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To understand the metal accumulation in the environment and identify its sources, 29 different metal
contents and lead (Pb) isotope ratios were determined for 40 urban dust samples, 36 surface soil sam-
ples, and one river sediment sample collected in the municipality of Beijing, China. Results showed that
cadmium, copper (Cu), mercury, Pb, antimony (Sb), and zinc demonstrated to be the typical urban
contaminants and mostly influenced by the adjacent human activities with higher content to background
ratios and SD values. Among the 29 metal elements investigated, Cu and Sb were found to be the most
distinct elements that were highly affected by the developing level and congestion status of the cities
with much higher contents in dust in more developed and congested cities. There was a relatively wider
range of Pb isotope ratios of country surface soil than those of urban dust. The results of source iden-
tification based on Pb isotope ratios showed that coal combustion was the first largest Pb source and
vehicle exhaust was the second largest source. The sum of them accounted for 74.6% mass proportion of
overall Pb pollution on average. The surface soil sample collected at an iron mine had the highest
204ppy206p, 207pp206pp, and 298ph/2%6ph ratios indicating ore had much higher ratios than other sources.
The fine particle subsamples had higher 2%4Pb/2%6Pb, 207Pb/2%6Pb, and 2°®Pb/2%6Pb ratios than the coarse
particle subsamples indicating more anthropogenic sources of coal combustion and vehicle exhaust for
fine particles and more background influence for coarse particles. These results help with pinpointing the
major Pb sources and applying suitable measures for the target sources.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Urban dust and rural surface soils are good indictors of the
accumulation of metal contamination from human activities
(Sezgin et al., 2004; Christoforidis and Stamatis, 2009; Acosta et al.,
2015; Song et al., 2015). Both are mobile and can be easily sus-
pended by wind or transported in stormwater runoff (Davis et al.,
2001; Lau et al., 2009; Egodawatta et al., 2013). High metal con-
tents are often found in environmental media because of the rapid
industrialization and urbanization (Li et al., 2013; Lu et al., 2014;
Madarang and Kang, 2014). Human exposure to metal pollutants
in urban dust and rural surface soil through inhalation, direct
ingestion, and dermal contact can adversely affect human health
(Granero and Domingo, 2002). Most metals will harm human
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internal organs if the safe dose levels are exceeded but this is
especially the case for some toxic metals such as lead (Pb), chro-
mium (Cr), and cadmium (Cd), which are often known as “chemical
time bombs” (Stigliani et al., 1991). Tracing the sources of heavy
metals in urban dust and rural surface soil is of key importance for
our understanding of their behavior and to control the exposure
risk (Zibret, 2012).

Sources of various metals in urban environments are numerous
and often difficult to identify. Statistical analyses, such as principal
component analysis, clustering analysis, and multivariate statistical
analysis, were popularly used to identify the sources and pathways
of heavy metal contamination (Franco-Uria et al., 2009; Lu et al,,
2010; Zhao and Li, 2013). These methods are easy to use, but usu-
ally provide only general information on the sources. Isotopic
fingerprinting, which is based on the ratios of stable isotopes, is a
more in-depth method used to identify the origins of various
contaminants (Diaz-Somoano et al., 2009; Gao et al., 2013). Stable
isotopes of carbon, oxygen, Pb, and other metals have frequently
been used to identify the sources.
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There are four naturally occurring Pb stable isotopes (*°4Pb,
206py, 207pp, 208ph). Their abundance extensively varies because of
different decay pathways from 238U, 23°U and 232Th to 2°6pb, 2°7Pb,
208pp, respectively (Faure, 1986). Different types of ore deposits and
anthropogenic sources have their distinct isotopic ratios or signa-
tures (Cheng and Hu, 2010). The Pb isotope ratio did not change in
industrial or environmental processing, and retained its charac-
teristic ratio from its source ore (Ault et al., 1970). The Pb isotope
ratios can be used to identify the sources and transport pathways of
Pb in pollution studies (Hu et al., 2014; Liu et al., 2014; Han et al,,
2015).

Certain studies have shown that the qualitative analysis based
on the Pb isotope ratios have been well performed in many study
areas (Zhu et al,, 2013; Hu et al., 2014, 2015a). The Pb isotope ratios
were determined for various environmental media including or-
ganisms, atmospheric aerosol, soil, urban dust, sediment and so on
(Ip et al., 2005; Widory et al., 2010; Zhu et al., 2013; Hu et al,,
2015b). At the same time, the Pb isotope ratios of pollution sour-
ces were also investigated such as coal combustion, mining, in-
dustrial emissions, vehicle exhaust (Bi et al., 2013; Liu et al., 2014;
Hu et al., 2014). Normally Pb isotope was used to pinpoint the
sources of Pb poisoning based on comparing the Pb isotope ratios of
samples with those of possible sources. For quantitative calculation,
more work should be done to promote this method.

The objectives of this study are (1) to analyze the contents of 29
different metals and their spatial distributions in urban dust and
rural surface soil; (2) to characterize the Pb isotope ratios of urban
dust and rural surface soil from different development areas; (3) to
calculate the contribution from different Pb-related sources
through Pb isotope ratios. The research results are expected to help
environmental scientists and regulators to better understand the
behavior of metals in soils and dusts of different developing areas
and to manage the human and environmental exposure risks.

2. Materials and methods
2.1. Study sites

The municipality of Beijing is a typically well-developed region
in northern China, which includes six central urban districts and
ten developing districts with 142 towns and large county areas
(Beijing Statistics Bureau, 2013). Fig. 1 shows the three sampling
areas with 77 sampling sites representing different development
status of the municipality of Beijing: Beijing center (BJC, central
urban) located in the central urban districts, Miyun Town (MYT,
town) in the developing districts, and Miyun County (MYC, rural
county) located in the rural area of the developing districts. The BJC
is a densely populated area with a population density of 8972
persons/km?, while MYT is a small town that is less densely
populated and MYC is a rural area composed primarily of agricul-
tural land, grasslands, and mountains with a population density of
213 persons/km? (Beijing Statistics Bureau, 2013). Overall, 40 sur-
face dust and 36 surface soil samples were collected from urban
area (BJC and MYT) and rural area (MYC), respectively, as the
representative media containing typical pollution from human
activities in different developing level areas. Considering surface
soils and dust could contribute particle matter and pollutants to the
hydrosphere when it rains, one sediment sample was collected to
compare with surface dust and soil samples.

2.2. Sampling
A total of 30 urban dust samples were collected from BJC in

September and October 2012; a total of 10 urban dust samples were
collected in MYT in January 2013; a total of 36 surface soil samples

were collected from Sites 1 to 36 in December 2012 over the entire
MYC area. In addition, one surface sediment sample was collected
from Site 37 in the Baihe River in December 2012. Detailed infor-
mation about the sampling sites is contained in Supplementary
Table S1.

The sampling method for the urban dust and rural surface soil
was described in our previous study (Li et al.,, 2016). Subsamples
taken from Sites 14 and 28 in BJC were sieved through a 120 pm
opening nylon sieve to produce large and small fractions (BJC14a:
particle diameter > 120 pm, BJC14b: particle diameter < 120 um;
BJC28a: particle diameter > 120 um and BJC28b: particle
diameter < 120 pm). These fractions were used to analyze the
difference in metal contents between different particle sizes.

One surface sediment sample was collected in December 2012
from Site 37 in the Baihe River, which was upstream of the Miyun
Reservoir. The surface sediment sample was collected from the
river bottom using a stainless steel shovel and deposited into a self-
sealing plastic bag. The surface sediment sample was air dried for
one month and extraneous matter such as leaves and large stones
were removed.

2.3. Analysis of metal contents

All air-dried dust, soil, and sediment samples (including the
subsamples of BJC14 and BJC28) were ground into particles less
than 200 pum in diameter and stored at 4 °C before analysis.
Approximately 0.5 g of the ground sample powder was digested
using hydrofluoric acid, nitric acid, perchloric acid and aqua regia
according to the national standard method for China (GB, 1995).
Then the contents of Cd, cerium (Ce), cobalt (Co), copper (Cu),
lanthanum (La), molybdenum (Mo), niobium (Nb), neodymium
(Nd), nickel (Ni), Pb, scandium (Sc), thallium (TI), yttrium (Y), and
zinc (Zn) were determined by inductively coupled plasma-mass
spectrometry (ICP-MS). In addition, the contents of barium (Ba),
Cr, manganese (Mn), rubidium (Rb), strontium (Sr), titanium (Ti),
aluminium (Al), ferric (Fe), magnesium (Mg), calcium (Ca), sodium
(Na), and kalium (K) were determined by inductively coupled
plasma-optical emission spectrometer (ICP-OES). In order to get the
contents of arsenic (As), antimony (Sb) and mercury (Hg), aqua
regia, potassium permanganate and oxalate were used to digest the
ground sample powder. Then As and Sb contents were determined
using hydride generation-atomic fluorescence spectrometry (HG-
AFS). The content of Hg was determined using cold vapor
generation-atomic fluorescence spectrometry (CV-AFS).

The limits of detection for As, Ce, Co, Cu, La, Sc, and Y were 1 pg/
g. The limits of detection for Nb, Ni, Pb, and Zn was 2 pg/g. The
limits of detection for Ba, Cr, Rb, and Sr were 5 pg/g. The limits of
detection for Mn, Ti, Mo, Tl, Sb, and Cd were 10, 10, 0.2, 0.1, 0.05, and
0.02 pg/g, respectively. The limit of detection for Hg was 2 ng/g. The
limits of detection for Al and Fe were 0.1% and the detection limit
for Mg, Ca, Na, and K was 0.05%, respectively. Duplicate samples
(one duplicate every 10 samples) were measured for data quality
assurance. The recovery rate was obtained from adding geochem-
ical reference materials (e.g., GSS17, GSS25, GSS26, and GSS27) (one
every 10 samples) and calculated to be the ratio of the determined
value and reference value of the reference material. The recovery
rate ranged from 80.3% to 122.4%.

2.4. Pb isotope analysis

A total of 38 dust samples from BJC and MYT, excluding BJC14
and BJC28, were chosen for Pb isotope analysis. The Pb isotopes of
the four subsamples BJC14a, BJC14b, BJC28a, and BJC28b were also
analyzed. For MYC, we analyzed a total of 20 soil samples and one
sediment sample. Locations of the Pb isotope analyses are shown
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Fig. 1. Sampling locations in Beijing center (BJC), Miyun Town (MYT), and Miyun County (MYC), China.

with red stars in Fig. 1.

The air-dried dust, soil, and sediment samples were ground into
particles less than 74 pm particle diameter (200 mesh). The sam-
ples were then heated at 550 °C for half an hour in a muffle furnace
to destroy the organic matter in the samples. The samples were
sequentially digested with HNO3—HF—HCI—HBr in a Teflon beaker.
The extracted samples were purified and then 2°6Pb/2%4pb,
207ppy204pp, 208ppy204pp, - 208ppy 206ph - and 297pb/2%5Ph analyses
were carried out on a MicroMass Isoprobe multi-collector induc-
tively coupled plasma mass spectrometer at the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences. Every sample
test consisted of 100 cycles and the mean value of 100 cycles was
used as the isotope value.

Thallium as an internal control was used to correct Pb mass
fractionation, which greatly improved the reproducibility of the
isotope analysis. The Pb isotopic ratios reported in this work were
corrected using standard reference material (SRM981, National
Institute of Standards and Technology, NIST, USA). The NIST SRM
981 was run after every five samples separately to compensate for
any mass bias and to assess precision. BCR-2 and ]B-3, reference
materials from the United States Geological Survey (USGS) and
Geological Survey of Japan (GS]J), respectively, were measured with
the samples to examine Pb isotope experimental process accuracy.
The results of BCR-2 and JB-3 were all within the reference range,
which demonstrated little Pb pollution during the experimental
process. Pb isotope ratio results were reliable.

2.5. Data analysis

Descriptive statistical analyses were performed by the Microsoft
Excel 2010, Matlab R2010b ArcGIS 10.0, Origin 8.0 and SPSS19.0.
Fig. 1 and Fig.3 were drawn through ArcGIS 10.0. Fig. 2 and Fig. 4
were performed by Origin 8.0.

Inverse distance weighting (IDW) is an interpolation method
widely applied to elucidate spatial distribution of many parameters.
IDW assumes that the predictions are a linear combination of
available data, which are weighted according to their distance from
the point of being interpolated. Studies showed that distribution of
metal elements had similar characteristics to IDW’s assumption (Gu
et al., 2012), IDW interpolation with power of 2 and the neigh-
boring samples of 12 was applied to visualize the spatial distribu-
tion of metal contents in urban dust and rural surface soil using
ArcGIS 10.0.

3. Results and discussion
3.1. Metal enrichment in urban dust and rural surface soil

The descriptive statistics of the 29 metal elements in the 76
samples from the three study areas, together with the background
values, are shown in Table 1. Metal contents had a large range from
0.02 pg/g (Hg in MYC) to 11,067 pg/g (Ti in MYC) owing to the
various enrichments in the natural environment and the different
emission intensities from human activities. Standard deviation (SD)
values of Cd, Cu, Hg, Mo, Pb, Sb, and Zn are more than half of the
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Table 1
Descriptive statistics of metal contents in urban dust and rural surface soil samples.
Background value*  BJC (n = 30) MYT (n = 10) MYC(n = 36) Sediment (n = 1) Recovery
rate™*

Mean Min Max SD Mean Min  Max SD Mean min Max SD min Max
As (ng/g) 9.7 4.34 285 6.83 0.77 5.62 3.32 8.37 151 6.61 1.81 18.38 3.03 3.10 0.867 1.12
Ba(ug/g) 531 728 596 932 95 754 595 1100 163 631 500 1119 109 886 0.958 1.05
Cd (ng/g) 0.074 0.48 0.18 137 0.22 1 0.90 034 3.16 0.85 027 0.08 1.00 0.19  0.22 0.832 1.22
Ce (ng/g) 77.3 57.9 45.5 71.6 6.4 63.4 546 704 4.7 76.3 48.6 139.6 171 834 0971 1.14
Co (ng/g) 15.6 8.9 6.0 21.9 2.6 123 9.6 17.6 24 144 8.1 241 4.2 10.2 0.923 1.07
Cr (ng/g) 68.1 109.3 496 2330 382 1143 650 2178 419 894 48.0 2155 389 59.6 0.827 1.16
Cu (pg/g) 23.6 1025 29.0 4751 940 623 36.3 1183 26.8 349 18.1 64.0 12.0 _ 315 0.925 1.04
Hg (ng/g) 0.069 0.33 004 369 067 081 0.07 6.16 1.88 0.08 002 063 0.10  0.08 0823 1.10
La (ng/g) 427 283 216 332 30 325 274 362 2.7 38.0 242 753 9.3 45.8 0914 1.09
Mn (ug/g) 705 524 393 713 62 685 513 1000 162 725 337 1314 174 610 0.951 1.06
Mo (pg/g) 4.1 2.26 0.89 585 127 1.78 1.06 439 1.00 0.84 044 254 0.41 0.65 0.803 1.12
Nb (ng/g) 10 11.0 8.8 13.2 1.1 11.6 85 134 1.5 133 5.0 27.7 3.8 10.0 0862 1.10
Nd (ng/g) 39.9 23.0 173 29.1 24 294 253 473 6.5 35.2 221 58.3 7.3 324 0.952 1.08
Ni (ng/g) 29 259 145 603 7.7 30.4 20.5 52.2 9.3 349 17.0 __76.5 12.1 320 0949 1.12
Pb (ng/g) 254 68.8 350 1343 220 853 464 2212 579 309 117 1645 240 238 0966 1.12
Rb (ug/g) 99 562 312 683 78 668 557 852 95 740 194 101.0 152 496 0.836 1.07
Sb (ng/g) 1.1 6.07 1.63 2633 520 272 146 7.63 182 0.75 0.27 1.65 022 034 0934 1.22
Sc (ng/g) 11.44 8.2 7.0 9.7 0.6 104 9.2 131 1.1 11.8 8.2 18.3 24 8.2 0.863 1.16
Sr (ug/g) 202 323 249 366 32 349 310 386 24 232 143 406 66 435 0.909 1.07
Ti (ng/g) 4300 3601 3035 4906 411 3713 3386 4111 237 4376 2016 11,067 1434 2679 0.881 1.11
Tl (ng/g) 0.461 0.43 0.33 0.57 0.05 0.58 0.34 1.02 024 048 0.27 0.74 0.13 0.21 0.859 1.11
Y (uglg) 248 206 162 239 18 236 199 276 24 256 96 327 43 188 0971 1.18
Zn (ng/g) 102.6 264 123 444 88 318 175 977 240 98 64 168 27 92 0.942 1.07
Al (%) 6.99 543 497 6.03 0.24 5.10 436 5.89 046 6.46 5.11 8.04 0.75 5.47 0.856 1.17
Fe (%) 297 2.87 196 4.05 044 454 3.23 9.49 190 4.04 260 7.20 1.06 281 0.972 1.06
Mg (%) 1.27 1.90 0.89 327 045 1.83 1.03 2.57 043 127 0.47 2.26 0.44 1.20 0.956 1.07
Ca (%) 1.52 5.26 2.76 7.75 0.94 475 297 596 1.03 1.85 032 4384 0.92 11.35 0.925 1.04
Na (%) 131 1.58 1.22 1.75 0.14 1.96 139 3.19 0.63 1.55 0.18 2.65 0.35 1.77 0.949 1.04
K (%) 1.93 1.67 1.39 1.86 0.12 1.60 1.20 2.09 024 197 147 3.06 0.29 1.84 0.945 1.02

Note: *The background value of Beijing region (reference: China National Environmental Monitoring Center, 1990) **Recovery rate has no unit.

corresponding mean values, which are shaded in Table 1. The SD
values of the other metals are all less than half of the corresponding
mean values. Results showed that these metals have relatively
different contents at different locations and thus might have
different emission sources. Human activities should be the major
source of these metals, except Mo, which has a content of below the
background value in most samples.

Ratios between individual element contents and the back-
ground values were calculated for each sample and the mean and
maximum values are shown in Fig. 2. There are few anthropogenic
emissions and accumulations for As, Ce, Co, La, Mn, Mo, Nd, Ni, Rb,
Sc, Ti, T, Y, Al, and K in the study area with ratios close to or less
than 1. Clearly identifiable human activity emissions and influences
were demonstrated by larger ratios ranging from 1 to 2 for Ba, Cr,
Nb, Sr, Fe, Mg and Na and higher than 2 for Cd, Cu, Hg, Pb, Sb, Zn,
and Ca. The contents of Ba, Cd, Cr, Cu, Hg, Pb, Sb, Sr, Zn, Ca and Mg in

urban dust from BJC and MYT were higher than those from MYC
and higher than the background values (Fig. 2), which suggests that
the emissions of these elements are mainly caused by human ac-
tivities in cities. Overall, Cd, Cu, Hg, Pb, Sb, and Zn demonstrated to
be the typical urban contaminants and mostly influenced by the
adjacent human activities with higher content to background ratios
and SD values. Ca also had higher content to background ratios
whereas smaller SD values, showing that it was mainly from urban
anthropogenic emissions and relatively evenly distributed in the
study areas.

For the sediment sample, the contents of Ba, Cd, Ce, Cu, Hg, La,
Ni, Sr, Ca, and Na were higher than the Beijing background values.

3.2. Spatial distribution of metals

Eight metals (Ba, Cd, Cu, Hg, Pb, Sb, Zn, and Ca), which exhibited

100

10

Ratios between individual element
contents and background values

As Ba Cd Ce Co

MYC

Individual element

Fig. 2. Ratios between individual element contents and background values.
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much higher metal contents than the background values at certain
sites, were selected to demonstrate their spatial distribution in the
three sampling areas using the IDW in ArcGIS 10.0 (Fig. 3). The
background levels of individual metals are all within the first
content ranges in Fig. 3 with dark green color.

The enrichment levels of all eight metals in BJC and MYT were
higher than found in MYC, showing that there were intensive
anthropogenic emissions from cities. Table 2 shows the important
anthropogenic pollution sources for certain metal elements from
previous studies. The X in the table represents the potential source
is an important emission source for the corresponding metal
element.

Fig. 3 showed the metal contents were quite different at
different locations and varied very much for different metal ele-
ments, which exhibited quite diverse shapes and colors in Fig. 3.
This is caused by the abundant impact from adjacent anthropogenic
pollution emissions at various locations and different emission
sources for different metal elements. Among the plotted eight
metal elements, Cu and Sb demonstrated much higher contents in
urban dust of BJC than those of MYT. Little enrichment of Cu and Sb
was found in MYC. This showed that the emission sources of Cu and
Sb mainly existed in cities. Among the 29 metal elements investi-
gated, Cu and Sb were found to be the most distinct elements that
were highly affected by the developing level and congestion status
of the cities with much higher contents in dust in more developed
and congested cities, e.g. BJC. The higher contents of Cu and Sb in
BJC might be mainly due to the heavy traffic and increased brake
usage in congested super city based on the fact that brake system
was the main emission source of Cu and Sb shown in Table 2. In
addition, higher Cu and Sb contents happened in southern and
western part of BJC, where many long distance bus stations and
railway stations located. This is another evidence that vehicle
braking system emits much Cu and Sb.

In MYT, the highest contents of nearly all the eight metals except
Hg occurred around MYTS5, the central area of MYT. As a small scale
town with about 19,000 capita (http://www.my.bjstats.gov.cn/
Page/181/InfolD/11739/Sourceld/717/PubDate/2011-05-06/
default.aspx), MYT5 was surrounded by the most important
buildings of the town within 500 m radius range including Miyun
county government center, Miyun county hospital, Miyun grand
theater, Scitech outlet plaza (Miyun), Changan Shopping center.
Therefore adjacent anthropogenic activity intensity largely deter-
mined the environmental metal contents and Ba, Cd, Cu, Pb, Sb, Zn,
and Ca were found to be good indicators.

3.3. Pb isotope characteristics and Pb potential sources

To further understand the origin of Pb in the urban dust and
surface soil, the Pb isotopic ratios (e.g., 2%4Pb/>°6Pb, 207Pb/2%6Pb, and
208pp[206pp) of three study areas and the major possible sources,
such as vehicle exhaust, industries, and coal, were shown in Fig. 4.
The Pb isotope ratios for Cenozoic basalts and Mesozoic—Cenozoic
granites in Hebei Province were used as the background value
(Zhang, 1989; Basu et al., 1991; Zhu, 1995). The Chinese coal line
was the distribution of 2°®Pb/2%6Pb and 2°’Pb/2°6Pb of coal and coal
combustion emissions from different areas and different thermal
power stations in China (Mukai et al., 2001; Gao et al., 2004; Chen
etal,, 2005; Tan et al.,, 2006; Hu et al., 2013). It demonstrated the Pb
isotope characters of major coals in China—ranges and relationship
between 2%8Pb/2%Pb and 2°7Pb/2%Pb. The Chinese coal line showed
a similar Pb ratio to the Chinese Pb ore line, which was obtained
from the data of Zheng et al. (2004) and Zhu et al. (2013). Results
suggested that the coal and Pb ore have similar Pb isotope ratios,
which were both underground resources. The Chinese coal and Pb
ores were generally higher in 2°Pb/?°®Pb ratio (Cumming and

Richards, 1975; Hu et al., 2015a) than the Pb growth curve
(Fig. 4). Fig. 4 showed that the Pb isotope ratio 2°4Pb/2%Pb and
207pp296pp increase in the following sequence: loess < vehicle
exhaust < industry < aerosols. Coal combustion had a wider Pb
ratio range, which covered the variability from vehicle exhaust and
industrial processes.

For the samples collected in this study, the Pb isotope ratios of
MYC soil covered the widest ratio ranges with 204Pb/2%6pb,
207pp[206pp, and 298pb/2%®Pb of 0.0544—0.0635, 0.8496—0.9560,
and 2.0790—2.3201, respectively, demonstrating a wide range of Pb
sources in the MYC surface soil. Site MYC5, located in an iron mine,
had the highest 2%4Pb/2%pb, 297pb/296pb, and 2°®Pb/2%6Pb ratios in
all samples, which indicated that the ore had higher 2%4Pb/?°6Pb,
207pp296ph, and 298Pb/2%6Pb ratios than other sources.

The Pb isotope ratios of urban dust in BJC and MYT, except BJC29
and MYT6, remained within a relatively narrow range, which
indicated relatively consistent sources for urban dust. The three Pb
isotope ratios for urban dust in BJC were distributed similarly to the
MYT dust. The 2°8Pb/2%Pb values of BJC and MYT all located below
the Chinese coal line and Chinese Pb ore line, whereas the values of
MYC were almost on these lines. Therefore Pb pollution in MYC was
mainly related to the coal combustion. Most samples located higher
than the Pb growth curve, except MYC33, showing that anthropo-
genic influences are present in the study area. The ratio of sediment
sample was higher than most samples, indicating different Pb
sources.

As shown in Fig. 4, the fine particle subsamples, BJC14b and
BJC28b, had higher 2%4Pb/2%6pb, 297Pb/2%Ppb, and 2°8Pb/?°®Pb ratios
than the coarse particle subsamples. The fine particle subsamples
were located near the anthropogenic sources of coal combustion
and vehicle exhaust, and the coarse particle subsamples were
located near the background value. This indicated that fine particle
subsamples might be more related to surrounding human activities
than coarse subsamples.

The 294Pb/2%6pb and 2°8Pb/26Pb ratios of the aerosols in Beijing
(Liu et al., 2011) were generally higher than the urban dust samples
(Fig. 4). Atmospheric deposition has an important influence on
urban dust and rural surface soil, and the particles can transfer
between aerosols and urban dust, rural surface soil (Bi et al., 2007).
In this situation, atmospheric deposition can bring anthropogenic
pollution from other areas for urban dust and rural surface soil. But
the pollution from atmospheric deposition is the secondary
pollution and is the combination of many end-members or
different sources. Therefore, atmospheric deposition cannot be
thought of as the original sources of urban dust and rural surface
soil.

3.4. Source identification based on Pb isotope ratios

The Pb isotope ratios from various sources were used to quantify
the Pb pollution contribution proportion from different sources. As
shown in the previous discussion, coal combustion, vehicle
exhaust, and industrial activities had a major influence on Pb
pollution in the study area. Therefore, four end-members (e.g.,
background, coal combustion, vehicle exhaust, and industry) were
assumed to contribute 100% to the Pb in the samples. If the pro-
portions of each of the end-members k were known, the Pb isotope
ratios can be calculated as follows:

4
(207/206).; = k;:(207/206); (1)
j=1
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Fig. 3. Spatial distribution of selected metals in urban dust and rural surface soils.
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Table 2
Potential sources of metals from different industries and vehicles.

Potential sources Ba Ccd Cr Cu Pb

Sb Sr Zn Al Fe Ca Hg Mg

Braking system x - - x -
Automobile metal part wear - - x - -
Tire tread wear - - — — —
Paints on road x
Vehicle exhaust x - - x
Cement —

Building weathering —
Coal consumption - — x
Iron mine -
Pesticides and fertilizers -

X X
| |

X X x|
| X X | X X

X
|

|
|
X
| x X
|

|
|
| %
|
|
| X X X X
|
|

|
| x
|

*References: Li et al., 2001; Adachi and Tainosho, 2004; Widory et al., 2010; Charlesworth et al., 2011.
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Fig. 4. Pb isotopic composition for urban dust and rural surface soil samples and some
possible sources, 2%4Pb/2°6Pb vs 2°7Pb/2%5Pb and 2°8Pb/2%5Pb vs 207Pb/2°%Ph.

Data Sources: Background - from Zhang (1989), Basu et al. (1991) and Zhu (1995),
Aerosols in Beijing- mainly from Liu et al. (2011), Coal - including coal combustion,
from Mukai et al. (2001); Gao et al. (2004); Tan et al. (2006); Widory et al. (2010),
Industry - mainly from lead refining plants near Beijing, Widory et al. (2010), Vehicle
exhaust - including gasoline and diesel, Zhu et al. (2001), Gao et al. (2004), Chen et al.
(2005), Tan et al. (2006), Loess - obtained from Widory et al. (2010), Chinese coal line -
drawn based on data from Mukai et al. (2001); Gao et al. (2004); Chen et al. (2005);
Tan et al. (2006); Hu et al. (2013), Chinese lead ore line - obtained from the linear
regression of data from Zheng et al. (2004), Zhu et al. (2013), Lead growth curve - from
Cumming and Richards (1975); Hu et al. (2015a).

(204/206); =

4
kj i(204/206); (2)

Jj=1

4
(208/206)6,1- = Z kjﬁi(208/206)j (3)
j=1
4
iji = 1,Where 0< kj_’,' <1 (4)
j=1

where (207/206).;, (204/206).;, and (208/206); represent the
calculated 207Pb/?%6pDb, 294pb/20ph, and 298Pb/2%°Pb ratios for
sample I, respectively; (207/206);, (204/206);, and (208,/206); give
the 297pb/2%6pb, 294pb/?96pb, and 2%8Pb/?°®Pb ratios for end-
member j, respectively; j represents the end-members with j = 1
for background, j = 2 for coal combustion, j = 3 for vehicle exhaust,
and j = 4 for industry; and k;; is the mass proportion of end-
member j for sample i. The Pb isotope ratios for the end-
members were achieved from related studies and the mean
values of different studies were calculated as shown in Table 3. Only
the Pb isotope ratios of the end-members background, coal com-
bustion, and industrial activities from Beijing area were used to
calculate the pollution source proportion. For vehicle exhaust, the
data from other cities were also used due to the unified standard for
gasoline and diesel in the whole China.

To obtain Pb isotope ratio proportions for different end-
members, a least-square optimization method was used to mini-
mize the sum of squared differences between the calculated and
observed isotope ratios with the objective function as follows:

F(kj;) = min2(<(207/206)c,i - (207/206),.)2
+ ((204/206)” - (204/206)1.)2
2
+ ((208/206)6,,- - (208/206),) ) (5)

where (207/206),;, (204/206);, and (208/206), ; are described as
Equations (1)—(4) and (207/206)l~, (204/206);, and (208/206); are
the observed isotope ratios for sample i.

Lsqlin in Matlab R2010b was used to obtain the optimized so-
lution. The mass proportions of different end-members for each
sample k;;were calculated and results were shown in Fig. 5. Coal
and vehicle exhaust were the most important Pb pollution sources
and the average of the sum of their mean mass fraction was 74.6% of
the total Pb pollution. The calculated mass proportions of different
pollution sources had a large variance for MYC samples but a much
smaller variance for BJC and MYT samples, indicating relatively
similar Pb pollution compositions for different locations in the ur-
ban area. The Pb pollution proportion from industry was the lowest
in the urban area with mean fractions of 9.7% and 11.5% for BJC and

Please cite this article in press as: Yu, Y., et al., Metal enrichment and lead isotope analysis for source apportionment in the urban dust and rural
surface soil, Environmental Pollution (2016), http://dx.doi.org/10.1016/j.envpol.2016.06.046




8 Y. Yu et al. / Environmental Pollution xxx (2016) 1-9

Table 3
Lead isotope ratios of four end-members.
(207/206); (204/206); (208/206); References
Background (j = 1) 0.9060 0.0591 2.1416 Zhang, 1989; Basu et al., 1991; Zhu, 1995
Coal (j = 2) 0.8551 0.0552 2.1007 Mukai et al., 2001; Widory et al,, 2010
Vehicle exhaust (j = 3) 0.8643 0.0552 2.1116 Zhu et al., 2001; Gao et al., 2004; Chen et al., 2005; Tan et al., 2006
Industry (j = 4) 0.8748 0.0562 2.1961 Zhu et al., 2003; Widory et al., 2010
100 industrial wastewater discharge into the river for better pollution
M Background control
[F Coal :
— B Automobile exhausts .
& Emdustry 4. Conclusions
& 80
-E The influence of human activities on metal contents in urban
E 3 surface dust and rural surface soils was well demonstrated by the
s large metal content to background values. Among the 29 metals
£ 60 studied, the ratio of observed to background was higher than 2 for
-] *29 Cd, Cu, Hg, Pb, Sb, Zn, and Ca. The contents of Ba, Cd, Cr, Cu, Hg, Pb,
é 9:30 Sb, Sr, Zn, Ca and Mg from the urban areas of BJC and MYT were
b=t 26 9 higher than those from rural MYC, suggesting that the elevated
= L i . ; PR
o 407 ﬁ%g s H contents were mainly caused by the increased human activities in
= 204 ? * é the urban areas. Spatial distribution showed that Cu and Sb con-
S . . . .
£ 19 $ tents were the most distinctive metal elements mainly influenced
g by different development and congestion levels.
2 20 17 ; & The Pb isotope ratios (e.g., 2%4Pb/2%6pb, 297pb/2%6pb, and
E ! * 208pp206ph) were used to understand the origin of Pb sources in
E further detail. The Pb isotope ratios of urban dust from BJC and MYT
8 had a narrower range than MYC, and located near the Pb isotope
o- 23{ 5 ratios of anthropogenic inputs. Most of the samples had a lower
BIC MYT MYC 208pp296p ratio than the Chinese coal line and Chinese Pb ore line.

Fig. 5. Mass proportion of different pollution sources in BJC, MYT, and MYC through
the Pb isotope ratio calculations.

MYT, respectively. Coal combustion had the highest Pb pollution
fraction with mean values of 41.5%, 38.6%, and 39.8% for BJC, MYT,
and MYC, respectively. This result indicated that Pb pollution from
coal combustion was the major source of Pb pollution in study area.
This was coincident with coal was still the major energy source for
China (Xie et al., 2015). The large variance of calculated Pb mass
proportions for MYC indicated a much more uncertainty of Pb
sources apportionment for MYC soil than for the urban dust. Pre-
vious studies also showed a variety of anthropogenic Pb input into
surface soils including traffic activities, industries, and so on
(Facchinelli et al., 2001; Wong et al., 2002; Micé et al., 2006).

Vehicle exhaust was the second most important Pb pollution
source with mean fractions of 35.3%, 33.6%, and 33.0% for BJC, MYT,
and MYC, respectively. Although leaded gasoline was banned in
1997 in Beijing (Hu et al., 2015b), the results demonstrated major
Pb pollution from vehicle exhaust, which may be from diesel and
low-quality unleaded gasoline fuels.

For subsamples BJC14b and BJC28b, the Pb pollution from coal
and vehicle exhaust was stronger than from the corresponding
coarse particles. The mass fractions from the background in BJC14a
and BJC28a were higher than those in BJC14b and BJC28b. This
confirms that there was more anthropogenic Pb pollution in the
fine particles than in the corresponding coarse particles (Lau and
Stenstrom, 2005).

The Pb pollution mass fractions for the sediment samples were
52.5% from background, 0.0185% from coal, 6.2% from vehicle
exhaust, and 41.5% from industry. This result suggests that the Pb
pollution in sediment was mainly from the background soil and
upstream industry discharges. More attention should be paid to the

Quantitative calculation results for the end-members proportion
showed that coal combustion had the highest mass fraction for Pb
pollution and vehicle exhaust was the second largest pollution
source. In addition, urban dust with the particles smaller than
120 pm got more anthropogenic Pb influence than coarse particles.

For river sediment, the Pb isotope results showed that the Pb
pollution in river sediment was mainly caused by the background
and up-stream industrial sources.
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