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• A new method of PAS-QW was devel-
oped to monitor aerosol δ34S-SO4

2−.
• The spatial heterogeneity of SO4

2− con-
tent and δ34S was obvious in study
areas.

• Coal and oil combustion are major
sources of SO2, but with difference be-
tween regions.
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A new method is presented for measuring atmospheric contents and δ34S-SO4
2− in airborne particulate

matter using quartz wool disk passive air samplers (Pas-QW). The ability of Pas-QW samplers to provide
time-integrated measurements of atmospheric SO4

2−was confirmed in a field calibration study. The average
sampling rate of SO4

2− measured was 2.3 ± 0.3 m3/day, and this was not greatly affected by changes in
meteorological parameters. The results of simultaneous sampling campaign showed that the average
SO4

2− contents in Pakistan and the Indochina Peninsula (ICP) were relatively lower than that of China.
The spatial distribution of SO4

2− concentrations was largely attributed to the development of the regional
economies. The range of δ34S values observed in Pakistan (4.3 ± 1.4‰) and the ICP (4.5 ± 1.2‰) were rel-
atively small, while a large range of δ34S values was observed in China (3.9 ± 2.5‰). The regional distribu-
tion of sulfur isotope compositions was significantly affected by coal combustion. A source analysis based on
a Bayesian mixing model showed that 80.4 ± 13.1% and 19.6 ± 13.1% of artificial sulfur dioxide (SO2)
sources in China could be attributed to coal combustion and oil combustion, respectively. The two sources
differed greatly between regions, and the contribution of oil combustion in cities was higher than
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Sulfur isotopic composition
Bayesian mixing model
previously reported data obtained from emission inventories. This study confirmed that the Pas-QW is a
promising tool for simultaneously monitoring atmospheric δ34S-SO4

2− over large regions, and that the
results of the isotope models can provide a reference for the compilation of SO2 emission inventories.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Sulfate (SO4
2−) acting as cloud condensation nuclei is a substantial

component of atmospheric aerosols (Matsumoto et al., 1997). Such
SO4

2− aerosols affect the surface temperature of the Earth (Charlson
et al., 1992), acid rain formation (Charlson et al., 1992; Zhang et al.,
1995), and human health (Pope and Dockery, 2006), and play a key
role in environmental chemistry and climate change (Abbatt et al.,
2006). Therefore, knowing the sources of aerosol SO4

2− and its transport
and transformation in the atmosphere forms a necessary basis for im-
proving air quality (Chen et al., 2013). The main primary sources of at-
mospheric SO4

2− are sea salt, dust, and fly ash (Sinha et al., 2008;
Tostevin et al., 2014). Secondary sources arise from gas- or aqueous-
phase oxidation processes of anthropogenic sulfur dioxide (SO2) emit-
ted from fossil fuel combustion, industrial processes and biomass burn-
ing activities, and from oxidation products of natural sulfur-containing
compounds, such as dimethylsulfide (DMS) (Amrani et al., 2013) and
hydrogen sulfide (H2S) (Sinha et al., 2008).

SO4
2− emitted from different sources has different SO4

2− isotopic sig-
nals (δ34S). Numerous studies have been carried out in Europe (Sinha
et al., 2008), the Arctic (Kunasek et al., 2010), America (Calhoun et al.,
1991), and China (Han et al., 2016; Mukai et al., 2001) using δ34S to
trace SO4

2− source in aerosol particles and precipitation. The δ34S values
of different anthropogenic and natural sources usually vary widely
(Fig. S1 in the Supporting Information). The range of δ34S values from
natural sources is from −10 to +20‰, of which the δ34S of sea salt
SO4

2−, DMS, and biogenic sulfur released from soils and wetlands is
+20.1‰ (Tostevin et al., 2014), +18 to +21‰ (Amrani et al., 2013),
and − 10 to −2‰ (Lei et al., 1997), respectively. The range of δ34S
value of anthropogenic sulfate is −2 to +18‰ (Han et al., 2016;
Norman et al., 1999). The anthropogenic input of sulfur compounds to
the atmosphere through deposition is a major source of atmospheric
SO4

2−, which could be elucidated from the sulfur isotopic signature
(Calhoun et al., 1991; Han et al., 2016; Mukai et al., 2001). Analysis of
the stable sulfur isotopes within atmospheric-derived SO4

2− (δ34S-
SO4

2−) can provide a powerful tool to apportion SO2 sources, because at-
mospheric SO4

2− is primarily formed by the oxidation of SO2 in the
Northern Hemisphere. The main way to reduce the adverse effects of
the sulfate on human health and atmospheric environment is to control
the emission of the precursor SO2 (Li et al., 2017b; Ohizumi et al., 2016;
Sinha et al., 2008). Combining isotope techniques with stable isotope
models permits good estimation of the contribution of different sources
in a mixture. Recently, the Bayesian model was adopted to apportion
major sources of atmospheric nitrogen oxides based on δ15N-NO3

−

values (Zong et al., 2017), this provides a good example for the quanti-
fication of SO2 sources. However, further exploration is needed of
methods to incorporate the possible fractionation effect into a Bayesian
model.

Passive samplers have been used to monitor organic and inorganic
pollutants in various indoor and outdoor environments (Demirel et al.,
2014; Gaga et al., 2019; Jiang et al., 2018). Compared with active sam-
plers, they are easy to use, require less maintenance and infrastruc-
ture/electricity to operate, and have a small size, making them ideally
suited to spatial investigations of air pollutants (Eng et al., 2014; Jiang
et al., 2018). The prototype passive dry deposition (Pas-DD) collector
is a kind of versatile and cost-effective passive sampler for studying or-
ganic chemicals over large regions (Eng et al., 2014; Gaga et al., 2019).
Harner et al. (Gaga et al., 2019) recently developed a sampling method
for measuring trace metals collected by Pas-DD collectors, and different
2

metals were shown with different equivalent air sampling rates. This
provides a proof concept and methodology for the use of Pas-DD as a
promising tool formonitoring studies of both organic and inorganic pol-
lutants in air. Quartz fiber is commonly used as a material for collecting
atmospheric particulates (Jiang et al., 2018; Norman et al., 2006; Zong
et al., 2017). As one kind of quartz fiber with a larger specific surface
area, the quartz wool disk passive air sampler (Pas-QW) may provide
a better measurement of organic and inorganic particulate matter
(PM) compared with the traditional polyurethane foam disk (PUF)
used inside Pas-DD. It can eliminate the matrix interference of PUF
and have a good contrast with other studies.

Combined with passive sampling technologies, it is possible to con-
duct top-down observations based on source-diagnostic stable sulfur
isotopes over large regions. In this study, our objectives were to
(i) develop sampling methods for measuring SO4

2− collected by a Pas-
QW collector, (ii) conduct a campaign of passive sampling in three re-
gions of Asia to assess the spatial distribution of atmospheric SO4

2− con-
tents and δ34S values, and (iii) combine the Bayesian model to
quantitatively apportion the respective contribution of major artificial
sources and compare them with recent SO2 emission inventories in
China.

2. Materials and methods

2.1. Calibration exercise for sulfate

A schematic of the Pas-QW used in this study is shown in Fig. S2.
Similar to the Pas-DD, the sampler consists of a stainless-steel plate
cover and a small stainless-steel pan. A quartzwool disk (14.0 cmdiam-
eter, 1.35 cm thickness, 367 cm2 surface area, 1.0 g mass, 207 cm3 vol-
ume, and 0.005 g/cm3 density) was placed inside the pan and covered
with a stainless-steelmesh (1× 1 cm). Two batches of Pas-QW fromdif-
ferent time periods and regionswere arranged in the field deployments
for better contrast. The first batch of 12 passive samplers was set up and
deployed from August to October 2016 over a 70-day period in Guang-
zhou (GZ). The second batch of 12 passive samplers was set up and de-
ployed from January to April 2019 over a 77-day period in Yantai (YT).
Neither of the sampling sites had any obvious point emission sources
nearby. Over the period, active air sampling (AAS) was conducted con-
tinuously alongside passive sampling throughout the calibration exer-
cise. The AAS was set at an identical height for deployment of the
passive sampler and total suspended particle samples were collected
on prebaked quartz fiber filters (18.0 × 10.5 cm2). The samples were
collected for a 2–7-day duration at a stable flow rate of 300 L/min. Detail
information on the calibration exercise is provided in Text S1. The active
sampling time did not always exactly match the retrieval time of the
Pas-QW samplers due to unavoidable factors including power supply
interruption, heavy rainfall, and typhoons (Tables S1 and S2). In this
case, the average concentrations of SO4

2− derived from active sampling
during the corresponding deployment time of the Pas-QW were used
as the reference air concentrations during the calibration exercise.

The sampling rate (R′) of pollutants can be expressed as

R0 ¼ mPAS

Cairt
ð1Þ

where R′is the sampling rate for air (R′, m3/day), mPAS is the accumu-
lated mass of the target compound collected by each quartz wool disk
during the exposure period (mPAS, μg), Cair is the air concentration of



Fig. 1. Equivalent air volumes for Pas-QW for atmospheric sulfate based onmeasurements
from conventional TSP samples at the in Yantai and Guangzhou field sites.
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SO4
2−determined byAAS (Cair, μg/m3), and t is the sampling time (days).

The equivalent air volumes (Veq, m3) sampled by Pas-QWs were deter-
mined on the basis of the reported ambient air concentrations of the
SO4

2− and their accumulated mass on the passive samplers.

Veq ¼ mPAS

Cair
ð2Þ

R′ was determined from the slope of the line of best fit between Veq
and time.

2.2. Field sample collection

22 air-monitoring stations were selected as sampling sites in China
from March to June in 2017, and 2 air-monitoring stations and 5 air-
monitoring stations were selected in Pakistan and the ICP from March
to June in 2016. These included 21 urban sites, 6 rural or suburban
sites and 2 background sites. Details of each sampling site and basic re-
lated parameters are provided in Tables S3 and S4. Samplers were as-
sembled at the deployment sites to avoid contamination during
transportation. After deployment, the quartz wool disks were retrieved,
resealed, and returned to Guangzhou, where they were stored in a
fridge at−20 °C before analysis.

2.3. Chemical and isotopic measurements

The quartz wool disk samples were soaked in 40mL ofMilli-Qwater
for 30min then subjected to ultrasonification. The sampleswere kept in
the water for 12 h to thoroughly extract the water-soluble ions
(Norman et al., 2006). A 5-mL sample was withdrawn from the filtered
solution for ion concentration analysis. The remaining solution was
acidified to pH < 2 by addition of HCl solution, then the dissolved
SO4

2− in the solution was trapped as barite (BaSO4) by addition of drop-
lets of supersaturated BaCl2 solution. The BaSO4 precipitates were sepa-
rated by centrifugation, rinsed with Milli-Q water several times to
remove chloride ion, and precipitates were dried in an oven at 50 °C
for 24 h. The blank samples were analyzed using the same method
(Text S2).

Concentrations of water-soluble ions were measured via ion chro-
matography (Dionex ICS3000; Dionex Ltd., Sunnyvale, CA, USA) based
on the reported analysis method (Wang et al., 2019). The relative stan-
dard deviation of repetitive measurements was less than 5% for each
ion. The detection limits varied from 0.01 to 0.05 μg/m3 for anions and
from 0.02 to 0.07 μg/m3 for cations. Blank values were used for calibra-
tion. δ34S was analyzed using an elemental analyzer (Flash 2000;
Thermo Scientific) and an isotopic ratio mass spectrometer (Delta V
Plus; Finnigan) in the State Key Laboratory of Organic Geochemistry in
the Guangzhou Institute of Geochemistry. The δ34S values (‰) were
corrected by multi-point correction (r2 = 0.999) based on three inter-
national standards (IAEA SO-6, IAEA SO-5, and NBS-127) and reported
in the standard delta notation relative to the Vienna CanyonDiablo Troi-
lite standard. Themeasured δ34S value of standards IAEA SO-6, IAEA SO-
5, and NBS-127 was −33.9 ± 0.18‰ (n = 8), 0.23 ± 0.15‰ (n = 16),
and 20.63±0.23‰ (n=8)with an accuracywithin±0.33‰ to the rec-
ommended values from the IAEA. The standard deviation of the isotopic
measurements for samples was within ±0.35‰.

2.4. Bayesian mixing model

Dominant source apportionment of SO2 in the atmosphere was con-
ducted using a Bayesianmixingmodel. In principle, the δ34S-SO2 values
in the atmosphere should range between the original values emitted
from sources and the values reached under equilibrium fractionation
conditions (Sinha et al., 2008). To apportion sources SO2 in the atmo-
sphere, the δ34S-SO2 values emitted from three main kinds of sources
were calculated statistically as means and standard deviations.
3

Considering the significant overlap of the δ34S values between biogenic
sulfur and coal combustion (Liu et al., 1996; Maruyama et al., 2000;
Norman et al., 1999; Shang et al., 2016; Xue et al., 2020; Yetang et al.,
1993; Zhang et al., 1995; Zhao et al., 2018; Zheng et al., 2018), there
may be a large uncertainty in identifying the contributions of these
two sources. Based on global sulfur budgets, biogenic sulfur emissions
from terrestrial surfaces accounts for approximately 1% of atmospheric
sulfur (Lei et al., 1997). Therefore, only two sources (coal combustion
and oil combustion)were considered and corrected by thepossible frac-
tionation effect to be used in the present study (Table S5 and Fig. S3).
Then, the correlated means and standard deviations of the two sources
were incorporated into the Bayesian mixing model to carry out the
source apportionment. The details of this approach are discussed in
Text S3 and Text S4.

3. Results and discussion

3.1. Feasibility of using pas-QW to determine sulfate in air

The uptake profiles of SO4
2− over time are shown in Fig. 1 for both YT

and GZ, with raw data presented in Table S1. Linear uptakes of SO4
2− for

Pas-QW during the calibration exercise period were found by good lin-
ear correlations between the values of uptake volume and deployment
time. Considering that no or little SO2 can be converted into SO4

2− by
heterogeneous oxidation of particle surfaces in the quartz wool disk,
and aerosol SO4

2− does not usually undergo the reverse reaction to
form atmospheric SO2 under normal atmospheric conditions, thus
most of the accumulated SO4

2− in the quartzwool diskwas from aerosol
SO4

2− during the sampling period. The average sampling rates of GZ and
YT were 2.0 and 2.6 m3/day, respectively. Considering the principle of
active sampling and passive sampling is not the same, all the samples
of the two cities are put together. The SO4

2− still exhibited near-linear
uptake profiles and the average measured sampling rate of 2.3 m3/day
(Fig. S4). The rate was slightly higher than those for particle-
associated semi-volatile organic compounds, such as polyaromatic hy-
drocarbons (0.2–0.9 m3/day) (Bohlin et al., 2014; Klanova et al., 2008),
polychlorinated dioxins/furans (1.4–2.0m3/day) (Heo and Lee, 2014;
Mari et al., 2008), and monosaccharides (1.1–1.5 m3/day) (Jiang et al.,
2018), and comparable to the recently reported sampling rates of
trace metals (including titanium, iron, manganese, and aluminum)
based on Pas-DD (1–3 m3/day) (Gaga et al., 2019). In order to reflect
the sampling rate as much as possible, two sampling calibrations were
carried out in different seasons in North and South of China. The sam-
pling time of YT is the northern winter with relatively high concentra-
tion of sulfate in the atmosphere during the coal heating time, while
the sampling time of GZ is the southern summer accompanied by high
intensity precipitation and low sulfate concentration. Although the
growth trend of sulfate collected in the two cities is slightly different,
the overall trend is the same and the sampling rate differed only slightly

Image of Fig. 1
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(Text S1).These findings indicated that the Pas-QW offered a feasible
tool for monitoring studies, and the sampling rate was stable and not
greatly affected by atmospheric sulfate concentration.

Sampling rates are not only influenced by the physicochemical prop-
erties of the target compounds, butmay also be affected by atmospheric
conditions, such as wind speed, temperature, humidity, and aerosol
concentrations. It was found that the sampling rate was a function of
wind speed, but the sampling rate was not significantly influenced by
the wind speed when wind speeds is lower than 5 m/s (Herkert et al.,
2018; Klanova et al., 2008). Information on correlations with other
daily basic environmental and meteorological parameters in this study
is given in Table S2. Thewind speedwasmostly lower than 3.4m/s dur-
ing the calibration study, which could be regarded as relatively low
wind speed. Besides, sampling rate was not significantly correlated
with daily basic environmental andmeteorological parameters. This in-
dicated that the effects of changes inmeteorological parametersmay be
weakened during long-term sampling, and would not greatly affect the
time-weighted average concentrations of SO4

2− in a region.
To further verify the feasibility of using Pas-QW to collect atmo-

spheric SO4
2−, samples from five sites (BJ, SH, GZ, CD, and XM)were col-

lected in March–June of 2017 and compared with previous studies
conducted in the same regions and in the same year (Sun et al., 2019;
Tian et al., 2019; Wang et al., 2019; Wu et al., 2019). The mass size dis-
tributions of sulfate is mainly in the accumulation mode, and the con-
centrations of sulfate in PM2.5 is about 60% of that in TSP (Fang et al.,
2013; Lijiang, 2003; Wang et al., 2003). This study using quartz wool
disks to collect target compounds from both of fine PM and coarse PM
were still comparable to most of the previous studies conducted on
PM2.5 samples, which have been corrected to the concentrations in
Fig. 2. Spatial distribution of sulfate air contents and δ34S in 29 sites of Asia. The contents of sul
represents positive δ34S value, and the downward red bar represents negative δ34S value.

4

TSP (Sun et al., 2019; Tian et al., 2019; Wang et al., 2019; Wu et al.,
2019). The results are shown in Fig. S5, and the comparison between
the literature values and themeasured values in this study is expressed
as a ratio. Two values at the same site are in the same order of magni-
tude, and the variability of each site was within a factor of 2 (i.e., ratio
between 0.5 and 2), consistent with the variability reported for passive
air samplers in ambient air (Bohlin et al., 2014; Heo and Lee, 2014; Jiang
et al., 2018;Mari et al., 2008). These indicated that the detected concen-
trations of SO4

2− based on the derived average sampling rate in this
study were comparable to the concentrations reported in the literature.
The Pas-QW provides a direct and low-cost measurement of atmo-
spheric sulfate across the regional scale.

3.2. Spatial distribution of sulfate and their isotopes and possible
mechanisms

Spatial information on SO4
2− air contents in Asia is provided in Fig. 2

and Table S3. During the sampling period, the temperature, relative hu-
midity, and wind speed were within the range 9–34 °C (19.6 ± 6.8 °C),
36–81% (61.2 ± 14.6%), and 1–4 m/s (2.4 ± 0.9 m/s), respectively. The
meteorological parameters of these sampling sites were comparable to
the range of the calibration exercise time, except for a few sites.
Among the 29 sampling sites, the sampling sites of Pakistan, the ICP,
and China had a range of 14.9–36.7 μg/d (25.8 ± 10.9 μg/d),
9.1–44.6 μg/d (19.8 ± 12.9 μg/d), and 11.6–79.4 μg/d (48.8 ± 20.3 μg/
d), respectively. The detected contents of background sites, rural sites,
and urban sites had ranges of 12.9–28.6 μg/d (20.8 ± 7.8 μg/d),
9.9–59.2 μg/d (25.0 ± 19.5 μg/d), and 9.1–79.4 μg/d (47.0 ± 21.1 μg/
d), respectively. The lowest SO4

2− content in both rural and urban sites
fate and δ34S values are indicated by yellow and red bar, respectively. The upward red bar

Image of Fig. 2
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were in the ICP. The highest SO4
2− content was in Shanghai, located in

the Yangtze River Delta in China. As a major commercial and financial
center in mainland China, the annual total energy consumption in
Shanghai increased from 31.91 to 118.59million tons of coal equivalent
in 1990 and 2017, respectively (Peng et al., 2019; Shanghai Municipal
Statistics Bureau, 2017).

The average δ34S values of the three regions, as shown in Fig. 2 and
Table S3, differed only slightly. The range of δ34S values observed in
Pakistan (4.3 ± 1.4‰) and the ICP (4.5 ± 1.2‰) were relatively small,
while a large range of δ34S values was observed in China (3.9 ±
2.5‰). Urban sites in southern China generally had lower isotope values
than those in northern China. The highest isotope value was in Harbin
(7.5‰), located in northeastern China, with a high latitude and cold
winters. Coal-fired heating and industrial emissions are themain source
of atmospheric particulates in this city (Hong et al., 2019). Guiyang, lo-
cated in southeastern China, had the lowest isotope value (−2.7‰); the
local coal in this area has been found to have a negative δ34S value
(Maruyama et al., 2000; Mukai et al., 2001; Yetang et al., 1993).

There were large differences in atmospheric conditions and meteo-
rological parameters between different sampling sites, which may
have contributed to the regional distribution of δ34S values. Information
on the correlations between δ34S-SO4

2− and daily basic environmental
parameters is shown in Table S4. There was a positive correlation be-
tween latitude and δ34S values (r=0.41, p< 0.05), suggesting that var-
iations in conventional factors caused by latitude, such as wind speed,
temperature, RH, and aerosol concentration, may result in variations
in sulfur isotope fractionation factors. The regional distribution of
δ34S-SO4

2− may have been influenced by only factor or a combination
of multiple factors. However, only a negative correlation was observed
between RH and δ34S-SO4

2− in aerosol (r = −0.40, p < 0.05), and
other factors were weakly correlated and not significant. High RH in at-
mosphere was favorable for SO2 dissolution and further oxidization by
oxidants such as H2O2, ozone, oxygen gas, and nitrogen dioxide
inatmosphere (Hung and Hoffmann, 2015), and ozone is strongly de-
pendent on pH for the oxidation of SO2 (Sinha et al., 2008). Changes in
RH can therefore affect the contribution of heterogeneous oxidation.
However, the two study sites that had the same RH value (Lanzhou
and Harbin) had completely different sulfur isotope compositions, and
the two sites with the same sulfur isotope compositions (Wuhan and
Nanjing), had different RH values. Thus, there are other important
mechanisms leading to the regional distribution of δ34S in atmospheric
SO4

2−. Temperature is usually one of the most important meteorological
boundary conditions, which may affect the observed seasonality in sul-
fur isotope compositions of aerosol SO4

2− (Cheng et al., 2016; Han et al.,
2016). Caron et al.(Caron et al., 1986) revealed that during the oxidation
of SO2 into SO4

2−, the δ34S-SO4
2− value increased by 0.08–0.15‰ with a

1 °C decrease in temperature. However, the correlation between mean
ambient temperature and δ34S-SO4

2− observed in this study was weak
and not significant (r = −0.18, p > 0.05). This indicates that the influ-
ence of temperature changes may be weakened during the long-term
sampling, and provides only a very small contribution to the regional
variation in the sulfur isotope compositions. Although the influence of
meteorological boundary conditions cannot be ruled out, they could
not explain the regional distribution of δ34S values in atmospheric SO4

2−.

3.3. Estimation of atmospheric sulfur sources from δ34S

SO4
2− in aerosols is derived from both primary (e.g., sea salt, dust, fly

ash) and secondary (e.g., oxidation of SO2 and H2S) SO4
2− (Mukai et al.,

2001; Norman et al., 2006), all characterized by their own distinct isoto-
pic compositions. If sea salt is included in aerosols, it causes a positive
bias to the δ34S value because of its heavy isotope composition (around
20.1‰) (Tostevin et al., 2014). Sea salt SO4

2− is usually estimated from
the sodium concentration. If all observed sodium is estimated to be
from sea salt, its maximum increase to the δ34S value of samples could
be calculated at 2.7‰ in these regions. However, because the SO4

2−
5

concentration was extremely high compared with the expected sea
salt concentration, the estimated maximum contribution was, in most
cases, under 0.6‰, even in seaside cities like Shanghai, Qingdao, Tianjin,
and Xiamen. Since it was difficult to identify sea salt sodium from so-
dium fromother sources (e.g., coal combustion and soil), sea salt correc-
tion was not performed, except on the samples from CAM-P and LAO-S
where the contribution of sodium from sea salt may have been greater
(Text S5 and Fig. S6). The contribution of sea salt concentration to
SO4

2− was 7.9% at CAM-P and 13.4% at LAO-S, and the sulfur isotope
composition after sea salt correction was 1.3‰ for CAM-P and 3.4‰
for LAO-S.

The contribution from coal combustion to the atmospheric sulfur
pool is generally significant, especially in China (Han et al., 2016;
Mukai et al., 2001). Coals from different regions in China have different
sulfur isotopic compositions, which may be the main factor leading to
the regional distribution of δ34S-SO4

2−. Although imported coal occupies
a share of the Chinese coal market, its sulfur content is lower and it is
burned in far smaller quantities compared to domestic coal. In 2017
(Bureau SS, n.d.; Xiao et al., 2018), coal imports accounted for less
than 8% of domestic coal production (Xiao et al., 2018); therefore, only
the sulfur isotope compositions of coal (δ34Scoal) from near the sample
sites was considered in this study. Fig. 3 shows the δ34S value of coals
used near the sampling sites, oil and biogenic sulfur (Liu et al., 1996;
Maruyama et al., 2000; Norman et al., 1999; Yetang et al., 1993; Zhang
et al., 1995). The mean sulfur isotope composition of coal in southern
China was generally lower than that in northern China, especially in
Guiyang, where the lowest sulfur isotope value of coal (−12.0−
−2.5‰) was reported (Maruyama et al., 2000; Mukai et al., 2001;
Xiao et al., 2015; Yetang et al., 1993). The sulfur content in oil from
China was reported to vary from 0.1% to 0.6%, with an average δ34S
value of 11.6 ± 6.7‰ (Maruyama et al., 2000; Zhang et al., 2002). Ter-
restrial biogenic sulfur from vegetation, soil and wetland is a natural
source of airborne sulfur, and has a low δ34S value of −10‰ to −2‰
(Mast et al., 2001). In this study, the range of δ34S-SO4

2− in North
China was 0.8–7.5‰, with the tendency corresponding well to the
values of source coals (6.6‰) (Maruyama et al., 2000; Yetang et al.,
1993). Sulfur isotopic composition varied greatly in southern coal due
to regional differences, for example, the δ34Scoal ranges in the Pearl
River Delta, Southeast China, and Southwest China were 3.1–6.7‰ (Liu
et al., 1996; Xiao et al., 2015; Zhang et al., 1995; Zhang et al., 2010),
−0.7–10.2‰ (Chameides and Stelson, 1992; Zhang et al., 1995; Zhang
et al., 2010), and − 1.7–5.4‰ (Yetang et al., 1993; Zhang et al., 2002;
Zhang et al., 2010), respectively. The ranges of δ34S-SO4

2− in the Pearl
River Delta, Southeast China, and Southwest China was 3.5–4.4‰,
0.2–2.9‰, and 4.8–5.7‰, respectively, which were close to the δ34Scoal
values at the sites. Therefore, coal combustion may be a significant, if
not the most important contributor, to the atmospheric SO4

2− pool.
Considering there existed a negative deviation of sulfur isotopic

composition during combustion and flue gas desulfurization (FGD)
(Derda et al., 2007; Yearbook, 2015; Zhao et al., 2018), the corrected
δ34S-SO2 value after the sulfur isotopic fractionation effect was shown
in Fig. 3. The results showed that the δ34S-SO4

2− in this study was be-
tween the values of coal and oil combustion, indicating that atmo-
spheric SO4

2− was controlled by the two sources. Terrestrial biogenic
sulfur were identified as an important source of airborne sulfur in the
remote and rural areas, especially in environments with relatively
high temperature and humidity, which leads to a significant increase
in microbial activity in wetlands and soils (Lei et al., 1997; Zelong
et al., 2020). However, only 1% of atmospheric sulfur (Lei et al., 1997),
indicated that the contribution of terrestrial biogenic sulfur to atmo-
spheric SO4

2− pool in the areas with intensive human activities is
negligible.

The sulfur isotope compositions of atmospheric SO4
2− in Pakistan

and the ICP are shown in Fig. S7. The average δ34S values of Pakistan
and the ICP after sea salt correction range from 2.9 to 5.7‰ (4.3 ±
1.4‰), and from 1.2 to 5.5‰ (3.6 ± 1.2‰), respectively. Since δ34S



Fig. 3. δ34S values and atmospheric sulfate concentration in China compared to a ternarymixing model. Themean δ34S value (+6.6‰) of coal in North China is used. The range of δ34Scoal
value in Southeast China is−1.7–5.4‰. The range of δ34Scoal value in Southwest China is−0.7–10.2‰ except Guiyang. The range of δ34Scoal value in Guiyang is−12.0−−2.5‰. The range
of δ34Scoal value in PRD is 3.1–6.7‰. Themean δ34S value of oil (+11.6‰) and biogenic sulfur (−6.0‰) is used. The mean δ34S-SO2 value of coal combustion (−1.1 ± 5.2‰) and oil com-
bustion (10.4 ± 6.7‰) is used. The dotted line represents the range of δ34S-SO2, and the solid line represents the range of δ34S-Source.
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values of Pakistan and the ICP were in a relatively narrow range, it is
speculated that there were relatively stable sulfur sources during the
sampling period. Considering their average δ34S values were close to
those in China, the source of atmospheric SO4

2− is likely to be approxi-
mate to China. However, there are no data on the sulfur source value
of coal and oil in these two regions, further analysis and verification
are required.

3.4. Source apportionment of SO2 using a Bayesian model

Incorporating the isotopic fractionation of the equilibrium/Leighton
reaction into the Bayesianmodel, the δ34S-SO4

2− and δ34S-SO2 in the at-
mosphere can be linked (Han et al., 2016; Mukai et al., 2001; Norman
et al., 2006). In this study, coal combustion (−1.1± 5.2‰) and oil com-
bustion (10.4 ± 6.7‰) were considered to be the dominant artificial
contributors of SO2 (Table S5). The contributions of coal combustion
and oil combustion were within the ranges 45.4–96.8% (80.4 ± 13.1%)
and 3.2–54.6% (19.6 ± 13.1%), respectively. The results showed that
Fig. 4. Artificial sources contributions of SO2 in 2
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coal combustion was the major source of SO2 in Asia, with the two
sources differing greatly among regions. The current source apportion-
ment methods of SO2 are based on air quality models and emission in-
ventories, such as the Comprehensive Air Quality Model (CAMx)
(Shimadera et al., 2015), Community Multiscale Air Quality (CMAQ)
(Chen et al., 2020; Shimadera et al., 2015), and Multi-resolution Emis-
sion Inventory for China (MEIC) (Chen et al., 2019; He, 2012). However,
these methods are usually accompanied by some level of uncertainty,
resulting in source contributions that can differ in magnitude (Chen
et al., 2019; Li et al., 2017a). Combining the sulfur isotope compositions
analysis with a Bayesian model can provide effective constraint param-
eters for accurately creating SO2 emission inventories.

This finding differed fromprevious SO2 emission inventories (Fig. 4),
which revealed the dominant role of coal combustion in China (Fig. S8)
(Li et al., 2017a; Liu et al., 2015). Although previous studies have shown
that coal combustion, especially in power plants, is the most important
source of SO2 in China (Jia andWang, 2017; Liu et al., 2015; Shang et al.,
2016; Zheng et al., 2018), the widespread use of pollution control
2 sites of China obtained by Bayesian model.

Image of Fig. 3
Image of Fig. 4
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devices on these plants has greatly reduced SO2 emissions under the
“Twelfth Five-Year Plan for National Environment Protection” in
China. 99% of all power plants in Chinawere installed with SO2 removal
systems by the end of 2015 (Shang et al., 2016). SO2 emissions de-
creased from 104,000 tons in 2012 to 14,000 tons in 2017, an average
decrease of 86.7%, withmost of the decrease attributed to the reduction
in emissions from power plants (Dai et al., 2019; Jia and Wang, 2017).
Another major improvement is that China has implemented an ultra-
low emissions standards policy since 2014, and has renovated coal-
fired power generating units to limit the emission of various pollutants
(Tang et al., 2019). According to the “Development Report on Desulfur-
ization and Denitration Industry in 2017”, 71% of coal-fired power units
have completed ultra-low emissions retrofits in China, and SO2 emis-
sions from power plants fully meet themost stringent international en-
vironmental standards (Tang et al., 2019; Zhao et al., 2018). By contrast,
the explosive growth in car ownership in recent years has led to vehicle
exhaust emissions becoming an important source of SO2 pollution. Ac-
cording to automotive industry surveys, the average annual growth
rate of car ownership in China reached a high of 14% from 2009
(Yearbook, 2015). Although the contribution of coal combustion to
SO2 pollution in this study was higher than vehicle exhaust emissions,
it was much lower than reported in previous SO2 emission inventories
(Li et al., 2017a).

Industrial emissions of SO2 mainly arise from coal-fired combustion
(e.g., power plants, boiler combustion, etc.) (Dai et al., 2019; Jia and
Wang, 2017; Tang et al., 2019; Zhao et al., 2018). Fig. 5 shows a compar-
ison of the contribution of coal combustion obtained from the Bayesian
model with the proportion of SO2 emissions from industrial sources ob-
tained from emission inventories in China (Jia and Wang, 2017). Most
sites in China were more influenced by coal combustion, and the pro-
portions of SO2 emissions from industrial sources in emission invento-
ries were comparable with the contributions from coal combustion
obtained using the Bayesian model in some regions. This indicates that
SO2 emissions from heavy industries are still one of themost important
sources of SO2 emissions in China. However, in cities like Beijing (BJ)
and Harbin (HRB), the contribution of coal combustion obtained using
the Bayesianmodel is lower than that from other regions. The HRB sam-
pling site was located in the Harbin Institute of Technology, which is in
the business district and surrounded by busy traffic. Local transporta-
tion may lead to higher contributions of oil sources to SO2. The BJ sam-
pling site was located in Peking University, and subject to local heavy
traffic from tertiary industries such as tourism. (Jia and Wang, 2017).
This suggests that changes in the energy structure caused by industrial
transfer and upgrading in China lead to changing SO2 emissions and
source contributions in different regions. In addition, for rural and back-
ground sites, household coal combustion is an important source of sul-
fur emissions. Considering the combustion of civil coal does not perform
flue gas desulfurization (FGD), the parameter of the Bayesian model
was adjusted and the fractionation of FGD process was not included in
these two regions. The results showed that coal combustion is still the
dominant contributors to SO2 in rural and background sites, and the
Fig. 5. A comparison of the contribution of coal combustion obtained from the Bayesian m
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contributions obtained from the Bayesian model were comparable to
average value of the region from SO2 emission inventories (Jia and
Wang, 2017). And a certain proportion of oil combustion indicated
that the contribution of vehicle exhaust emissions to SO2 cannot be ig-
nored even in the remote areas.

4. Conclusions

Our study developed a new method for measuring atmospheric
δ34S-SO4

2− over large regions, and carried out a field study at 29 sites
in three parts of Asia, then combined real isotopic data and the Bayesian
model to quantitatively apportion the respective contribution of major
artificial sources. Important findings of this study include 1) sulfate ex-
hibited near-linear uptake profiles with the mass collected on the sam-
plers proportional to the deployment time, and the average sampling
rate of sulfate collected by Pas-QWwas 2.3 ± 0.3 m3/d; 2) results of si-
multaneous sampling and analysis showed the spatial distribution of
sulfate contents were largely attributed to the development of regional
economy, and the regional distribution of sulfur isotope compositions
was more affected by coal combustion; 3) the two artificial sources
(coal and oil combustion) differed greatly between regions, and the
contribution of fuel oil should be seriously considered in plans to reduce
SO2 emissions. It should be noted that therewas large uncertainty in the
evaluation of coal and oil combustion source contributions obtained
from the Bayesian model, which was partly ascribed to the lack of
updating δ34S values from different sources. It was recommended to in-
crease the adequate quantification of sulfur isotopes compositions from
major SO2 sources by undertaking actual measurements. In addition,
the isotopic fractionation from the conversion of SO2 to SO4

2− was sim-
plified in this study, and it was impossible to incorporate all possible
equilibrium and kinetic fractionation scenarios. However, this study de-
veloped a novel method to apportion SO2 sources that will provide ef-
fective constraint parameters for accurate formulation of an SO2

source emission inventory.
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