantly impact visibility,
limate change, and human health (Chen & Kan, 2008; Han et al.,
012; Huang et al., 2014; Li et al., 2011; Osborne & Lambert, 2014;
ang et al., 2009, 2016). During periods of wintertime haze pol-

ution in China, extremely high levels of airborne particles are
ssociated with a wide range of human health effects. These effects
re related to the physical properties and chemical components
f the airborne particles (Beckerman et al., 2013; Perrone et al.,

013). Studies of the physical and/or chemical characteristics of the
ater-soluble ionic components (WSIC) of airborne particles and

∗ Corresponding author.
E-mail address: xiaodong.li@tju.edu.cn (Li Xiaodong).

ttps://doi.org/10.1016/j.partic.2018.03.009
674-2001/© 2018 Chinese Society of Particuology and Institute of Process Engineering, C
the stable sulfur isotope ratios (�34S) of their sulfates are useful for
determining their sources and transformation mechanisms.

In most cases, sulfate is a major component of aerosol particles,
derived either from primary emissions or oxidation of precursor
gases such as SO2 (Cheng et al., 2016; Wang et al., 2016). Typically,
sulfate is of anthropogenic origin, related to fossil fuel and/or coal
combustion (Huang et al., 2014). Many researchers have described
chemical characteristics, sources, and spatial and temporal varia-
tions of TSP and PM2.5 within cities all over the world, including
Beijing (Guo et al., 2014; Ianniello et al., 2011), Tianjin (Han et al.,
2012; Li, Bai, Liu, Chen, & Chen, 2009), Shanghai (Wang et al., 2006),
Pune (Safai, Budhavant, Rao, Ali, & Sinha, 2010), Delhi (Srivastava,
Gupta, & Jain, 2009), and Gosan (Kang, Kim, Ko, & Hong, 2009). To
date, only a few studies have used �34S to explore the sources of sul-
fate in TSP in urban environments. Different sources of sulfate have

distinctive �34S values, which suggests that sulfur isotopic values
could be a potential tracer for various sulfate sources (Garbaras,
2008; Guo et al., 2010; López-Veneroni, 2009; Sharma et al., 2014;

hinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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interholler, Hoppe, Huth, Foley, & Andreae, 2008). This potential
as explored in the current study, using Chengdu as an example.

Chengdu (30.67◦N, 104.06◦E, 500 m above sea level; Fig. 1),
ocated in the west part of the Sichuan Basin, is one of the largest

egacities in southwest China. It has quite severe air pollution
ecause of its rapid urbanization, motorization, and energy con-
umption over the last decade. According to the Chengdu Economic
nd Social Development Statistics Bulletin, the mass concentrations
f particulate matter in 2012 showed a 19% increase against values
or 2011. This city has an annual mean particulate matter concen-
ration of about 119 �g/m3, which is twice the National Ambient Air
uality Standard of China (GB3095-2012). In winter, the air pollu-

ants within Chengdu do not diffuse easily, given the bowl-shaped
asin topography, coupled with low wind speeds and the stable
tmospheric conditions of the Sichuan Basin. Therefore, Chengdu
ay  be regarded as an ideal site to investigate the sources of sulfate

n WSIC using stable sulfur isotope ratios of sulfate in TSP during
aze-fog episodes.

The present study focuses on the winter–summer and day–night
ariation of WSIC and �34S values of sulfate-containing particles
nder various weather conditions. The main aims were: (1) to
nderstand the diurnal variation of WSIC in TSP; (2) to use rela-
ionships among specific ions to trace sources of WSIC; and (3) to
se stable isotopes to trace sulfate sources of TSP in Chengdu.

aterials and methods

ample collection

Aerosol samples of TSP were continuously collected from 12 to
3 January 2013 and from 10 to 21 August 2014 in Chengdu, Sichuan
rovince, Southwest China. Samples were separated to represent
ay and night 12-h time periods, using 08:00 local time (LT) and
0:00 LT, respectively. We  used a high-volume air sampler to collect
SP, with an airflow rate of 0.8 m3/min (Qingdao Laoshan Institute
or Electronic Equipment, China). The sampler was placed on the
ooftop (15 m above ground level) of a four-story building on the
ampus of Chengdu University of Technology, located in the north-
astern part of Chengdu (Fig. 1). Prior to use, all quartz-fiber filters
ere pre-combusted at 450 ◦C for 6 h to remove potential organic

ontamination and stored at 50% relative humidity (RH) and 25 ◦C
or over 24 h. Filters were weighed before and after sampling. Field
lanks were collected at the beginning and the end of the sampling
ampaign; these blank filters were placed in the sampler for 10 min,
ithout pumping air through the filters. After sampling, all samples
ere sealed within an aluminum foil bag and stored at −4 ◦C prior

o analysis. During this study, 48 TSP samples and 4 blank filters
ere collected.

nalytical procedures

All filters were analyzed for WSIC (SO4
2−, NO3

−, NH4
+, Cl−, Ca2+,

+, Na+, and Mg2+) and �34Ssulfate.

nalysis of water-soluble ionic components
To carry out analyses of WSIC, a quarter of the filter was  cut

nto pieces and ultrasonically extracted with 40 mL  of ultrapure
ater (Milli-Q; EMD Millipore, Merck KGaA, Germany) for 30 min.

his ultrasonication was  repeated with 30 mL  of Milli-Q for 20 min,
nd finally with an additional 20 mL  of Milli-Q for 10 min. The
xtracted samples were filtered with a 0.22 �m polytetrafluo-
oethylene syringe filter (Pall Co. Ltd, USA) and divided into two

arts. One part was placed in a 15 mL  centrifuge tube and stored

n refrigerator at 4 ◦C for cation (Na+, K+, Mg2+, Ca2+), anion (Cl−,
O3

−, SO4
2–), and NH4

+ analyses, while the other part was  used
or stable sulfur isotope analyses. The concentrations of cations in
 43 (2019) 202–209 203

the extracted samples were measured using inductively coupled
plasma-optical emission spectrometry (ICP-OES; MPX; Varian, Inc.,
Walnut Creek, CA, USA) and anions were analyzed using ion chro-
matography (ICS-90; Dionex Corp., Sunnyvale, CA, USA). The limits
of detection were less than 0.005 mg/L for cations and 0.02 mg/L
for anions. NH4

+ was measured using a Skalar continuous flow
analyzer (San++; Skalar, Holland) with a limit of detection of less
than 0.005 mg/L. The background WSIC in the quartz-fiber filter
was ignored in this study because the WSIC concentrations in blank
filters were found to be below the detection limit.

Stable sulfur isotope ratios analyses
The remainder of the extracted sample was  placed in a 50 mL

bottle and acidified to pH < 2, using 2 mol/L HCl, as preparation for
sulfur isotope analyses. The sulfate in this acidified extract was
precipitated as BaSO4 by adding 2 mL  of a 10% BaCl2 solution. The
BaSO4 precipitate was  collected on a 0.45 �m Millipore filter (Toyo
Roshi Kaisha, Ltd., Japan), and washed with ultrapure water to neu-
tralize it. This filter was combusted in a muffle furnace to obtain
pure BaSO4 for sulfur isotope analyses. The �34S was determined
using an elemental analyzer (Euro EA 1108; Thermo Fisher Sci-
entific Inc., Waltham, MA,  USA) coupled with isotope ratio mass
spectrometry (IRMS; Delta C Finningan Mat; Isomass Scientific Inc.,
Calgary, Canada). The �34S was expressed in delta notation defined
according to the following equation (VCDT: Vienna Canyon Diablo
Troilite).

�34S(‰)  = [(34S/32S)sample/(34S/32S)VCDT − 1] × 1000.

The average standard deviation for duplicate analyses of a given
sample was  ±0.2‰ (n = 18). All measurements were carried out at
the State Key Laboratory of Environmental Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences.

Meteorological considerations

During the sampling period, the weather conditions were
mainly misty, cloudy, sunny, or rainy. During this study, calm winds
were frequently recorded in Chengdu; thus, the effects of wind
direction and wind speed were ignored. Ambient temperatures
ranged from −1 ◦C to 13 ◦C (mean = 5.7 ◦C ± 1.9 ◦C) in winter, and
from 18 ◦C to 31 ◦C (mean = 23.5 ◦C ± 2.9 ◦C) in summer. RH var-
ied from 28% to 92% (mean = 78% ± 8.9%) in winter, and from 50%
to 98% (mean = 85% ± 12%) in summer (http://sc.com.weather.cn/
qxfw.shtml).

The NOAA’s HYSPLIT4 trajectory model (http://www.arl.noaa.
gov/hyslit.html) was  used to calculate 24-h backward trajectories
for each sample. Summer air masses over Chengdu were trans-
ported northeasterly (towards Shanxi province) and southwesterly
(towards Chongqing, Guizhou province). In contrast, air masses
were mainly from the Sichuan Basin in winter. Thus, winter air pol-
lution in Chengdu is mainly related to local sources within Sichuan
province, while summer air masses are less obviously affected by
local pollution sources.

Results and discussion

Variations of the mass concentrations of TSP

The mass concentrations of TSP ranged from 360 to 1423 �g/m3

(mean = 643 ± 266 �g/m3, n = 24) in winter, and from 90 to
283 �g/m3 (mean = 160 ± 45 �g/m3, n = 24) in summer. A clear

winter–summer variation in TSP was  observed in the samples. The
low concentrations of TSP in summer were likely to be because of
frequent rainfall, given that precipitation scavenging is an efficient
way of removing particles from the atmosphere (Tao et al., 2013), in

http://sc.com.weather.cn/qxfw.shtml
http://sc.com.weather.cn/qxfw.shtml
http://sc.com.weather.cn/qxfw.shtml
http://sc.com.weather.cn/qxfw.shtml
http://sc.com.weather.cn/qxfw.shtml
http://sc.com.weather.cn/qxfw.shtml
http://sc.com.weather.cn/qxfw.shtml
http://www.arl.noaa.gov/hyslit.html
http://www.arl.noaa.gov/hyslit.html
http://www.arl.noaa.gov/hyslit.html
http://www.arl.noaa.gov/hyslit.html
http://www.arl.noaa.gov/hyslit.html
http://www.arl.noaa.gov/hyslit.html
http://www.arl.noaa.gov/hyslit.html
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Fig. 1. Map  showing the sampling site in Ch

ddition to the higher wind speed, which increases the diffusion of
ir pollutants, reducing local contributions from home stoves. High
oncentrations of TSP in winter reflect the meteorological setting, in
hich calm winds, inversion layers, and high RH occur within the

asin topography. These conditions accelerate the accumulation
nd secondary formation of pollutants emitted from local sources,
uch as biomass burning, power plants, home stoves, and vehicles
Huang et al., 2014). Although the mass concentrations of TSP in
ummer were below levels defined by the Chinese National Ambi-
nt Air Quality Standard (GB3095-2012) (300 �g/m3), winter TSP
evels exceeded this limit by 2–4 times. These levels may  also be
elated to more frequent and stronger fog-haze events in January
f 2013 (Ho et al., 2016).

The mass concentrations of TSP varied from 360 to 1050 �g/m3

mean = 643 ± 231 mg/m3, n = 12) in the daytime and from
83 to 1423 �g/m3 (mean = 740 ± 289.3 �g/m3, n = 12) at night-
ime during the winter period, respectively. In contrast, the

ass concentrations of TSP varied from 110 to 224 �g/m3

mean = 156 ± 35.6 �g/m3, n = 12) in the daytime and from 94 to
83 �g/m3 (mean = 168 ± 31.4 �g/m3, n = 12) at nighttime during
he summer period. Day–night variation in the concentration of
SP clearly occurred during the two sampling periods, with higher
oncentrations occurring at nighttime. This may  reflect the lower
emperature and higher RH at night. High RH can cause absorption
rowth and reduce the residence time of TSP in the atmosphere.

or example, under high RH and low temperatures after midnight,
itrate is present as NH4NO3 (Guo et al., 2010), and it may  therefore
 within the Sichuan Basin, Southwest China.

be less dissociated than other forms, resulting in an increase in TSP
at nighttime.

Day–night variations of WSIC, SNA, and ı34S

In this study, we analyzed SO4
2−, NO3

−, NH4
+, Cl−, K+, Na+, Ca2+,

and Mg2+. Plots of their daytime versus nighttime concentrations
(Fig. 2) show similarities to trends in the mass of TSP, although there
were differences among various ions. The total mass concentrations
of SO4

2−, NO3
−, and NH4

+ (SNA) were the highest contributors to
WSIC during the sampling time. They showed no clear variation in
daytime and nighttime levels in winter (78%) or summer (86%). In
both seasons (Table 1), the average concentrations of SNA in day-
time samples were slightly higher than nighttime concentrations,
but there was no clear variation pattern in Cl−, Ca2+, K+, Na+, and
Mg2+, which could be related to the sources and transformation
pathways of these ions. Such sources may  be responsible for for-
mation of large amounts of secondary aerosols during the daytime
(Guo et al., 2016), with primary emissions being relativity stable
over time.

Variation in NH4
+ was  basically coincident with variations in

SO4
2−and NO3

− (Fig. 2), indicating that it was  largely related to the
neutralization of ammonia by acidic species (Wang et al., 2006),
such as H2SO4 or HNO3. Fig. 3 shows the linear relationships among

mass concentrations of NH4

+, SO4
2−, and NO3

− over the sampling
period. The relationships between NH4

+ and SO4
2− were similar

during the daytime (R2 = 0.92) and nighttime (R2 = 0.95), suggesting
that ammonium was  associated with sulfate (as (NH4)2SO4) in win-
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Fig. 2. Day–night variations of the mass concentrations of WSIC in winter and summer. Unfilled symbols: daytime, filled symbols: nighttime. M: misty, S: sunny, C: cloudy,
R:  rainy.
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Fig. 3. Correlations among NH4
+, SO

er (Tao et al., 2013). Guo et al. (2010) reported that when RH was
etween 50% and 70%, NH4NO3 could partly dissociate, whereas
hen RH was over 70%, NH4NO3 was relatively stable. In our study,
H4

+ was more strongly correlated with NO3
− during the nighttime

han the daytime, indicating more NH4NO3 was  present at night.
his is related to high RH after midnight (>70%). The correlation
oefficients between SO4

2− and NO3
− were higher for nighttime

amples (R2 = 0.81) than for daytime samples (R2 = 0.63), suggest-
ng that the precursors of these species were released from similar
mission sources, such as coal burning or industrial sectors during
he night (Zhang et al., 2011). This suggests that their sources were

ifferent during daytime hours. In summer, there is good correla-
ion between SO4

2− and NH4
+, and SO4

2− and Ca2+ for both daytime
nd nighttime samples, indicating that (NH4)2SO4 and CaSO4 are
ikely to be the main species present in the urban atmosphere.
d NO3
− ions in winter and summer.

The correlation between NH4
+ and NO3

− was better for nighttime
samples (R2 = 0.76) than daytime samples (R2 = 0.21), with simi-
lar results observed in winter samples. Moreover, Ca2+ was  better
correlated with NO3

− in daytime samples (R2 = 0.58) than in night-
time samples (R2 = 0.29), suggesting that the presence of Ca(NO3)2
during daytime hours was  probably related to human activities.

In the present study, the �34S values of sulfate in TSP ranged
from +3.4‰ to +6.4‰ (mean = +5.0‰,  n = 12) in daytime samples,
and from +4‰ to +7.1‰ (mean = +5.6‰,  n = 12) in nighttime sam-
ples in winter (Fig. 4). The �34S values of sulfate in daytime samples
were lower than nighttime values, indicating different oxidation

pathways for the source SO2 between daytime and nighttime. The
RH was  lower than 80% in daytime, favoring gas–particle conver-
sion. In contrast, the main foggy weather in nighttime, when the
RH was  above 90%, favored heterogeneous oxidation to the forma-
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Fig. 4. Day–night variations of �34S in winter and summer. Unfilled symbols: d

Table 1
Average concentrations (�g/m3) (±1�) of cations, and anions in TSP samples, and
the average ratios (±1�) of selected measured species in ambient aerosols.

Species TSP (n = 48)

Winter Summer

Day (n = 12) Night (n = 12) Day (n = 12) Night (n = 12)

SO4
2− 63.1 ± 26.6 52.8 ± 22.8 27.6 ± 9.7 24.8 ± 7.5

NO3
− 47.3 ± 12.7 43.3 ± 14.4 17.4 ± 7.4 17.3 ± 5.7

Cl− 13.5 ± 5.2 12.5 ± 3.6 2.3 ± 1.7 4.2 ± 1.3
NH4

+ 27.7 ± 10.1 23.4 ± 9.7 7.4 ± 4.2 7.2 ± 3.8
Ca2+ 13.2 ± 4.2 11.8 ± 3.1 4.1 ± 1.9 2.7 ± 1.1
K+ 4.1 ± 1.6 4.4 ± 1.3 0.7 ± 0.3 0.6 ± 0.2
Na+ 3.1 ± 1.7 2.6 ± 0.9 0.4 ± 0.4 0.4 ± 0.2
Mg2+ 0.8 ± 0.3 0.9 ± 0.4 0.2 ± 0.1 0.2 ± 0.1
WSICa 172.8 ± 51.7 151.7 ± 48.6 60.2 ± 22.1 57.4 ± 17.2
SNAb 138.1 ± 47.4 119.5 ± 46.3 52.4 ± 19.1 49.3 ± 16
%WSICc 27.7 ± 5.5 21.3 ± 5.4 38.4 ± 10.6 36.4 ± 7.7
%SNAc 22.1 ± 5.3 16.6 ± 5.4 33.8 ± 9.6 30.7 ± 8.2

a WSIC: water-soluble inorganic component.
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(2006) reported the �34S values of sulfur in the range −6.1‰ to
b SNA: anthropogenic inorganic species (sum of SO4
2− , NO3

− , and NH4
+).

c Percentage contribution to TSP mass.

ion of secondary sulfates (Winterholler et al., 2008). Moreover, the
O3

− formation pathway may  contribute to sulfate formation in fog
nder polluted conditions (Cheng et al., 2016). Simultaneously, the
ean �34S values of sulfate in nighttime samples were close to the

verage �34S (about +5.7‰)  for foggy weather (Wu,  2010), indi-
ating the formation of sulfate was dependent on heterogeneous
xidation in nighttime in winter. Furthermore, the �34S values of
ulfate in TSP varied from +3.1‰ to +5.4‰ (mean = +4.5‰,  n = 12) in
aytime samples, and from +2.3‰ to +6.1‰ (mean = +4.5‰,  n = 12)

n nighttime samples in summer (Fig. 4). In this case, there were no
bvious differences between day and night samples, and RH was
nder 70%, favoring gas–particle conversion in summer.

inter–summer variations of WSIC, SNA, and ı34S

The mass of WSIC was consistently higher in winter
72–224.3 �g/m3, average 162.3 ± 50.3 �g/m3) than in summer
28–110.2 �g/m3, average 59.2 ± 19.6 �g/m3), showing a similar
rend to mass concentrations of TSP during the sampling period.
he mass concentrations of SNA accounted for 78% and 85% of the
inter and summer total mass concentrations of WSIC, respec-

ively. This indicates that sulfate and nitrogen were the major
norganic components of TSP during the sampling period. Likewise,

hey likely originated from secondary particles, produced through
he transformation of precursor gases, such as SO2, NOx, and NH3
DeBell et al., 2004; Hsu et al., 2009).
aytime, filled symbols: nighttime. M:  misty, S: sunny, C: cloudy, R: rainy.

In this study, NH4
+ was strongly correlated with SO4

2−

(R2 = 0.93) and NO3
− (R2 = 0.82) in winter, but poorly correlated

with SO4
2− (R2 = 0.37) and NO3

− (R2 = 0.42) in summer. This
indicates that ammonium was  associated with both sulfate (as
(NH4)2SO4) and nitrate (as NH4NO3) in winter, while only a small
fraction of (NH4)2SO4 and NH4NO3 was present in summer. This
indicates that the chemical components varied during each sam-
pling period. This suggests that there must be other alkaline ions
(such as Ca2+ and Mg2+) present to neutralize acidic species (H2SO4
and HNO3). Ca2+ and Mg2+ were more strongly correlated with
SO4

2− (R2 = 0.38, 0.46, respectively) and NO3
− (R2 = 0.41, 0.52,

respectively) in summer than in winter (no correlation). This fur-
ther suggests that CaSO4, MgSO4, Ca(NO3)2, and Mg(NO3)2 were
chemical components of TSP in summer. Likewise, Ca2+ and Cl−

were correlated in winter (R2 = 0.58), and summer (R2 = 0.51), while
K+ and Cl− were correlated in winter (R2 = 0.84) and summer
(R2 = 0.53), indicating CaCl2 and KCl were present in TSP during both
sampling periods.

The ion balance can be used as an indicator of the acidity of the
sampled aerosols. It can be calculated using the equivalent ratios of
the total cations to the total anions (Wang et al., 2005, 2013) using
these formulas:

Cations = Na+/23 + NH4
+/18 + K+/39 + Mg2+/12 + NH4

+/18

Anions = F−/19 + Cl−/18 + NO3
−/62 + SO4

2−/96.

The equivalent ratios of cations to anions (C/A) in samples of
this study ranged between 1.18 and 1.75, with a mean value of
1.41 ± 0.12 (n = 24) in winter, and from 0.51 to 1.25, with a mean
value of 0.94 ± 0.21 (n = 24) in summer. The equivalent C/A ratios
were above 1.0 in winter and less than 1.0 in summer, indicating
TSP samples are alkaline in winter, but faintly acid in summer. Thus,
H2SO4 and HNO3 were mainly neutralized by inorganic cations in
winter but were not completely neutralized by inorganic cations in
summer (Wang et al., 2013).

The �34S values of sulfate varied from +3.4‰ to +7.1‰
(mean = +5.3‰,  n = 24) in winter, and varied from +2.3‰ to +6.1‰
(mean = +4.5‰,  n = 24) in summer. The �34S ratios in summer were
lower than in winter, which could be affected by the presence
of more biogenic sulfur and soil particles in summer (Mast, Turk,
Ingersoll, Clow, & Kester, 2001), and the greater amount of coal
combustion in winter. Li, Masuda, Kusakabe, Yanagisawa, and Zeng
+7.4‰ with average +3.2‰ for the coal samples, and Xiao et al.
(2011) also reported raw coal in Chengdu mainly form Shanxi
province, the average �34S about +9.7‰.
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ig. 5. Relationship between SO4
2− concentrations and �34S values in winter and
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According to the relationship between SO4
2− and �34S in the

urrent study (Fig. 5), the sulfur isotopic composition of sulfate in
he TSP reflects a mixture of sulfate sources, with high and low �34S
alues, indicating the sulfate was derived from different sources
Guo et al., 2010). A negative correlation was found between the

ass concentrations of SO4
2− and �34S in summer (Fig. 5), but these

easures were positively correlated in winter. This indicates that
he sources of sulfate were affected by low sulfur isotope values
f biogenic sulfur released in summer, and the high sulfur isotope
alues of coal emitted in winter. Given that Chengdu is distant from
he coast, the contribution of sea-salt would be very low; thus, sul-
ate from sea-salt can be ignored. Han et al. (2016) reported the
mission rate of SO2 from oil combustion is relatively constant,
ith almost no seasonal change, making sulfur isotopic ratios of

O2 emissions from oil combustion a steady source of sulfate, with
 relatively high �34S value. The �34S values in the present study
ere close to the sulfur isotopic ratios of PM2.5 in Beijing (Han et al.,

016), indicating that SO2 emissions from oil combustion could be
nother source of sulfate in TSP in Chengdu.

hange of WSIC, SNA, and ı34S under different weather conditions

Fig. 2 shows variations in mass concentrations measured by an
ir ion spectrometer under different weather conditions (misty,
loudy, sunny, and rainy) during the sampling period in Chengdu.
n winter, the mass concentrations of SNA under different weather
onditions decreased in the order misty, cloudy, sunny, and rainy.
ass concentrations of SNA on misty days were 2–5 times higher

han those for other weather conditions. This could be linked to
alm winds, inversion layers, and higher RH on misty days in winter.
n contrast, SNA concentrations under different weather conditions
n summer decreased in the order cloudy, sunny, and rainy. The

arked decreases related to rain are likely to reflect washout. Fur-
hermore, mass concentrations of crustal elements (Ca2+ and Mg2+)
anged from 7.2 to 23.2 �g/m3 (mean = 13.3 ± 3.7 �g/m3, n = 24) in
inter, and from 1.6 to 6 �g/m3 (mean = 3.5 ± 1.7 �g/m3, n = 24) in

ummer. Clearly, the mass of crustal elements in winter was  higher
han in summer. This also suggests that the rain washed out air-

orne crustal material in summer. The total mass concentration of
hese crustal elements accounted for 1.7% ± 0.8% of WSIC in winter,
ut 6% ± 2.2% in summer, indicating that crustal sources, such as soil
nd re-suspended road dust contribute more to TSP in summer than
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in winter. Alternatively, this pattern may  simply reflect increases
in ions other than Ca2+ and Mg2+, related to fog-haze pollution in
winter.

Our statistical analyses suggest that the average sulfur isotope
ratios varied with weather conditions. In winter, the �34S values of
sulfate under different weather conditions decreased in the order
misty (+5.8‰), sunny (+5.4‰), and cloudy (+5.0‰). This decrease
may  be related to heterogeneous oxidation reactions of SO2, which
led to enrichment in heavy isotopes (34S) on misty days, cou-
pled with high water solubility of SO2 under the low-temperature
winter conditions. In summer, the �34S ratios were almost the
same on cloudy (+4.8‰) and sunny (+4.8‰) days but decreased
on rainy days (+3.6‰), indicating rain wash caused the �34S val-
ues of sulfate in TSP to be negative, as most coarse particles (such
as CaSO4 and MgSO4) were removed. The remaining fine particles
of (NH4)2SO4 and NH4HSO4 were from homogeneous oxidation of
SO2 in the atmosphere, related to photochemical oxidation. This
process caused enrichment in lighter isotopes (32S), while summer
high temperatures reduced the water solubility of SO2.

Possible sources of sulfate in TSP

Several studies (Cheng et al., 2016; Sharma et al., 2014; Xiao &
Liu, 2004; Yang, Li, Deng, & Wang, 2015) reported that the ratios of
various chemical components, such as the NO3

−/SO4
2− ratio, in par-

ticulate matter may  provide further information about its sources.
The NO3

−/SO4
2− ratio has been used as an indicator of the relative

importance of mobile versus stationary sources of sulfur and nitro-
gen in the atmosphere (Wang et al., 2006, 2013; Xiao & Liu, 2004;
Yao et al., 2002). In Chengdu, the mass ratios of NO3

−/SO4
2− in

TSP samples ranged from 0.57 to 1.28 (mean = 0.85 ± 0.16) in win-
ter, and from 0.50 to 0.93 (mean = 0.66 ± 0.11) in summer. These
values were higher than in TSP sampled in Guiyang (0.01–0.38;
mean = 0.13) (Xiao & Liu, 2004), as well as in TSP sampled from
October 2001 to January 2003 in Chengdu (0.01–0.54; mean = 0.3)
(Li, 2007). They are also similar to mass ratios in TSP from Shang-
hai (mean = 0.83 ± 0.4) (Wang et al., 2006). These ratios suggest
that stationary source emissions were important during the sam-
pling periods, although the influence of vehicle exhaust emissions
is increasing.

Previous studies have shown coal burning is an important source
for atmospheric sulfur in the urban environments of China (Guo
et al., 2010; Mukai et al., 2001), and the �34S ratios of atmospheric
sulfate in different regions in China depend on the extent of local
coal burning (Mukai et al., 2001). In this study, the sulfur isotopic
composition of sulfate in TSP was a mixture of sulfate with low
and high �34S values (Fig. 5), indicating that sulfate was derived
from different sources (Guo et al., 2010). Here, the average �34S
value for sulfate (+5.3‰ in winter and +4.5‰ in summer) in TSP
from Chengdu was close to the average sulfur isotope ratio (+3.7‰)
for coal in northern China, which was close to values for vehicle
exhaust (+5‰),  indicating that coal burning and vehicle exhaust
were the dominant sources of atmospheric sulfate. Liu, Hong, Piao,
and Zeng, (1996) found that the �34S of size-segregated atmo-
spheric particles (−1.49‰) were close to coal burning (−2.3‰)  and
soil (−2.2‰)  in Guiyang, and deduced that the sulfur sources of
atmospheric particles were mainly derived from coal burning and
the soil in this city. Biogenic sulfur mainly arises as a combination
of emissions from microorganisms that reduce SO4

2− in water, and
the product of microbial decomposition of sulfur-containing sub-
stances in land-based organic matter (Wu  & Han, 2012, 2015). The
�34S values of biogenic sulfur are negative, varying from −10‰ to

−2‰ emitted from soil, lake, and swamp  environments etc. (Liu
et al., 1996; Mast et al., 2001). Biogenic sulfur as a source for sulfate
in TSP in summer could explain the lower �34S ratios in summer
than in winter (Mast et al., 2001). Therefore, a mixture of coal com-
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ustion and vehicle exhaust is likely to be responsible for the major
ources of sulfate in TSP in Chengdu during the sampling period
ith the contribution of biogenic sulfur in summer.

onclusions

In Chengdu, the mass concentrations of TSP in winter exceeded
he Chinese National Ambient Air Quality Standard (GB3095-2012)
y about 2–4 times, which could be related to more frequent and
tronger fog-haze events during winter periods. However, the mass
oncentrations of TSP in summer met  this standard, suggesting rain
ashout and lower local emissions from coal combustion mitigate
ollution in summer.

We  found that sulfate and nitrate were the major inorganic
omponents of TSP in Chengdu. According to correlations among
ater-soluble inorganic ions, the major compounds in TSP are likely

o be (NH4)2SO4, NH4NO3, CaCl2, and KCl. CaSO4 and Ca(NO3)2 are
lso likely to be present in TSP in summer.

The low mass ratios of NO3
−/SO4

2− and �34S values of sulfate
uggest that stationary source emissions (coal burning) may  be
ore important than vehicle exhaust emissions. Sulfate isotopic

atios were affected by low sulfur isotope values from biogenic sul-
ur released in summer, and the high sulfur isotope values from
oal burning in winter. Coal burning and vehicle exhaust emissions
ere the major sources of TSP in Chengdu during our sampling
eriods, with biogenic sulfur contributing more to TSP in summer
han in winter.
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