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• The elevated Pb concentrations in January
relate to coal combustion for heating.

• The PM10-bond Pb mainly originate from
local Pb emission sources.

• Main sources of Pb in PM10 are coal com-
bustion, vehicle, steel plants emissions.

• The contribution of coal combustion in
January exceed 50 % by the MixSIAS
model estimated.
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Atmospheric particulate matter (PM) enriched with lead (Pb) has severe irreversible effects on human health. There-
fore, identifying the contribution of Pb emission sources is essential for protecting the health of residents. Using the Pb
isotopic tracer method, this study explored the seasonal characteristics and primary anthropogenic Pb sources for at-
mospheric PM in Tianjin in 2019. We calculated the contribution of Pb sources using the end-member and MixSIAR
models. The results showed that Pb loaded in PM10 was more abundant in January than in July, and was strongly in-
fluenced by meteorological conditions and anthropogenic emissions. The primary Pb sources of the aerosol samples
originated from coal combustion and vehicle and steel plant emissions, mainly originating from local Pb emission
sources in Tianjin. The PM10-bond Pb in January was influenced by regional transportation and local sources. The
MixSIASmodel calculated the contribution of coal combustion as approximately 50%. Comparedwith that in January,
the contribution of coal combustion decreased by 9.6 % in July. Our results indicate that some of the benefits of
phased-out leaded gasoline have been short-lived, whereas other industrial activities releasing Pb have increased. Fur-
thermore, the results emphasise the practicability of the Pb isotope tracer source approach for identifying and distin-
guishing between different anthropogenic Pb inputs. Based on this study, scientific and effective air pollution
prevention and control programs can be formulated to provide decision support for the guidance and control of air pol-
lutant emissions.
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1. Introduction

With the rapid expansion of industrialisation, urbanisation, and agricul-
tural development, the increased demand for nonrenewable energy in
3
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China has led to a severe deterioration of air quality in the Beijing-Tianjin-
Hebei (BTH) region, which has increased the concentration of particulate
matter (PM) entering the atmosphere. PM, especially PM10 (diame-
ter< 10 μm) and PM2.5 (diameter< 2.5 μm), are significant pollutants caus-
ing air quality degradation in this region (Gao et al., 2015; Huang et al.,
2018). PMhas a strong adsorption capacity for toxicmetal(loid)s.With pro-
longed exposure to heavy pollution, toxic metal(loid)s can accumulate in
the human body because of their non-biodegradability and stability,
thereby increasing morbidity and mortality through cardiovascular, lung,
and respiratory diseases (Charlesworth et al., 2003; Li et al., 2013; Fang
et al., 2017; Wu et al., 2020). Lead (Pb) is an extremely pervasive and
toxic trace metal (Marx et al., 2016). The Pb loaded onto PM enters the en-
vironment via dry and wet atmospheric deposition (Child et al., 2018;
Graney et al., 2019; Gao et al., 2021). The widespread presence of Pb in
the environment poses a significant potential risk to human health and
the ecological environment and has gained wide public concern (Fry
et al., 2020; Harlavan et al., 2021).

Anthropogenic emissions are significant contributors to the total at-
mospheric Pb emission flux. Anthropogenic sources of Pb emissions are
1.5 times greater than natural emissions (Rauch and Pacyna, 2009).
Since the second industrial revolution, global Pb pollution has increased
significantly (Marx et al., 2016; Pérez-Rodríguez et al., 2018). After the
phase-out of Pb gasoline in 2000, atmospheric Pb emissions in China de-
clined significantly which the total Pb emissions decreased by approxi-
mately 81 % (Li et al., 2012); subsequently, Pb emissions again
increased rapidly in the following years due to industrial activities (Li
et al., 2013; Tian et al., 2015; Wan et al., 2020). Anthropogenic Pb emis-
sions in 2012 reached 14,397.6 t year−1. Several studies have shown
that the total amount of Pb released into the atmosphere increases in
proportion to industrial consumption; however, the detailed rationale
for this relationship remains unclear (Li et al., 2019). Therefore,
decoding the specific anthropogenic sources and contributions of atmo-
spheric Pb is crucial as well as comprehensively understanding their
pollution status and seasonal characteristics to reduce the emission of
toxic substances and control exposure risk.

Since the ban on leaded gasoline in China in 2000, rapid
industrialisation accompanied by high levels of coal consumption has
resulted in fossil fuel combustion and non-ferrous metal smelting, con-
tributing to atmospheric Pb pollution. Thus, industrial emissions gradu-
ally replaced vehicle exhaust as the main source of atmospheric Pb
pollution (Xu et al., 2017; Li et al., 2019). Because the source of the con-
taminant Pb could be determined using the Pb isotope tracer method,
distinguishing between different industrial sources of Pb was feasible.
The isotopic fingerprinting method identifies atmospheric Pb from
land-based or anthropogenic sources by comparing the isotopic ratios
of Pb in PM samples with those of possible Pb sources (Tao et al.,
2021; Chen et al., 2023).

Owing to the complexity and heterogeneity of Pb pollution in urban
environments, Pb pollution end-members in cities are often variable. There-
fore, better understanding the atmospheric sources and dispersion
processes of Pb pollution is important to developing urban environmental
protection measures. Several previous studies have used the end-member
mixing model to calculate source apportions for environmental samples;
however, the originally reported sources have some uncertainty regarding
local emission sources (Moore and Semmens, 2008). It is unclear whether
another method could consider the uncertainties and quantitative analysis
of Pb emission sources could be conducted quickly and easily to quantify
the source contributions range. Currently, theMixSIASmodel is considered
a new and useful model for estimating multiple sources' contributions.
The MixSIAS model has been applied to quantify source contributions in
several environmental media, such as soil, water, atmospheric PM, and
road dust (Dietrich et al., 2021; Hu et al., 2022; Liu and Han, 2021; Chen
et al., 2023).

Spatially, most atmospheric heavy metal emissions are concentrated
in relatively developed regions in China, such as in the north and east
(Tian et al., 2015). Tianjin is a typical urbanised megacity with a highly
2

industrialised and densely populated area. It is the largest port city in
northern China, with modern manufacturing and shipping. To quantify
the range of source contributions and the potential variation in multiple
sources over the seasons, we used the MixSIAS model based on Pb isoto-
pic compositions. The main objectives of our study were: (1) to eluci-
date the seasonal characteristics of PM10 concentrations, Pb isotopic
composition, and the Pb isotopic characteristics of local Pb emission
sources in Tianjin; (2) to identify the sources of Pb in PM10; and (3) to
estimate the range of contribution of local Pb emission sources using
the MixSIAS model.

2. Materials and methods

2.1. Sampling

The aerosol sampling site (39.11°N, 117.16°E) was located in the 19th
Teaching Building, Weijin Road Campus, Tianjin University, Nankai Dis-
trict, Tianjin, China. The sampler was installed on a rooftop platform at ap-
proximately 25 m. The site was situated in a typical urban environment
surrounded by arterial roads, residential and commercial areas, schools,
and parks. No pollution sources, such as factories or construction sites,
were within 10 km of the sampling sites.

According to data from the Second National Pollution Source Census
Bulletin, the top three atmospheric PM emissions industries are non-
metallic mineral products, coal mining and washing, ferrous metal
smelting, and rolling processing, which accounted for 54.77 % of the PM
emissions from industrial sources. In this study, the sources of atmospheric
PM from coal-fired/waste incineration power plants, iron and steel
smelting plants, and cement plants correspond to the power and heating in-
dustries, ferrous metal smelting industries, and non-metallic mineral prod-
ucts industries, respectively. In addition, previous studies have reported
that atmospheric Pb may originate from traffic sources and biomass com-
bustion (Tao et al., 2021; Kayee et al., 2020). The sources of Pb emissions
are summarised in Table S1.

Using a kC-1000 high-flow PM10 sampler (Laoshan Application, Qing-
dao, Shandong, China), 72 PM10 samples (excluding two blank filters)
were collected on consecutive days in different seasons (winter: from the
7th to the 22nd of January 2019; summer: from 11th to 31st of July
2019) based on the average Air Quality Index (AQI). The samples of clean
episodes accounted for approximately 65 % of the total number of PM10

samples (setting AQI < 100 represented a clean period, and AQI > 100
represented a contaminated period). Hourly AQI were collected frommon-
itoring data released by the Tianjin Environmental Monitoring Station.
Based on the wind roses during the sampling period, the dominant wind di-
rections in winter and summer were northwest and southeast, respectively
(Fig. S1). The monthly average meteorological parameters for January and
July are listed in Table S2.Meteorological datawere obtained from the data
released by Tianjin Meteorological Bureau (http://tj.cma.gov.cn/). The
sampling flow rate was 1.05 m3 min−1 using a pre-fired quartz fibre filter
(200 mm × 250 mm, Laoshan Application, Qingdao, Shandong, China),
and the sampling period was 12 h. In particular, the samples were used to
determine secondary inorganic ions, including sulphates, nitrates, and
ammonium salts (SNA)-related indicators in addition to testing for Pb
isotopic compositions; therefore, we used quartz filters to collect PM10

samples. Traffic emissions source samples were collected using a
diaphragm pump (Laoying 3072, Laoying Environ. Tech., Qingdao,
Shandong, China) at a flow rate of 3 L min−1. The flue gas was collected
using the American Environmental Protection Agency (EPA) fixed-
source flue gas collection method for samples from industrial sources.
The Pb-source samples were collected using a Teflon filter (φ20 mm,
Pall, USA). The filter was dried for 48 h and weighed on an electronic
balance (Mettler Toledo ML204T, Switzerland). After weighing, the fil-
ters were placed in sealed polyethylene bags and stored in a refrigerator
until analysis. Using the same sampling procedure as that for the aerosol
and Pb source samples, blank samples were collected on quartz samplers
for the corresponding sampling time for analysis. The samples were

http://tj.cma.gov.cn/
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corrected for Pb concentration data. The blanks were deduced from the
calculation of the Pb concentrations.

2.2. Sample analysis

In this study, we assessed the impacts of anthropogenic emissions on at-
mospheric Pb to elucidate the contribution of anthropogenic Pb (unstable)
to the total Pb load (Outridge et al., 2002; Gioia et al., 2006; Ewing et al.,
2010). We have described this part in more detail in the supplemental ma-
terial Test S1. Previous studies have used this method to identify and differ-
entiate between anthropogenic and lithospheric Pb in sediments (Peng
et al., 2022a, 2022b). For the aerosol samples, Pb was extracted via dilute
acid leaching with 5 % HNO3 (Zhao et al., 2015). Pb source samples were
digested with a 6:3:1 mixture of concentrated HF-HCl-HNO3 in Teflon
digestion tanks on a hotplate at 120 °C for 24 h (all acids were double-
distilled acids purified using an acid purification system). Pb in the result-
ing leachate and digestate was separated and purified using Dowex–
1 × 8 anion exchange resin (200–400 mesh) micro-exchange column,
using the acid of HBr and HCl as the eluent. Additional details regarding
the sample separation and purification procedures are listed in Table S3.
Before measuring the Pb isotopic composition, the purified samples were
dissolved in 5mL of 2% (v/v) HNO3 and stored in a refrigerator. All sample
pretreatment processes were performed in an ultra-clean laboratory with a
high purification level.

The Pb concentration was measured using ICP-MS (NexION 300×,
Perkin Elmer, USA)with an analytical precision better than 5%, using Rho-
dium as an internal standard. The Pb blank for the entire experimental pro-
cedure (<0.1 ng) had an insignificant effect on the Pb isotopic
measurements of all samples. The recovery of Pb ranged from 80 % to
110 %, according to the international standard reference material NIST
SRM-981, following the same purification procedure. The Pb isotopic com-
position was determined by MC-ICP-MS (Neptune Plus, Thermo Fisher Sci-
entific, USA) with a 1σ precision of ±0.01 % (Ewing et al., 2010), and Pb
isotopic ratios were corrected by the 205Tl/203Tl ratio (NIST SRM-3158,
Fig. 1.Map of sampling s

3

internal standard) for the mass fractionation using the exponential fractio-
nation law (Outridge et al., 2002; Widory et al., 2004). Standard reference
material NIST-981 with known Pb compositions was subsequently mea-
sured after about every 5–10 samples to correct measurement deviation
and drift for calibration and quality check. The instrument was optimally
adjusted to ensure the best accuracy (consisting of 60 scans) for Pb isotopic
compositions (Hinrichs et al., 2002). The measured values of NIST SRM-
981 were 206Pb/204Pb = 16.9348 ± 0.0011, 207Pb/204Pb = 15.4889 ±
0.0012, and 208Pb/204Pb= 36.6886 ± 0.0033 (n= 18), which were con-
sistent with the reference values of 16.9322, 15.4855, and 36.6856, respec-
tively (Todt et al., 1993).

2.3. Estimation of contribution from Pb pollution sources

Various chemical and mathematical methods can be used to calcu-
late the contribution of pollution sources, including mass balance,
mixing end-members, and Bayesian mixing models. This study used
the MixSIAS model based on a Bayesian tracer mixing model combined
with the isotope method to estimate the contributions of different an-
thropogenic Pb emission sources. Compared with traditional mixing
models, the MixSIAS model accounts for the variability in pollution
sources and mixture tracer data more accurately (Moore and
Semmens, 2008). This method also allows assessment of the uncertainty
in the source isotopic composition by feeding the standard deviation of
the source composition into the model (Dietrich et al., 2021). MixSIAS is
a free, open-source R software package. Stock and Semmens (2016))
and Stock et al. (2018) provided complete equations and explanations,
relative guidance for source assignment in the mixing system, and ap-
plied covariate data to the MixSIAS model. The specific algorithm for
the MixSIAS model is summarised in Supplementary Material Test S2.
Finally, the percentage contribution of each source was obtained by en-
tering the calculation code in R language with raw data files of the
values of 206Pb/207Pb and 208Pb/206Pb ratios and standard deviations
for each source (Fig. 1).
ite in Tianjin, China.
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3. Results and discussion

3.1. Temporal variation characteristics of Pb concentration and Pb isotopic
compositions in PM10 samples

3.1.1. Seasonal variation characteristics of Pb concentration and Pb isotopic
ratios

The Pb concentrations and isotopic compositions of the PM10 samples
measured in this study are shown in Table S4. The average content of Pb
in PM10 (acid-soluble fraction) reached 13.3 ± 11.2 ng m−3 (n = 31) in
January, and 7.9 ± 3.8 ng m−3 (n=4) in July. After implementing a pol-
icy to entirely phase-out leaded petrol in China in 2000, the Pb concentra-
tion in PM10 significantly decreased, consistent with the results of many
studies (Chen et al., 2005; Chen et al., 2008). However, the Pb content in
the PM collected during each period was different, which was inextricably
linked to whether the sampling timing coincided with the implementation
of national air pollution control policies. Seasonal differences were ob-
served in the average Pb concentration of PM10 (p < 0.01). The elevated
Pb concentrations may be related to increased coal combustion for heating
in January, which had a lower temperature. In contrast, a smaller variation
in the Pb isotopic ratios was observed in PM10. No significant seasonal dif-
ference and diurnal variations were observed in the Pb isotopic composi-
tion of PM10 (p > 0.1) (Fig. 2b, c, e, f), indicating that the final ambient
Pb isotopic compositions in the two seasons and diurnal likely had similar
sources and/or a similar mix of sources. Notably, the similarity in Pb
Fig. 2. Seasonal variation of Pb concentration and isotope ratios in PM10. (a, b, c) Pb co
concentration, 206Pb/207Pb ratios, 208Pb/206Pb ratios in daytime and nighttime. (g, h,
episodes.
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isotopic ratios does not always imply a similar Pb source as the final Pb
may be derived from a mixture of several different sources (Lee et al.,
2017).

The variation in Pb concentration in PM10 during polluted episodes was
significantly higher than that in clean episodes in both seasons. The mean
Pb concentrations in January for polluted and clean episodes were
18.5±11.5 (n=19) and 5.0±2.5 ngm−3 (n=16), respectively. In con-
trast, the summer Pb concentrations reached 11.1± 2.7 (n=7) and 7.2±
3.4 ng m−3 (n = 34) in July for polluted and clean episodes, respectively.
The distribution ranges of Pb isotopic compositions in the clean episodes
were slightly wider (Fig. 2h, i). The 206Pb/207Pb ratio and Pb concentra-
tions were lower than those in the polluted episodes, suggesting that a/sev-
eral relatively high 206Pb/207Pb ratio source(s) may have been added or the
contribution ratios of the source(s)may have improved during the pollution
period.

3.1.2. Diurnal variation characteristics of Pb concentration and Pb isotopic
compositions

The time series of the AQI, relative humidity (RH), Pb concentration,
and the corresponding 206Pb/207Pb ratios in PM10 are shown in Fig. 3.
The Pb content in PM10 and amplitude of the variations were more abun-
dant and significant, respectively, in January than in July (Fig. 3). As
shown in Fig. 3, other severe and longer-duration pollution events were
present in January (Case 1: from 10th to 13th) and July (Case 2: from
16th to 18th), including a gradual increase in Pb concentrations to a
ncentration, 206Pb/207Pb ratios, 208Pb/206Pb ratios in January and July. (d, e, f) Pb
i) Pb concentration, 206Pb/207Pb ratios, 208Pb/206Pb ratios in pollution and clean



Fig. 3. The time series of AQI, RH, precipitation, Pb concentration and corresponding 206Pb/207Pb ratio in PM10 (In the diurnal AQI curves, yellow and white areas divide
polluted (AQI > 100) and clean episodes (AQI < 100), respectively.)
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gradual decay. A consistent trend was also found for the 206Pb/207Pb ratios
(discussions concerning the backward trajectory in Section 3.3). This phe-
nomenon is typically attributed to the collective effects of meteorological
and anthropogenic factors. High RH and low air temperature and wind
speed were conducive to the accumulation of air pollutants in January. In
contrast, high air temperature and wind speed benefitted their diffusion
in July (DeGaetano andDoherty, 2004; Sun et al., 2006; Zheng et al., 2015).

The Pearson correlation coefficients between Pb concentration and RH
in January and July were 0.87 and −0.12, respectively; they were −0.54
and−0.27 between Pb concentration and wind speed. In January, PM ab-
sorbed moisture and increased in size when the temperature was low and
RH was high, making the heavier pollutant particles sink. Meanwhile, the
stable atmospheric environment formed by low wind speed caused the pol-
lutant particles to gather in the low air layer and hindered the diffusion of
pollutants. Low wind speeds are more conducive to the adsorption of Pb
on small light particles suspended in the atmosphere. The adsorption of
Pb was weaker on large particles, which are easily removed by gravity via
dry deposition (Kim et al., 1997). Although the Pb concentration in PM10

was strongly correlated with meteorological parameters (RH and wind
speed), anthropogenic emissions had a greater influence on the Pb concen-
tration regarding seasonal variation.

The low correlation between Pb concentrations and meteorological fac-
tors in July indicated that emission sourcesmainly controlled Pb concentra-
tions during this season. However, precipitation was also a potential factor
affecting the variation in the Pb concentration in aerosols. During the sum-
mer precipitation period, atmospheric Pb loaded in the PMwas removed by
wet deposition, and the particles washed down by rainfall formed part of
the urban dust. We found that the 206Pb/207Pb ratio in PM10 also changed
significantly during the rainfall events. After a rainfall event, dust from
5

roads and soil input some Pb into the atmosphere (Tao et al., 2021), with
high summer temperatures and strong winds.

3.2. Pb sources in PM10 samples

Previous studies have successfully used the Pb isotopic method to iden-
tify the sources of atmospheric Pb pollution (Ewing et al., 2010; Zhao et al.,
2015; Tao et al., 2021). Pb isotopic compositions were measured in source
samples from local emissions. As shown in Fig. 4, vehicle emissions (from
gasoline and diesel) and iron and steel plant B fly ash samples from the
local emission sources in Tianjin were lower (mean 206Pb/207Pb =
1.49775) and higher (mean 206Pb/207Pb = 1.17135) than radiogenic Pb
(here defined as containing more 206Pb), respectively. The Pb isotopic ra-
tios for most PM10 samples overlapped with coal combustion fly ash, vehi-
cle emissions, and industrial activities (Fig. 4). Theywere clusteredwithin a
mixed region among multiple emission sources. The Pb isotopic data of the
source samples in this study are listed in Table S5 and summarised in
Table 1.

As shown in Fig. 5, 206Pb/207Pb and 208Pb/206Pb ratios of local Pb emis-
sion exhibited a strong linear correlation (R2 = 0.92), and the fitting line
was referred to “Local Pb emission sources mixed line (Tianjin)”. The
PM10 samples were distributed on both sides of the mixed line. The winter
samples were dispersive and highly concentrated in summer, which indi-
cates that the Pb load in the winter samples may have contributed to re-
gional transport in addition to the influence of local emission sources. Pb
produced in the troposphere by human and industrial activities was mainly
present as submicron particles. These Pb-containing aerosols contribute at-
mospheric Pb to other regions through long-range transport via atmo-
spheric circulation. Therefore, the PM10 load, Pb, may originate from



Fig. 4. 206Pb/207Pb vs. 208Pb/206Pb of PM10 samples and emission sources samples.

W.-J. Dai et al. Science of the Total Environment 892 (2023) 164567
multiple local sources, significantly affected by coal combustion, steel
plants, and vehicle emissions in Tianjin.

3.2.1. Coal combustion
Coal combustion is the largest potential source of anthropogenic Pb in

Tianjin. In 2017, 1.83 billion tons of coal were used in coal-fired power
plants in China, which accounted for 47.5 % of the total coal consumption
(Table S6, National Bureau of Statistic of China, 2018). Coal combustion
fly ash (simply the solid products of coal combustion) had a relatively low
proportionmedian source contribution, which was the Pb isotopic composi-
tion of coal combustion fly ash (206Pb/207Pb=1.15163–1.15938). The coal
originated from similar sources because of minimal fractionation during
combustion (Kousehlar and Widom, 2020), and was likely similar to North
China coal which comprised the least radiogenic Pb (206Pb/207Pb < 1.17,
Bi et al., 2017).

In addition to coal consumption for electricity and thermal systems, res-
idents in most rural areas and parts of cities use raw coal for cooking and
Table 1
The Pb isotopic composition of collecting the PM10 and Pb emission sources samples.

Sampling type Sampling
number

Pb concentration
(μg m−3)

PM10 (January 2019) 31 13.3 ± 11.2a

PM10 (July 2019) 41 7.9 ± 3.8a

Coal-fired power plant fly ash 10 0.44 ± 0.36
Domestic coal combustion fly ash Burning in rural stoves 3 2891 ± 3861

Burning in the lab's furnace 3 4.6 ± 4.2
Vehicle emission Unleaded gasoline 6 4.5 ± 5.0

Diesel 3 3.8 ± 2.1
Steel plant emission Iron and steel plant A fly ash 20 5.4 ± 7.4

Iron and steel plant B fly ash 3 16.4 ± 10.9
Cement plant fly ash 6 1.6 ± 1.2
Waste incineration power plant fly ash 11 8.3 ± 7.8
Biomass combustion 11 360 ± 592

a unit ng m-3.
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heating (WHO, 2014). The challenge of bulk coal consumption in suburban
and rural areas has often been ignored because of the significant differences
between the environmental targets of energy utilisation in urban and subur-
ban areas (Chen et al., 2015; Li et al., 2021a, 2021b). A clear differencewas
observed in the Pb isotopic composition of coal-fired power plant (mean,
1.15428 ± 0.0024) and bulk coal burnt in the laboratory furnace (mean,
1.16501 ± 0.0018), which may be due to the different periods of coal
formation (or the different geotectonic settings of the coal mines) for raw
coal-fired power plants and bulk coal using in the laboratory. Another pos-
sible reason could be the combination of Pb during and after coal formation
and heterogeneous Th/U distributions, which affected the Pb isotopic com-
positions of the two raw coals (Díaz-Somoano et al., 2007; Bi et al., 2017).

3.2.2. Iron and steel smelting plant
The Pb isotopic compositions of the steel-smelting samples from the two

major plants (based on metallurgy) are presented in Table S5. Steelmaking
processes contribute to the majority of heavy metal emissions (Wang et al.,
206Pb/207Pb 208Pb/206Pb

Mean SD Maximum Minimum Mean SD Maximum Minimum

1.15737 0.0020 1.16037 1.15282 2.10928 0.0037 2.11587 2.09982
1.15743 0.0029 1.16379 1.14204 2.1101 0.0040 2.13718 2.10198
1.15428 0.0024 1.15938 1.15163 2.11593 0.0041 2.12045 2.10624
1.16501 0.0018 1.16667 1.16311 2.11334 0.009 2.11976 2.10237
1.15642 0.0011 1.15763 1.15551 2.11645 0.0017 2.11756 2.11452
1.15340 0.0023 1.15579 1.14978 2.11676 0.0045 2.12189 2.11091
1.15465 0.0006 1.15503 1.15400 2.11388 0.0021 2.11555 2.11455
1.15611 0.0045 1.16863 1.15218 2.11433 0.0091 2.12167 2.08689
1.16965 0.0024 1.17135 1.16683 2.08549 0.0063 2.09276 2.08159
1.15581 0.0017 1.15824 1.15339 2.11632 0.0025 2.12000 2.11321
1.15653 0.0019 1.15901 1.15190 2.11551 0.0025 2.11847 2.11139
1.15390 0.0022 1.15901 1.15173 2.11724 0.0034 2.11971 2.10822



Fig. 5. 206Pb/207Pb vs. 208Pb/206Pb of PM10 samples and the average Pb isotopic ratios of each emission sources samples.
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2016). The Bohai economic circle was identified as being among the top
emission intensity regions, where iron and steel plants in northern China
were potentially active regions (Wang et al., 2016; Dai et al., 2023). There-
fore, Steel smelting plants were another important source of Pb emissions in
Tianjin, providing high values of 206Pb/207Pb. There was a significant dif-
ference in the Pb isotopic compositions of iron and steel smelting plants A
and B,with higher 206Pb/207Pb in plant B than in plant A, but with a greater
margin of error in plant A.

Compared with that in plant A, the relatively highly radiogenic Pb-
containing ores were used for metallurgy in plant B. We collected samples
from different processes and spot dust at plant A, such as sintering,
pelletising, and blast-furnace hot stoves. In contrast, in plant B,we collected
samples only from the end of the sintering machine. As a result, the PM
collected from the different processes had different Pb isotopic signa-
tures, resulting in a relatively large margin of error for the plant A sam-
ples. In addition, the Pb isotopic compositions of the fly ash collected from
the different stages of the sintering furnace at plant A varied slightly,
probably because of the different sources of coke dust input to the different
processes.

3.2.3. Vehicle emission
The Pb isotopic compositions of diesel and gasoline presented a mixed

characteristic similar to that of unleaded gasoline. Leaded petrol was
banned in Tianjin in 1998. The isotope ratios in the aerosol showed a
more “ore-like” composition (Koffman et al., 2022). 206Pb/207Pb ranged
from 1.149 to 1.154 during 1994–1997 (Wang et al., 2006), whereas the
aerosol Pb isotope ratios in January (mean, 206Pb/207Pb = 1.15737 ±
0.0020) and July (mean, 206Pb/207Pb = 1.15734 ± 0.0029) were signifi-
cantly different from that before the phase-out of leaded gasoline. Thisfind-
ing suggests that the gasoline lead additive ban had a particularly important
impact on Pb isotope compositions of aerosol samples in Tianjin. The Pb
isotope ratios of vehicle emission were more “coal-like”, consistent with
previous studies; for example, it ranged from 1.158 to 1.161 in
1998–2001 (Wang et al., 2006) and 1.162 in 2017 (Deng et al., 2020).
Our results indicate that some of the benefits of phased-out lead gasoline
were transitory, whereas other industrial activities releasing Pb increased.
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Efforts have been made to decrease coal consumption and reduce the im-
pact of atmospheric Pb in China. Thus, a significant decline in isotope ratios
were present. Diesel is an important fuel used in ships. Thousands of ships
sail in and out of Tianjin port, an international shipping hub in northern
China. Studies have shown that while diesel contains more Pb than un-
leaded gasoline, the isotopic compositions of both fuel types are similar
(Wang et al., 2003; Bi et al., 2017); therefore, ship exhaust is a potential
source of atmospheric Pb pollution in Tianjin. Thus, the contribution of ve-
hicular emissions to atmospheric Pb levels cannot be ignored.

3.2.4. Other secondary emission sources
The Pb isotope ratios of coal combustion were also close to those mea-

sured in secondary contributors, such as cement plants and waste incinera-
tion power plants. The cement plants and waste incineration power plants
from which we collected samples added small amounts of coal as auxiliary
fuel in some sections, such that the Pb isotopic compositions of some of the
samples from these sources were similar to those of samples from coal-fired
plants. For example, coal from Shanxi and Zhangjiakou was used in a ce-
ment plant in Tianjin, and a waste incineration power plant added 5 %
pulverised coal as fuel to generate electricity together with domestic
waste. This finding implies that coal is a stable pollution source that plays
a significant role in atmospheric Pb pollution in Tianjin.

3.2.5. Estimation of Pb sources' contribution by the end-member model
Fig. 6a shows that the PM10 samples fall within thefields of China coal 1

(206Pb/207Pb < 1.17, from North China), China fuel (diesel and unleaded
gasoline), and China ore 2 (higher radiogenic Pb) corresponding to coal
combustion, vehicle emissions, and steel plant emissions, respectively. We
used a binary model developed from the two-end-member mixing line to
calculate the relative contribution of coal combustion to the total Pb con-
tent in the PM10 samples (Monna et al., 1997). The expressions for the bi-
nary mixed model are shown in Eqs. (1) and (2).

MixAB ¼ RA � f A þ RB � f B (1)
f A þ f B ¼ 1 (2)



Fig. 6. (a)206Pb/207Pb vs. 208Pb/206Pb of PM10 (this study) compared to potential pollution sources from reported (China coal 1 of the least radiogenic Pb and coal 2 higher
radiogenic Pb represented originating North China and Southwest, respectively. China ore 1 and ore 2 represented originating the least radiogenic Pb higher radiogenic Pb,
respectively). (b) The contribution of pollution end-member, with 206Pb/207Pb and 208Pb/206Pb, is calculated using reported data from reference.
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MixAB is the isotope ratio of a given mixture of end members A and B,
which are different end-members. RA and RB are the corresponding isotope
ratios of end-members A and B, respectively. For the selection of RA and RB,
we used the data reported in the references, and detailed information about
the selection of end-members is summarised in Test S3 and Table S7. fA and
fB represent the fractions of the mixture that were contributed to by end-
members A and B, respectively. As shown in Fig. 6d, the samples were
mainly concentrated near the coal and fuel end members in the triangle
(composed of China coal 1, China fuel, and China ore 2). Depending on
the aerosol samples, we estimated the coal supply from approximately
20 % to 40 % of the PM10-bound Pb at our sites in winter and summer.
The main contributors to Pb emissions were coal combustion and ore
smelting following the ban on lead in petrol.

3.3. Relative contribution of Pb sources for PM10 samples based on the
MixSIAS model

Anthropogenic sources with a relatively broad range of compositions
represent a mixture of coal combustion and vehicles and steel plant emis-
sions. Therefore, we calculated the relative contribution of Pb from the
main emission sources using the MixSIAS model. The Pb isotopic composi-
tions of coal combustion, steel plants, and vehicle emissions were deter-
mined in this study. The total Pb concentration contribution (mean ± SD,
ng m−3) in PM10 for the three end-member sources and the percentages
are summarised in Tables S8, and S9, respectively.

The time series of the relative contributions of the three sources are
shown in Fig. 7a. No significant variation in the relative contribution of
each source over time was present, and Pb sources from coal combustion
were stable. However, minimal fluctuations in the relative contribution
values of each source during the pollution period were present, which
were influenced by local pollutants emissions and the meteorological con-
ditions. During the polluted periods, the contribution of coal combustion
was relatively high, and the contribution of coal combustion to Pb concen-
tration reached 26.7 ng m−3 (2019-01-12-N). In Case 1, we observed a
gradual increase and decrease in Pb concentrations with 206Pb/207Pb over
time, with a consistent trend. Combining the six-day backward trajectory
(Fig. S3: from January 10 to January 15), we found that the air masses car-
rying pollutants gradually converged towards the sampling site from the
southwest during the beginning of the pollution event 1 (January 10).
The pollution was the most severe on January 12, when the 206Pb/207Pb
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ratio of PM reached a maximum. Subsequently, the pollution gradually di-
minished as a clean air mass originated from the northwest. We speculated
that PM carried from the southwest may have originated primarily from
steel emission sources with a relatively high 206Pb/207Pb ratio. Its relative
contribution progressively increased and then decreased during this pollu-
tion event, reaching 30.6 % (2019-01-12-N). In pollution event Case 2, we
found an increased and then decreased variation in Pb concentration and
206Pb/207Pb over time (16th to 18th, 17th to 18th July). Combining the
six-day backward trajectory (Fig. S4: from 15th to 20th January), we
found that the southeast air masses carried a lower 206Pb/207Pb ratio,
which probably originated fromunleaded gasoline and/or diesel emissions,
when the 206Pb/207Pb ratio of PM reached a minimum on July 18 (2019-
07-18-D). The two pollution events were mainly owing to decreasing
wind speeds and increasing RH (Fig. 3), which made it easier for pollutants
to accumulate in urban. Thus, majority of locally anthropogenic emissions
of pollutants are difficult to diffuse over a short period. The results from
the MixSIAS model also illustrate that the sources of vehicle emissions in-
creased. Our results show that the contribution of Pb sources to the col-
lected PM varied significantly between air masses carrying different PM
sources during periods of pollution, depending on the complex interactions
among meteorological conditions, pollution sources, and atmospheric
chemical processes (Wang et al., 2014; Wei et al., 2019; Li et al., 2021a,
2021b).

Moreover, the contribution of steel plant source emissions increased by
6.6 %. In contrast, the percentage of coal combustion in PM10 decreased by
9.7 % in July (Fig. 7b). This seasonal difference may be due to the increase
in coal consumption for heating, one of the most basic living requirements
in northern China during winter. Nevertheless, coal combustion remains an
important anthropogenic source of Pb aerosols in Tianjin. Therefore, fur-
ther energy structure adjustment should be accelerated to reduce pollutant
emissions. Furthermore, the government should continuously promote the
deep treatment or transformation of coal-fired units, hasten the clean re-
placement of raw materials and fuel coal in industrial kilns and incinera-
tors, and promote the conversion and integration of coal-fired boilers.

4. Conclusion

In this study, we investigated the sources and concentrations of atmo-
spheric Pb in Tianjin. The PM10-bond Pb originated from coal combustion
and vehicle and steel plant emissions, mainly from local Pb emission



Fig. 7. (a) The contribution percentage of coal combustion, vehicle emission and steel plant emission sources for Pb in PM10. (b) The contributed concentration of coal
combustion, vehicle and steel plant sources emission for Pb in PM10.
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sources in Tianjin. The PM10-bond Pb in January was influenced by re-
gional transportation and local sources. The contribution of coal combus-
tion to the total Pb in the aerosol at 57.6 ± 14.9 % was dominant in the
winter based on the MixSIAS model. Our results indicate that some of the
benefits of phased-out lead gasoline have been transitory, whereas other in-
dustrial activities releasing Pb have increased. The results of this study pro-
vide data to better understand the compositional characteristics and
sources of atmospheric Pb isotopes during periods of atmospheric pollution
and clean up, as well as the Pb isotope source spectra of major Pb emission
sources in the BTH region.
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