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Abstract: The 16th Universiade, an international multi-sport event, was hosted in Shenzhen, China
from 12 to 23 August 2011. During this time, officials instituted the Pearl River Delta action plan
in order to enhance the air quality of Shenzhen. To determine the effect of these controls, the
current study examined the trace elements, water-soluble ions, and stable lead isotopic ratios in
atmospheric particulate matter (PM) collected during the controlled (when the restrictions were
in place) and uncontrolled periods. Fine particles (PM2.5) were collected at two sampling sites in
Shenzhen: “LG”—a residential building in the Longgang District, with significant point sources
around it and “PU”—Peking University Shenzhen Graduate School in the Nanshan District, with no
significant point sources. Results from this study showed a significant increase in the concentrations
of elements during the uncontrolled periods. For instance, samples at the LG site showed (controlled
to uncontrolled periods) concentrations (in ng¨m´3) of: Fe (152 to 290), As (3.65 to 8.38), Pb (9.52
to 70.8), and Zn (98.6 to 286). Similarly, samples at the PU site showed elemental concentrations
(in ng¨m´3) of: Fe (114 to 301), As (0.634 to 8.36), Pb (4.86 to 58.1), and Zn (29.5 to 259). Soluble Fe
ranged from 7%–15% for the total measured Fe, indicating an urban source of Fe. Ambient PM2.5

collected at the PU site has an average 206Pb/204Pb ratio of 18.257 and 18.260 during controlled
and uncontrolled periods, respectively. The LG site has an average 206Pb/204Pb ratio of 18.183 and
18.030 during controlled and uncontrolled periods, respectively. The 206Pb/204Pb ratios at the PU
and the LG sites during the controlled and uncontrolled periods were similar, indicating a common
Pb source. To characterize the sources of trace elements, principal component analysis was applied
to the elements and ions. Although the relative importance of each component varied, the major
sources for both sites were identified as residual oil combustion, secondary inorganic aerosols, sea
spray, and combustion. The PM2.5 levels were severely decreased during the controlled period, but it
is unclear if this was a result of the controls or change in meteorology.

Keywords: water-soluble ions; iron (Fe) speciation; enrichment factor (EF); lead (Pb) isotopes; ICP-MS

1. Introduction

Due to an increase in urbanization and economic growth in China, air pollution has become
a severe problem. PM2.5 is a key pollutant strongly impacted by the rapid development in
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China [1–3]. High PM2.5 levels are associated with human mortality [4–6], climate change [7], visibility
degradation [8,9], and agricultural yield reduction [10]. Increased morbidity and mortality rates and
the adverse health effects of particle exposure are predominantly linked to chemical composition of
PM [11,12]. From a toxicological viewpoint, the trace metals play an important role in increasing the
redox activity of ambient PM [13–15]. Metals are hard to eliminate and they therefore accumulate
in organisms and plants and can cause severe human health related problems and environmental
pollution [16,17]. The inhalation of metals is associated with disruption of the nervous system and the
functioning of internal organs [18–20].

Shenzhen (22˝33’N, 114˝06’E), home to a population of 10.62 million residents, is one of the most
important industrial centers in China. It is a coastal city in the Guangdong Province located at the
mouth of the Pearl River Delta (PRD), bordering Hong Kong. Previous studies measured PM2.5 mass
concentrations during winter and summer months in Shenzhen and Hong Kong. The PM2.5 levels
(in µg¨m´3) were higher at Shenzhen, 47˘ 17 and 61˘ 18, relative to Hong Kong, 31˘ 17 and 55 ˘ 23,
during summer and winter months, respectively [21,22]. Overall, Shenzhen displayed maximum
PM2.5 levels in winter months relative to summer months [23], both of which exceed the 24-h mean
ambient air quality standards of the World Health Organization (WHO) of 25 µg¨m´3 [24] and the
annual ambient air quality standards of People’s Republic of China (GB 3095-2012) of 35 µg¨m´3 [25].

The 16th Universiade, an international multi-sport and cultural event organized for university
athletes by the International University Sports Federation, was hosted in Shenzhen, China from 12 to
23 August 2011. During this time, officials instituted several restrictions: (a) the PRD action plan [26],
which includes the prevention and control of industrial pollution, flow source pollution, and dust and
point source pollution; (b) an ozone controlling plan which includes control of emissions of volatile
organic compounds (VOCs) and promotion of an oil to gas project for thermal power plants; and (c)
traffic-control actions such as restricting access within the region in order to enhance the air quality of
Shenzhen. In this study, airborne PM2.5 (aerodynamic diameter <2.5 µm) was collected at two sampling
sites in Shenzhen during the controlled period (when the restrictions were implied) and during the
uncontrolled period (when the restrictions were released). A previous study had evaluated the impact
of emission controls and traffic intervention measures during the 29th Olympic and Paralympics
games in Beijing [27], where significant reductions in vehicle emissions and ambient traffic-related air
pollutants were observed.

In this study, we employed several chemical and statistical methods to determine the impact of the
emission restrictions on PM2.5 and trace elements. We report trace elements as well as water-soluble
major ions. For the first time in the region, Pb isotopic ratios, as well as soluble iron oxidation state
speciation, are reported. In addition to quantification, we employ principal component analysis (PCA)
to determine the source of trace elements, allowing a unique interpretation of the quantitative data.

2. Materials and Methods

2.1. Sample Collection

Airborne PM2.5 was collected at two sampling sites (LG and PU) in Shenzhen in 2011 both during
the controlled period (12 August–23 August) and uncontrolled period (24 August–4 September) of
Universiade. The map of the region showing the two sampling sites is shown in Figure 1 [28]. The “LG”
site (22.70˝N, 114.21˝E), about 500 m away from the main venue, is located on top of a 31 floor Lotus
residential building in the Longgang District, with significant point sources (e.g., plastic processing
plants, glass factories, papermaking and painting industries) nearby. During the controlled periods,
these point sources were supposed to be closed. However, we note that there was no accountability
and no way of verification. The “PU” site (22.60˝N, 113.97˝E) is located at the top of Building E of
the Peking University Shenzhen Graduate School in the Nanshan District, with no significant point
sources around it and about 33 km away from the main venue. The LG site was located at 161 m and
the PU site was located at 50 m above ground level, with no major geological features between the
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sites. The distance between the two sampling sites is about 45 km. A previous study during the same
time period at these sites showed that both PM mass and PM composition (EC/OC) were significantly
(and similarly) altered when comparing the controlled and uncontrolled periods [26].
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relative to the Universiade center in Shenzhen. The red dots in the map represent the stadiums where
the events were held [28].

Co-located samples were collected on both 47 mm quartz and Teflon filters (Whatman, Pittsburgh,
PA, USA) for 24-h from 12 August to 4 September with a flow rate of 21 L¨min´1 using dual channel
samplers (GUCAS 1.0) [29]. The quartz filters were used for EC/OC analysis following the protocol
mentioned in EPA/NIOSH [30] and these results are reported elsewhere [26]. All sample preparation
was performed under positive pressure HEPA filtered air. A microbalance (Mettler Toledo AX105DR,
Columbus, OH, USA) was used for determination of mass (estimated total uncertainty of ˘6 µg).
Prior to weighing, the filters were equilibrated in a constant humidity (40% ˘ 3%) and temperature
(20 ˘ 1 ˝C) environment for 48 h.

The temperature, pressure, wind directions, and relative humidity were constant during the
controlled periods. Based on the 72-h backward HYSPLIT (Hybrid Single Particle Lagrangian
Integrated Trajectory) model [31], the air mass was transported from the South Sea at both sampling
sites during the controlled periods. During the uncontrolled periods, the wind directions were more
variable, but northern winds were more prominent and, based on trajectory analysis, air mass was
transported from an industrial zone to both sites. Additional details of the meteorology during this
time can be found in a previous manuscript [26]. There were two minor rain events during the
controlled and three during the uncontrolled periods, all less than 12 mm. There were no reductions
observed in the overall PM mass during those days.

2.2. Total Elemental Analysis

Prior to digestion, the polypropylene ring was removed from the Teflon filter using a ceramic
blade. The Teflon filters were digested in sealed, pre-cleaned Teflon digestion bombs in a 30-position
Microwave Rotor (Milestone Ethos, Shelton, CT, USA) with trace metal grade acid matrix (Fisher,
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Waltham, MA, USA) consisting of 1.5 mL of nitric acid (16 M), 750 µL of hydrochloric acid (12 M),
200 µL of hydrofluoric acid (28 M), and 200 µL of 30% hydrogen peroxide. Digestates were diluted
to 30 mL with high purity water (>18 MΩcm, MQ) and elemental concentrations (Al, As, Ba, Ca, Cd,
Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Sr, Ti, V, and Zn) were quantified by quadrupole
inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7700, Santa Clara, CA, USA) with
indium (In) as an internal standard. The accuracy of the results from the elemental analysis was
verified by National Institute of Standards and Technology (NIST) Standard Reference Materials (SRM).
The SRMs, San Joaquin Soil (NIST 2709) and Urban Dust (NIST 1649a), were digested and analyzed
with every batch of 25 samples. The percent recovery of the reported elements from these SRMs was
85%–120%. Data were also blank-corrected using the average of multiple field filter blanks. Blank
concentrations (in µg¨L´1) ranged from 0.0041 (2.4% of the total) to 14.65 (5.3% of the total) for the
elements during the controlled and uncontrolled periods at the two sampling sites. The uncertainty
associated with each element in every sample was calculated from an error propagation analysis,
which included uncertainty in the field blanks and in the air flow rates.

2.3. Soluble Ions Analysis

For soluble ion analysis, the Teflon filters were leached in 10 mL high purity water for 2 h.
Water-soluble ions were analyzed from the unacidified portion using ion exchange chromatography
(Dionex-ICS5000, Bannockburn, IL, USA) followed by a self-regeneration suppressor (model CSR
300 for cations and ASR 300 for anions) and coupled with conductivity detector (Thermo). Cations
(NH4

+, K+, Na+, and Mg2+) were separated by Dionex IonPac CS12A column and using 20 mM of
methanesulfonic acid as a mobile phase at a flowrate of 0.5 mL¨min´1. For anions (Cl´, NO3

´, and
SO4

2´), a Dionex IonPac AS22 column was used for separation along with a mixture of 4.5 mM sodium
carbonate and 1.4 mM sodium bicarbonate as a mobile phase with a flowrate of 0.5 mL¨min´1. A
calibration curve of authentic standard (Dionex) for target ions was used to identify and quantify
cations and anions in the samples. Details about calibration, method and instrument detection limits,
and other measurement parameters have been previously reported [32].

2.4. Iron Oxidation State Analysis

Iron (Fe) speciation analysis was also performed with the water-soluble extracts. 1.8 mL
of the soluble extract was mixed with 0.2 mL of 5.88 µM Ferrozine reagent ((3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-4’,4”-disulfonic acid sodium salt), Sigma, St. Louis, MO, USA). The absorbance
of the Fe(II)–Ferrozine complex was measured at 560 nm using a 1 m liquid waveguide capillary cell
spectrophotometer [33,34]. The pH for all water extracts (each site, controlled vs. uncontrolled) ranged
between 4.28 and 4.41. This suggests that, despite an unbuffered extract solution, pH effects were not
important. The calibration curve generated using known Fe(II)-Ferrozine solutions provided Fe(II)
concentration. Soluble Fe(III) was then determined by subtracting total soluble Fe concentration (from
ICP-MS) from the soluble Fe(II) concentration.

2.5. Stable Pb Isotope Analysis

Stable Pb isotopic ratios were measured in the digested extracts with no further purification
using high-resolution magnetic sector inductively coupled plasma mass spectrometer (MC)-ICP-MS
(Thermo-Finnigan Neptune Plus). For the Pb isotope analysis, the digests were evaporated in
Teflon vials and diluted to 2 mL using 2% optima grade HNO3 acid (Fisher, Waltham, MA, USA).
The Pb content of the digests ranged from 15 to 30 ng. The uncertainties for Pb isotope ratios depended
on the isotope system and were in the range of 0.0025 and 0.0034 for 206Pb/204Pb and 207Pb/206Pb,
respectively. Analysis of the common Pb isotopic standard (NIST 981) yielded 206Pb/204Pb = 16.937 ˘
0.018 (n = 18) and 207Pb/206Pb = 0.9145 ˘ 0.0001 (n = 17) versus the certified values of 16.944 ˘ 0.015
and 0.9146 ˘ 0.0003, respectively.
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2.6. Principal Component Analysis (PCA)

To identify the potential origin of the elements in PM2.5, PCA was conducted using SPSS statistical
software (SPSS, version 22). A varimax rotation was employed for interpretation of the principal
components and factors with eigenvalues greater than unity were retained in the analysis [35]. Given
that the bulk properties, Pb isotope ratios, and elements trends were similar at each site, it is clear that
similar sources affect each site. Therefore, the sites were grouped together for the PCA analysis. Prior
to conducting factor analysis, we performed a Pearson correlation matrix of 52 samples collected at
two sampling sites during controlled and uncontrolled periods. Based on correlations matrix, we had
a total of 26 samples with OC [26], 8 elements, and 6 ions as variables, resulting in a sample/variable
ratio consistent with recommended criteria for a robust PCA analysis with KMO test of sampling
adequacy >0.5 [36]. In addition, the significance value (0.000) for Bartlett’s test of sphericity indicates
that the correlations are appropriate for this data set.

3. Results and Discussion

3.1. Trace Element Concentrations

One previous study [26] has shown that during the controlled periods, the monitored PM2.5

mass concentrations were 12.9 ˘ 3.7 µg¨m´3 at the PU site and 25.2 ˘ 5.2 µg¨m´3 at the LG site.
During uncontrolled periods, significant increases in the PM2.5 mass concentrations were observed
(PU = 48.0 ˘ 8.7 µg¨m´3 and LG = 54.0 ˘ 6.5 µg¨m´3). The fact that the wind directions were
drastically different during controlled and uncontrolled periods complicate the effects of the controls
and this may be another reason why such drastic differences in PM were observed between the two
periods. Consistent with the increased PM mass, results from our study showed an increase in the
concentrations of most abundant and trace elements in PM2.5 collected at the PU and LG sites during
uncontrolled periods (Figure 2a–d). For instance, average Ca and Fe concentrations were ~360 (range,
264–467) and ~290 (range, 216–412) ng¨m´3, respectively, during uncontrolled periods and ~270 (range,
169–340) and ~152 (range, 90–352) ng¨m´3 during controlled periods at the LG site. Similarly, at the PU
site, average Ca and Fe concentrations were ~250 (range, 114–469) and ~300 (range, 201–588) ng¨m´3,
respectively, during uncontrolled periods and ~100 (range, 29–160) and ~115 ng¨m´3 (range, 55–169)
during controlled periods. The elemental analysis showed that both Al and K were the dominant
elements at both sampling sites. Also, all trace elements, except Ni and V, had higher concentrations
during uncontrolled periods at both sites. Both Ni and V are markers for the residual oil combustion,
which suggests that oil combustion sources were essentially unaffected by the controls. The significant
increase in V during the controlled periods could be attributed to emissions from ships around the
Shenzhen city, however this is speculation as reliable data regarding the ship traffic are not available.
There were no large scale oil power generation plants [37]. Therefore, control of oil combustion sources
was likely very challenging, since all of these sources were probably small. Some striking differences
include an approximate eleven-fold increase for Pb and an eight-fold difference for Zn for PM2.5 during
uncontrolled periods at the PU site. Similarly, an approximate eight-fold difference was observed in
the concentrations of Pb and a three-fold difference for Zn during uncontrolled periods at the LG site.
Overall, the concentrations of most of the elements were higher at the LG site relative to the PU site.
This may be because the LG site is close to significant point sources.

Water-soluble ions were quantified in the PM2.5 collected at the two sampling sites during
controlled and uncontrolled periods and are presented in Figure 3. Elevated levels of SO4

2´ were
observed in PM2.5 during uncontrolled periods at both sites. Sources like coal power plants and
industries may be playing an important role in the emissions of sulfur dioxide, which leads to sulfate.
NO3

´/SO4
2´ ratio can be used as an indicator of the type of anthropogenic activity [38]. If the ratio

is >1, it indicates greater NOx emissions, indicating vehicular emissions are likely dominant. If the
ratio is <1, it indicates greater SO2 emissions, and that stationary sources are dominant [38,39]. The
average ratio at the PU site was 0.071 ˘ 0.003 and 0.12 ˘ 0.02 during controlled and uncontrolled
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periods respectively, whereas the average ratio at the LG site was 0.15 ˘ 0.01 and 0.13 ˘ 0.01 during
controlled and uncontrolled periods, respectively. At the two sampling sites, both during controlled
and uncontrolled periods, the ratio is lower than 1, indicating that stationary sources like industry
emissions and power plants are important contributors to PM2.5 emissions in Shenzhen.Atmosphere 2016, 7, 57 6 of 14 
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3.2. Crustal Enrichment Factors

Enrichment factors (EF) are used to assess whether the elements have a major crustal
component [40]. EF of the elements was calculated by first normalizing the measured elemental
concentrations in the sample with aluminum (Al), and then dividing by the Upper Continental Crust
(UCC) ratio [41,42]. EF is calculated using the following formula:
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EFelement “
pConcentration of element in sample{ Concentration of Al in sampleq
pConcentration of element in crust { Concentration of Al in crustq

(1)

EF is close to unity for the elements related to the reference, Al (marker for crustal emissions).
A high EF (>>10) suggests that particular elements are enriched relative to the crust and thus are
anthropogenically derived [43]. The dashed line (EF = 10) on the plots shown in Figure 4a,b represents
the level above which the element is considered to have a major anthropogenic source. The error
bar represents the standard deviation of the 13 samples each during the controlled and uncontrolled
periods at the two sites. The dots represent the average EF of the 13 samples for each element.
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standard deviation of the samples.

As observed in Figure 4, almost every measured element appears to have some anthropogenic
source at the LG site. Conversely, at the PU site, mainly the industrially-sourced elements have high
EF. Specifically, As, Cd, Cr, Cu, Ni, Pb, Sb, Se, Pb, V, and Zn, as well as K and Na were highly enriched
at the LG site during both the controlled and uncontrolled periods (Figure 4a). Similarly, the elements
As, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, Pb, V, and Zn were associated with an anthropogenic source at the
PU site during both the controlled and uncontrolled periods (Figure 4b). The fact that these elements
are highly enriched is consistent with many other studies in urban areas [44,45]. It is also important to
note that, while the concentrations were increased during uncontrolled periods, the EF essentially did
not change. Significant differences in EF, however, were observed between the two sites.

3.3. Soluble Fe Oxidation State Analysis

As most atmospheric Fe is crustally-derived, Fe(III) dominates the major part of total iron in
the PM but its relative importance also depends on local sources and the size fraction [46]. For
example, crustal Fe is primarily in the Fe(III) oxidation state and shows a solubility of <1% [47],
while ambient urban Fe shows solubility ~10%–20%, with a mixture of Fe(II) and Fe(III) [46], and
Fe emitted directly from vehicles has been shown to be up to 70% water-soluble, being mostly Fe(II)
sulfate [48]. Consequently, different locations exhibit different Fe solubility, depending on the dominant
sources [46]. Our study shows Fe solubility of 7% and 15% during the controlled and uncontrolled
periods, consistent with other urban sources. The oxidation state of the soluble Fe is shown in Figure 5.
The majority of the soluble fraction was comprised of Fe(II) at the two sites both during controlled and
uncontrolled periods. As Fe(III) is the dominant form of soluble Fe under oxidizing conditions [49], this
implies that the PM contained other compounds which allowed the Fe to be stabilized in the reduced
state. Possibilities include small chain organic acids, or even polycyclic aromatic hydrocarbons [50–52].
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At the LG site, the percent soluble Fe(II) of total iron collected on the filter was 5.9% during
controlled periods and 12.2% during uncontrolled periods. Similarly, at the PU site, the percent
soluble Fe(II) of total iron collected on the filter was 5.4% during controlled periods and 12.6% during
uncontrolled periods. Of the soluble Fe, Fe(II) was 82% during controlled periods and 86% during
uncontrolled periods at the LG site. Similarly, at the PU site, Fe(II) was 56% of the total soluble,
during controlled periods and 61% during uncontrolled periods. Significant differences in relative
Fe(II)/Fe(III) solubility between the PU and LG site indicates different sources between sites. However,
similarities in Fe(II)/Fe(III) solubility at each site suggest that the sources are similar during the
controlled and uncontrolled periods.

3.4. Stable Pb Isotope Ratios

Anthropogenic activities like mining, industry, and utilization of fossil fuels and tetraethyl lead
in gasoline significantly affect the Pb levels in the environment to varying degrees. In this study, the
greatest differences in elemental concentrations were Pb (Figure 2). Thus, we focus on Pb isotope
ratios to help determine if its origin was different during controlled and uncontrolled periods. Pb
has four stable isotopes; 204Pb, 206Pb, 207Pb, and 208Pb with the radioactive decay of 238U, 235U, and
232Th eventually producing 206Pb, 207Pb, and 208Pb, respectively. Depending on the geological history,
different sources of Pb possess specific Pb isotopic signatures and these ratios do not fractionate
during any chemical, physical, or biological process [53]. Therefore, Pb isotopic ratios are useful in
distinguishing natural Pb from anthropogenic Pb and its origin in different ecosystems [53,54]. Stable
Pb isotope ratios (207Pb/206Pb) in the range 0.7952–0.8405 can be used as a tracer species to identify
natural sources of PM whereas, 207Pb/206Pb ratio in the range of 0.8504–0.9651 can be used to identify
anthropogenic sources contributing to airborne PM [55,56].

Ratios of 207Pb/206Pb versus 206Pb/204Pb are presented in Figure 6 for the airborne PM2.5 collected
at the PU and LG sites during controlled and uncontrolled periods, with these ratios depending on
local geology, rainfall, wind direction, and traffic [57,58]. The average 207Pb/206Pb ratios of the PM2.5

collected at the LG site during the controlled and uncontrolled periods are 0.8599 (range, 0.8567–0.8590)
and 0.8550 (range, 0.8536–0.8563), respectively. Similarly, at the PU site, the average 207Pb/206Pb ratios
during the controlled and uncontrolled periods are 0.8564 (range, 0.8525–0.8591) and 0.8567 (range,
0.8539–0.8576), respectively. These ratios suggest that PM2.5 has an anthropogenic Pb source [55],
which is also in agreement with the high UCC EF. The 206Pb/204Pb ratios at the PU and the LG sites
during the controlled and uncontrolled periods were similar (t-test, p < 0.05), indicating similar Pb
sources. The 206Pb/204Pb ratios between the two sites during the controlled and uncontrolled periods
were also similar (t-test, p < 0.05).
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Industry emissions, coal combustion, and vehicle exhaust are considered to be the three main
sources of Pb pollution in China [59,60]. Previous studies have determined the 207Pb/206Pb ratios
ranging from 0.850 to 0.872 for wide varieties of Chinese coal [61]. Leaded gasoline, which was phased
out in the early 1990s [62], showed an average 207Pb/206Pb ratio of 0.901, whereas unleaded exhaust
showed the ratio of 0.872 in the PRD region [63]. The average ratio of 206Pb/204Pb observed for
coal combustion and cement factories in Beijing ware 18.09 (range, 17.873–18.326) and 18.05 (range,
17.729–18.365), respectively [62]. There are about 26 coal power plants located in Guangdong Province,
China [37]. Shenzhen is a major city in the Guangdong Province. These power plants are within 97 km
of the sampling sites. A map of these power plants relative to the sampling sites is shown in Figure S1.
Overall, the PM2.5 Pb ratios are similar to the Pb ratios observed for coal varieties, which implies that
coal combustion may be the primary Pb source(s) between the sampling sites in this study and the
previous study [61]. In addition, the Pb isotope ratios were significantly similar at each site during
both controlled and uncontrolled periods. This suggests that local and regional sources affect these
two sites in a similar manner.

3.5. Source Identification Using Principal Component Analysis

PCA was used to identify major sources of PM2.5. The results of the PCA for the combination of
the two sites during controlled periods and uncontrolled periods are presented in the supplemental
information (Tables S1 and S2). There were three factors contributing to the PM2.5 in Shenzhen during
controlled periods whereas five factors were present during uncontrolled periods at the two sites. The
difference in reported factors between two periods is determined on the basis of inflection point in the
scree plots and, we have selected the interpretable factors.

At the two sampling sites, during controlled periods, the first principal component has elevated
loadings of Pb, Zn, K+, Al, Na+, Se, and OC, as shown in Table S1. The major sources of PM2.5

are categorized in several groups and these are: coal combustion (Se and Pb), biomass burning (K+

and OC), and vehicular abrasion (Zn and Sb) [3,23,64]. Therefore, we associate this factor with a
mixture of combustion sources. We also note a potentially confounding correlation between Al and Se
(r2 = 0.858), which is present at both sites and during both the controlled and uncontrolled periods.
For the second factor, characteristic values for V and Ni are the highest, which are tracers of heavy oil
combustion [65]. Apart from oil-fired power plants and industries, ship emissions may be a prominent
source of such combustion in Shenzhen [66]. Also, the second factor has prominent values for NH4

+

and SO4
2´, indicating the presence of secondary inorganic aerosols [67]. Sulfur dioxide would be
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emitted along with Ni and V during oil combustion. The third factor has high loadings of Mg2+, Na+,
NH4

+ SO4
2´, and Cl´, signifying this source was chiefly associated with partially aged sea salt [23],

which is consistent with the fact that Shenzhen is a coastal city.
Table S2 represents the sources during the uncontrolled periods at the PU and LG sites. The

first principal component shows high loadings of NH4
+, SO4

2´, and Sb, which are associated with
secondary inorganic aerosols and potentially brake wear [68]. The second factor has elevated Al, Se,
and K+. Al is marker of crustal emissions and Se and K+ are associated with coal combustion and
biomass burning, respectively. Therefore, second factor is undetermined. High values of Na+, Mg2+,
and Cl´ are associated with sea salt spray for the third factor indicating that sea spray is a contributing
factor to PM2.5 in Shenzhen regardless of wind direction. The fourth factor shows high values of V and
Ni, which are tracers of heavy oil combustion emissions. The fifth factor has high values of Pb and OC,
which is associated with combustion emission sources containing Pb. This is consistent with the Pb
isotope data that the source of Pb is similar at the two sites during controlled and uncontrolled periods.

4. Conclusions

The results of this study provide insights into the effects of pollution restrictions in Shenzhen,
China. The average PM2.5 concentrations at the PU and LG sites during controlled periods were
lower than 24-h mean ambient air quality standard of People’s Republic of China of 75 µg¨m´3 [25].
Surprisingly, both Ni and V, markers for the residual oil combustion, had lower concentrations
relative to other trace elements during uncontrolled periods at the two sampling sites, suggesting
that oil combustion emissions were not controlled at all by the restrictions imposed during the
Universiade event.

While it is possible that the soluble Fe(II)/Fe(III) ratio depends, to some extent, on the original
Fe phases present in the PM, the equilibrium speciation in solution is primarily dependent on the
immediate redox environment in the extract solution [49]. Thus, the presence of source-specific organic
compounds [50] and ions [69] are the major determinants of Fe speciation and solubility. While this
is the first study to measure Fe speciation and solubility in airborne PM2.5 in Shenzhen, China, it
possesses similarities to previous Fe speciation studies. For instance, at the PU site, soluble Fe(II)
and soluble Fe(III) were approximately equal, which was similar to the percentage of soluble Fe(II) at
Waukesha, WI, USA [46]. Similarly, at the LG site, soluble Fe(II) was far greater than soluble Fe(III),
which was similar to the results reported for Los Angeles, CA, USA [46] and Denver, CO, USA [70].

The 206Pb/204Pb ratios measured at the two sites during the controlled and uncontrolled periods,
and between the two sites during the controlled and uncontrolled periods, were similar (t-test, p < 0.05),
representing a common anthropogenic Pb source. This suggests that airborne PM2.5 is dominated by
local or regional combustion sources (as evidenced by the high EF), which was in agreement with the
principal component analysis.

Previous studies have presented elemental and water-soluble ion concentrations for airborne
PM2.5 in southwest China [1,3]. The source apportionment based on positive matrix factorization
(PMF) and chemical mass balances (CMB) revealed that coal combustion, secondary inorganic aerosols,
biomass burning, metal industries, crustal dust, and sea spray were common sources in southwest
China. The impact of control measures implemented before and during 2008 Olympics in Beijing
showed 33% reduction in BC emissions [27] and controls implemented during the Universiade showed
30% reduction in traffic [71,72] and 50% reduction in PM2.5 [26]. Although the relative importance of
each component varied, the major sources at the two sites during controlled and uncontrolled periods
were identified as residual oil combustion, secondary inorganic aerosols, combustion, and sea spray
which is also in agreement with the previous studies.

In our study, however, every metric was consistent (e.g., Pb isotopes, PM mass trends, EC/OC
trends, and individual element trends) between sites. The PM2.5 levels in Shenzhen were mainly
dominated by anthropogenic emissions. Reductions in emissions from point sources were observed,
but it is unclear if this was due to the restrictions or from changes in meteorological conditions.
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