LA

Subscriber access provided by ST FRANCIS XAVIER UNIV

Characterization of Natural and Affected Environments

Source-specific health risk analysis on particulate trace elements: Coal
combustion and traffic emission as major contributors in wintertime Beijing

Ru-Jin Huang, Rui Cheng, Miao Jing, Lu Yang, Yongjie Li, Qi Chen, Yang Chen, Jin Yan, Chunshui
Lin, Yunfei Wu, Renjian Zhang, Imad El Haddad, Andre S.H. Prevot, Colin O'Dowd, and Jun-ji Cao

Environ. Sci. Technol., Just Accepted Manuscript ¢ Publication Date (Web): 06 Sep 2018
Downloaded from http://pubs.acs.org on September 6, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 22

W

[cBEN Be)N

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34

Environmental Science & Technology

Source-specific health risk analysis on particulate trace elements: Coal combustion and
traffic emission as major contributors in wintertime Beijing

Ru-Jin Huang*’T, Rui ChengT, Miao Jingi, Lu YangT, Yongjie Li, Qi Chen®, Yang Chenl, Jin Yan',
Chunshui Lin™, Yunfei Wu?, Renjian ZhangV, Imad El Haddad®, Andre S. H. Prevot’, Colin D.

O’Dowd’, Junji Cao’

"Key Laboratory of Aerosol Chemistry and Physics, State Key Laboratory of Loess and Quaternary
Geology, Institute of Earth and Environment, Chinese Academy of Sciences, Xi'an 710061, China
COE lab of Thermofisher Scientific Technology, Shanghai 201206, China

'Department of Civil and Environmental Engineering, Faculty of Science and Technology, University
of Macau, Taipa 000000, Macau

SState Key Joint Laboratory of Environmental Simulation and Pollution Control, College of Environ-
mental Sciences and Engineering, Peking University, Beijing 100871, China

LChongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences, Chongqing
400714, China

School of Physics and Centre for Climate and Air Pollution Studies, Ryan Institute, National Univer-
sity of Ireland Galway, University Road, Galway H91CF50, Ireland

VRCE-TEA, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China
*Laboratory of Atmospheric Chemistry, Paul Scherrer Institute (PSI), 5232 Villigen, Switzerland
*corresponding authors, email: rujin.huang@jieecas.cn

ABSTRACT

Source apportionment studies of particulate matter (PM) link chemical composition to emission
sources, while health risk analyses link health outcomes and chemical composition. There are limited
studies to link emission sources and health risks from ambient measurements. We show such an
attempt for particulate trace elements. Elements in PM, s were measured in wintertime Beijing and the
total concentrations of 14 trace elements were 1.3-7.3 times higher during severe pollution days than
during low pollution days. Fe, Zn, and Pb were the most abundant elements independent of the PM
pollution levels. Chemical fractionation shows that Pb, Mn, Cd, As, Sr, Co, V, Cu, and Ni were
present mainly in the bioavailable fraction. Positive matrix factorization (PMF) was used to resolve
the sources of particulate trace elements into dust, oil combustion, coal combustion and traffic-related
emissions. Traffic-related emission contributed 65% of total mass of the measured elements during
low pollution days. However, coal combustion dominated (58%) during severe pollution days. By
combining element-specific health risk analyses and source apportionment results, we conclude that
traffic-related emission dominates the health risks by particulate trace elements during low pollution

days, while coal combustion becomes equally or even more important during moderate and severe
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INTRODUCTION

Atmospheric fine particulate matter (PM, s with an aerodynamic diameter less than 2.5 pum) in
urban areas has profound effects on human health. Particularly, trace elements such as Cd, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn in PM, s can lead to an array of short-term or long-term adverse health effects,
including pulmonary and heart diseases, and potentially premature death.'> However, there are very
few studies that directly link metals associated with PM, s to human health outcomes. Toxicological
studies have revealed some mechanisms of the toxicity of those trace elements. For example,
particulate trace elements can catalyze the formation of reactive oxygen species (ROS), leading to
oxidative stress and consequently inflammation in respiratory tract epithelium.”’ Therefore, the link
between particulate trace elements and health risk constitutes an important health issue. The adverse
health effects induced by trace elements were determined by their bioavailability and toxicity.*"*
Bioavailability of an element is a measure of the degree to which this element binds with active sites,
such as the pharyngeal and tracheal region and the alveolar region of lungs, indicating the extent and
rate of its absorption by a living system.'"'> Soluble metals are more readily bio-activated and
bioavailable than less soluble components in the alveoli of lung tissues.'>" The solubility of an
element is dependent on the aerosol surface property, the aerosol-element bonds, the solvent media,
and the chemical form of the element.'> Therefore, for risk assessment, it is important to investigate
the chemical fraction (e.g., those soluble fractions) of particulate trace elements instead of their total
contents.

A four-step Tessier’s method modified by Espinosa et al. classifies the heavy metals into four
chemical fractions: soluble and exchangeable metals (F1: exchangeable fraction); carbonates, oxides
and reducible metals (F2: reducible fraction); metals bound to organic matter, oxidizable and
sulphidic (F3: oxidizable fraction); and residual metals (F4: residual fraction).*'* The exchangeable
fraction and reducible fraction are highly soluble in the aqueous phase, often regarded as the
bioavailable fraction.">'® Many recent studies have investigated the bioavailable fraction and its
associated health risk. For example, Balasubramanian et al. showed a significant influence of the size-
resolved particulate-bound heavy metals on the human health.'” Li et al. showed that Cd, Cr, Cu, Pb,
and Zn constitute a large proportion of the exchangeable fraction in ambient aerosol in a haze episode
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in wintertime Nanjing, China."®

The haze pollution has become a severe environmental problem in China in recent winters,
characterized with poor air quality, high aerosol mass concentration and high health risk. A majority
of studies have been focused on the chemical nature and sources of the main components such as
sulfate, nitrate, ammonium and organic compounds.'”?' Studies on trace elements, however, are
limited. A few studies on trace elements mainly focused on the total concentration of individual

17,22
elements

, or on the speciated/fractionated concentrations and associated health risk without
considering their sources."”'®* There are, however, limited studies on the relationships between the
emission sources and health risks of particulate trace elements.

In this study, we investigate the trace elements in PM,s samples collected in Beijing during
winter. The concentration and fractionation of 14 elements on low pollution days, moderate pollution
days and severe pollution days are characterized. The sources of these particulate trace elements are
then quantified using a positive matrix factorization (PMF) receptor model. The bioavailability and

the carcinogenic and non-carcinogenic health risks of these elements are evaluated and contributions

from each source are quantified.

MATERIALS AND METHODS

Aerosol samples collection. Daily (from 1% to 25" January 2014) 24-h integrated PM, 5 samples
were collected on pre-baked (780 °C, 3 h) quartz-fiber filters (8<10 inch). Samples were collected
using a high-volume sampler (Model TE-6070VFC, Tisch Environmental Inc., Ohio, USA) at a flow
rate of 1.13 m® min”'. The sampling site was at the campus of the Institute of Atmospheric Physics,
Chinese Academy of Sciences in Beijing (116°20" E, 39°59" N), which is typical of urban site
surrounded by residential, commercial and education areas. Samples were taken on the roof of a
building, about 10 m above the ground. An overview of the sampling site is shown in Figure S1 in the
Supporting Information. The samples were stored at -20 °C until analysis.

Sequential extraction and analysis. A four-step sequential extraction procedure was used for
chemical fractionation of trace elements in PM,s.® This approach can separate the elements into four

fractions: exchangeable fraction; reducible fraction; oxidizable fraction; and residual fraction. After
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extraction, fourteen elements (i.e., Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sr, Cd, Ba, and Pb) in the
extracts were quantified using an inductively coupled plasma mass spectrometer (ICP-MS, iCAP Q,
ThermoFisher Scientific, Waltham, MA, USA). More details about the sequential extraction and
quality control of analysis are shown in the Supporting Information (also see Table S1-S3).

Source apportionment. A positive matrix factorization (PMF) receptor model was used to
identify and quantify the main sources of these elements. The receptor model requires two inputs to
run PMF, namely concentration and its uncertainty. Different source numbers were tested by applying
a trial to determine the optimal solutions. The identification of sources was conducted based on major
marker species. More details are described in Supporting Information (PMF analysis).

Health risk assessment. The carcinogenic and non-carcinogenic risks posed by airborne metals
via direct inhalation of PM,s were calculated using US Environmental Protection Agency human
health risk assessment models, which mainly involve exposure assessment and risk
characterization.”**’ The bioavailable concentrations (exchangeable fraction and reducible fraction) of
particulate trace elements, instead of total concentrations, were used for the carcinogenic and non-
carcinogenic risks characterization. Details of health risk assessment of trace elements and emission

sources were described in Supporting Information (Health risk assessment).

RESULTS AND DISCUSSION

Total concentrations of particulate trace elements. The daily mean concentrations of PM; s
ranged from 27.6 to 319.0 ug m” with an average of 112.3 pg m~ during the entire measurement
campaign, which is much higher than the WHO standard for daily mean PM, s concentration (25 pg
m”). We categorized the 25 measurement days into low, moderate and severe pollution days
according to the Chinese national ambient air quality standard (NAAQS) of 75 pg m> (daily
concentration) and the mean + ¢ (170 ug m™), that is, low pollution days (PM, s < 75 ug m™, 8 days),
moderate pollution days (75 < PM,s< 170 pg m>, 13 days), and severe pollution days (PM,s > 170
ug m>, 4 days) (see Figure S2a). The average concentrations of PM, s are approximately 2 and 5
times higher during moderate pollution days (112.1 ug m™) and severe pollution days (241.4 pg m™)

than during low pollution days (51.2 pg m™), respectively. Figure S2b shows the meteorological data
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during the measurement period. The temperature was rather stable (around 0 °C) during the entire
measurement period. The wind speed was generally lower during moderate and severe pollution days
compared to low pollution days as low wind speed favors the development of stagnant weather
conditions. The relative humidity (RH) was also generally higher during moderate and severe
pollution days than during low pollution days. The high RH favors the decrease of planetary boundary
layer (PBL) height and therefore the accumulation of aerosol.”®

There are two main considerations for the selection of those 14 elements. On the one hand, these
elements are frequently used to determine health risks in previous studies.'®* On the other hand, they
are commonly used in source apportionment studies because of their source specificity and significant
relative abundance allowing their precious quantification.””?” The average concentrations of these
elements are shown in Table S4 for different pollution conditions. The total concentrations of all
measured elements constituted 0.9%, 2.2%, 3.3%, and 2.1% of PM, s mass during severe pollution
days, moderate pollution days, low pollution days and the entire measurement period, respectively.
The percentages are consistent with previous studies. For example, measurements in Beijing in winter
2006 showed that these fourteen elements constituted about 1.9% of the PM, s mass.>’ Another study
showed the total concentration of Fe, Zn, Pb, Ti, Mn, Ni, Cu, As, Ba, V, Cr constituted approximate
3.1% of PM; s mass in Beijing in December 2010." In Lanzhou, the capital of the Gansu Province in
China, the total concentration of these elements (except Fe) constituted 1.6% (haze days) and 2.0%
(non-haze days) of the PM, s mass in winter 2012.>' The percentage of particulate trace elements is
dependent on the mass of other chemical composition, particularly sulfate, nitrate, ammonium and
carbonaceous matter. The decrease of the elemental fraction with the increase of pollution levels could
be attributed to the enhanced formation of secondary inorganic aerosol and secondary organic aerosol
during pollution days.”’

Figure 1 shows the total concentrations of individual particulate trace elements during low
pollution, moderate pollution and severe pollution days. Fe, Zn, and Pb are the most abundant
elements (major elements), followed by a sub-major group (including Ba, Mn, Cu, Ni, Ti, and As) and
a minor group (including Co, Cr, V, Cd, and Sr). The concentrations of each measured element
increased as pollution levels increased. Statistically significant difference between the concentrations
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of the elements during severe pollution days and low pollution days can be observed for all elements,
except for Ti and Sr (#-test, p < 0.05). The concentrations of trace elements are 1.1-2.5 times higher
during moderate pollution days and 1.3-7.3 times higher during severe pollution days than those
during low pollution days (see Table S4), indicating a significant accumulation of the particulate trace
elements during pollution days. Among all elements, the concentrations of carcinogenic elements
including As, Cd, and Pb increased most significantly by a factor of 4.4-7.3 from low pollution days
to severe pollution days. Therefore, it is crucial to understand the sources of these elements and
whether the sources and their contribution change with the pollution levels.

Chemical fractionation and bioavailability index of trace elements in PM, 5. Figure 2 shows
the fractionation distribution of individual elements under different pollution conditions. Fe, Zn, Cr,
Ti and Ba were present mainly in residual fraction (>50%). The percentage of this fraction was rather
constant from low pollution days to moderate and severe pollution days (4-8% difference) except for
Zn and Ba which show larger decrease from low pollution days to severe pollution days (from 49% to
27% for Zn and 81% to 64% for Ba). The constitution of Ni was rather constant under different
pollution conditions, i.e., about 24% of exchangeable fraction, 23% of reducible fraction, 27% of
oxidizable fraction and 26% of residual fraction. The characteristics of Ni, Fe and Zn are consistent
with previous studies in Guangzhou and Nanjing."® Pb existed predominantly in the reducible fraction
(64%) at different pollution levels, indicating a large potential in transformation to exchangeable
fraction. Mn and V present mainly in exchangeable fraction (49% for Mn, 41% for V) and reducible
fraction (27% for both Mn and V). Cd, As, Sr and Co were presented mainly in exchangeable fraction,
which were consistent with results reported by Schleicher et al.'" Cu was found mainly in
exchangeable fraction (29%), reducible fraction (28%) and oxidizable fraction (38%), but little in
residual fraction (5%). This observation could be attributed to its strong ability in combining with
organic matter.”*

As discussed above, the distribution pattern of these four fractions determines the bioavailability
of an element and therefore the health risk. The exchangeable fraction is readily dissolved and
penetrates to the bloodstream through lung fluids, and thus represents a high bioavailability."” The
reducible fraction is thermodynamically unstable and susceptible to pH changes and redox conditions.
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This fraction can become bioavailable and causes a potential risk to human health under anoxic
conditions.”” The exchangeable and reducible fraction together can lead to ‘direct effect’ on human
health through biochemical reactions within cells and the formation of reactive oxygen species that
can cause cellular imbalance and oxidative stress.'>'®'® The exchangeable and reducible fraction of an
element is represented as a bioavailability index (BI) to estimate its potential bioavailability."'® The
values of BI <30%, 30%< BI <50% and BI >50% represent low, medium, and high bioavailability,
respectively.”” As shown in Figure 2, the BI values of Cr, Ti and Ba were lower than 30% representing
low health risk. The BI values of Ni, Fe and Zn were between 30% and 50%, while the BI values of
Pb, Cd, Mn, Sr, As, V, Co and Cu were larger than 50% indicating high bioavailability and toxicity. It
should be noted that the BI values of Fe, Mn, Ti, Pb, As, Cu, Co, Cr, and Ni were rather constant at
different pollution levels. However, the BI values of Cd, Sr, V, Zn and Ba enhanced significantly in
the severe pollution days, compared to those in low pollution days (p <0.05). In particular, the largest
transformation of Zn was observed from low pollution days (BI=31%) to severe pollution days
(BI=66%), suggesting a higher risk of some particulate heavy metals to human health in pollution
days than in low pollution days.

Sources of trace elements. A receptor model (PMF) has been widely used for source
apportionment of particulate matter and it was used to identify and quantify the main sources of
elements measured in this study. Figure S3 and S5 provide details regarding the estimated source
profiles, indicating the relative intensity of element to each factor and the fraction of the total
predicted concentration for a given element, which can be useful for qualitative identification of the
sources. In Figure S4 we show the correlation (R?) of each element with each source identified by
PME. Four factors were identified, including oil combustion, dust, traffic-related and coal combustion
emissions. The first factor is characterized by a high contribution of vanadium (~50%), often used as
a tracer for oil combustion in many previous studies in China.’'?* It should be noted that the
composition of the emissions might be different depending on the country of origin. For example,
vanadium may not be a good tracer of oil combustion in some countries depending on quality and
country of origin of the oil. Selenium is a good tracer for coal combustion emission in the US, but not
the case in China.”® Therefore, attention should be paid to the difference in emission signature for
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source identification. The second factor is dominated by crustal elements, e.g., Ti and Fe.'® This factor
represents crustal materials, mainly from unpaved road and/or construction activities, and constitutes
13.5-30.1% of the total mass of measured elements (Figure 3a). The third factor is characterized by
high contributions of Ni, Ba, Cr and Cu, which have been considered to be from tire abrasion, brake
linings, lubricants, and corrosion of vehicular parts.'””’* The relative contributions of this factor to
Cr and Ni are >70%, most likely from brake wear as reported in Visser et al.*® Also for this factor, Fe
constitutes ~45% of the total mass of measured elements, consistent with previous results that traffic-
related emissions are dominated by Fe.”® The fourth factor contributes more than 80% to As, Cd, and
Pb, and ~50% to Mn, Co, and Zn. As, Pb, and Cd are found in the exhaust from the activities
associated with coal burning processes and smelting furnace and have been used as tracers for coal
combustion emissions.>

The relative contribution of each factor to the total mass concentration of measured elements is
shown in Figure 3a. Oil combustion was a negligible source, contributing <1% of total mass of
elements measured in Beijing, irrespective of the pollution level. Traffic-related emission was the
dominant source during low pollution days, contributing 65% of total mass of the measured elements,
followed by dust emission (21%) and coal combustion (14%). During moderate pollution days, the
contribution of traffic-related emission decreased significantly to 35%, and the contribution of dust
(30%) and coal combustion (34%) increased to around one third, respectively. During severe pollution
days, the coal combustion emission increased to be the dominant contribution (58%), followed by
traffic-related (28%) and dust emission (14%). Figure 3b shows the absolute contribution of each
factor to the mass concentrations of trace elements in PM,s at different pollution levels. With
increasing pollution level, the absolute contribution of coal combustion increased dramatically (from
0.15 to 1.24 pg m™). However, traffic emissions remained rather stable (~0.6 ug m™). The observed
differences in both relative and absolute source contributions highlight the changes in emissions
and/or accumulation at different pollution levels.

Health risk assessment. The health risk from inhalation of particulate trace elements in
wintertime 2014 in Beijing is assessed. The calculated values of exposure concentration (EC),
inhalation reference concentration (RfC) and inhalation unit risk (IUR) are shown in Table S5. Mn
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(10.8 ng m™ for both children and adults) and Pb (3.16 ng m™ for children and 12.6 ng m™ for adults)
are found to have the highest exposure concentrations among the non-carcinogenic and carcinogenic
elements, respectively. The carcinogenic risks of inhaling particulate Cd, Co, and Ni are lower than
the precautionary criterion (10°°) both for children and adults. The carcinogenic risks of Pb and As are
higher than 10 for adults only, but the carcinogenic risks of Cr for children and adults both exceed
the precautionary criterion (Table S6). Furthermore, the combined carcinogenic risks from these trace
elements are 2.85x10°° for children and 1.14x107° for adults, both higher than the precautionary
criterion, indicating that for every million children and million adults living in local environment,
approximately three children and twelve adults may develop cancer from inhaling these particulate
trace elements during their lifetime. The non-carcinogenic health risks via inhalation of particulate As,
Cd, Co, Cr, Mn, Ni and V are all lower than the safe limit (i.e., hazard quotient (HQ) <1) for both
children and adults (Table S6). However, the sum of HQ values from these trace elements is 1.14,
indicating accumulative non-carcinogenic risks.

In combination with the source profiles resolved by PMF, the element-specific risk is then
translated into source-specific risk. The results in Table S7 show that coal combustion has the highest
carcinogenic risk (5.31x10° for adults and 1.33x10° for children), followed by traffic-related
emissions (4.84x107 for adults and 1.21x10° for children). The carcinogenic risk of dust (1.05x10°)
is slightly higher than the precautionary criterion (10°) for adults only. As for the non-carcinogenic
health risk, the HQ value of individual emission sources identified in this study is lower than the safe
limit (HQ <1), but the accumulative HQ values from these emission sources are higher than 1 for both
children and adults.

The contribution of each source to health risk is finally calculated by combining the source-
specific risk and the PMF source apportionment results. For carcinogenic risk, traffic-related emission
was the dominant source (76.6%) during low pollution days. This percentage decreased to 44.4%
during moderate pollution days and contribution from coal combustion increased from 18.1% to
47.3%. The contribution from coal combustion increased further to 67% during severe pollution days
(Figure 4). These results suggest that significant carcinogenic risks can result from coal combustion
and traffic-related emission in wintertime Beijing. The contribution patterns for non-carcinogenic
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risks are somewhat different from those for carcinogenic risks (Figure 4). Traffic-related emission was
the major contributor, but had a higher contribution (88.6%) during low pollution days. During
moderate pollution days, the traffic-related contribution decreased to 65.3% and coal combustion
increased to 30.2%. The contribution from coal combustion increased further to around 50%, showing
importance equal to traffic-related emission. The difference in health risks may be due to difference in
the source composition of PM, s at different pollution levels. Furthermore, the large contribution from
these two sources is associated with the high normalized health risk (i.e., carcinogenic or non-
carcinogenic risk normalized by element mass) of Cr, Co, Cd, As, and Ni from vehicular emission and
coal combustion (see Figure S6).

The results are in agreement with previous work on source apportionment that used actual
mortality data from six US cities.”” Our work further extends to source-specific health risk assessment
from the concentration- and/or component-response risk assessment.***' In addition, other studies
relate specific particulate matter source apportionment with actual health data (e.g., hospital
admissions, or mortality).*** For example, Ozkaynak and Thurston showed that particles from
industrial sources (e.g., from iron/steel emissions) and coal combustion were more significant
contributors to human mortality than soil-derived particles.** Ostro et al. found that several sources of
PM, s, including vehicle exhaust, fuel oil combustion, secondary nitrate/organics, minerals, secondary
sulfate/organics, and road dust, had statistically significant associations (p <0.05) with cardiovascular
risks.”” The results of Bell et al. suggested that some particle sources and constituents are more
harmful than others and that in this Connecticut/Massachusetts region the most harmful particles
include black carbon, calcium, and road dust PM,s.** In our work, traffic-related emission is the
dominant contributor for both carcinogenic and non-carcinogenic risks during low pollution days,
while coal combustion becomes equally or even more important contributor during moderate and
severe pollution days.

Limitations of the risk assessment. The carcinogenic and non-carcinogenic risks through
direct inhalation of particulate trace elements were calculated using US Environmental Protection
Agency (US EPA) human health risk assessment models (US EPA 2009).** In this study, we extend
such chemical component-response health risk assessment to source-specific risk assessment by
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combining with source apportionment analysis. This assessment was made by a number of
assumptions, including the assessment models used, reference toxic data, default exposure parameters
and population characteristic parameters. Other exposure routes, including ingestion of atmospheric
particulates after deposition, dermal absorption of particles adhered to exposed skin, and atmospheric
particle exposure indoors, were not considered. Notwithstanding, inhalation is regarded as the most
efficient administration route of particulate matter into the human blood. Other important toxic
constituents in PM,s, e.g.,, atmospheric mercury, elemental carbon, and polycyclic aromatic
hydrocarbons, were not considered. Therefore, health risk assessments presented here are only limited
to trace elements. Nevertheless, the four sources identified through trace elements in this study are
widespread in China and therefore estimates are relevant on a regional scale. It should also be noted
that the source-related risks derived may differ from the sum of the risks from each constitute as the
actual risks of the mixtures may be synergetic. Despite uncertainties related with the absolute risk
assessments provided in this study, they may serve as useful (although untested here) indices for
comparing our results with previous and future work aiming at the determination of health risks
associated with the chemical composition and sources of particulate matter."**** In particular, the
risk indices determined in this study should be validated in future studies against direct measurements

of health impact.
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455  Figure 1. Concentration distribution of trace elements in PM,s: (a) major elements, (b) sub-major
456  elements and (c¢) minor elements during low pollution days, moderate pollution days and severe

457  pollution days.
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460  Figure 2. Exchangeable, reducible, oxidizable and residual fraction of trace elements in PM, s during
461

low pollution days, moderate pollution days, severe pollution days and full period. Blue dashed line

462  represents 50% bioavailability index (BI).
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464  Figure 3. The relative (a) and absolute (b) source contributions to the measured trace elements in

465 PM, s during low, moderate, and severe pollution days and entire measurement period, respectively.
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467  Figure 4. The contribution of each source to carcinogenic risks (CR) and non-carcinogenic risks
468  (NCR) via inhalation exposure to PM; s-bound trace elements on low, moderate, severe pollution days

469  and full period in wintertime Beijing.
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