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Abstract

A total of 155 urban soil and 157 dust samples were collected from Xining city (NW, China) with the objective to systemati-
cally investigate the spatial occurrences, sources, and health risk status of potential toxic metals (PTMs) bound in urban soil
and street dust. Results established by Geographic Information System tools with inverse distance weighted interpolation
technique indicated that the spatial status of 24 multi-PTMs varied with their concentration levels in urban soils and street
dusts in monitored local areas. However, they had the similar sources in soil and dust. It was found that Bi, Ga, Nb, Ni, Rb,
Sr, Th, U, Y, Zr, As, Mn, Nb, Ti, and V would be possibly predominated by nature material, whereas contamination of Ba,
Cr, Cu, Pb, and Zn was clearly related to traffic-related sources. Peculiar associations among Sb, Sn, Ce, and Co were pos-
sibly enriched in soil and dust very close to the industrial activities. It was noted that PTMs in urban soil was an important
contributor to them in dust. Compared with the potential ecological risk index of all PTMs, Sb posed very high risk. The
calculated hazard index and cancer risk of all PTMs suggested the acceptable range both to noncarcinogenic and carcino-
genic risk to children and adults except for the case of Cr. However, the noncarcinogenic risk for children was usually higher
compared with adults. Although the noncarcinogenic and carcinogenic risk were not significant, the risk of Cr above the
threshold for children and adults were observed in most local sites, which should be given more attention.

The city is an important symbol of the development and
progress of human civilization. It is the main environmen-
tal area in which human beings are concentrated in a large
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number of living and activities. There is no doubt that urban
development has created great wealth for mankind and pro-
moted the development of economy and industry (Zhang
et al. 2014). However, it also has caused the deterioration of
urban environment, brought a series of environmental pollu-
tion problems, and even destroyed the balance of the whole
biosphere (Zhao et al. 2014a). Nowadays, more people live
in urban areas than in rural areas. Urban soil plays a role of
scavenger agent for metal pollutant and adsorptive sink for
environmental contamination in nature (Post 1999), which
is a relatively young field compared with the traditional soil
sciences, which focused primarily on agriculture and forest
environments (Horvath et al. 2014). Street dust consists of
soil, deposited airborne particulates, construction material,
soot, and fume discharged from industry and vehicles—one
of the most important host media of environmental pollut-
ants (Post 1999). Urban soil and street dust are strongly
influenced by anthropogenic activities, differ greatly from
natural soils, and receives a major proportion of potential
toxic metals (PTMs) emissions from industrial activities,
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traffic vehicle emissions, municipal waste, as well as com-
mercial and domestic activities (Li and Feng 2012a, b).

Potential toxic metals pollution is a priority environmen-
tal pollution in urban environments. Urban soil and dust are
the two major emitters of pollutants, which may come from a
plethora of sources, such as atmospheric deposition, vehicu-
lar traffic, building deterioration, industrial emissions, min-
ing activities, pharmaceuticals, and personal care products
(Lin et al. 2017). Pollutants originating from these sources
could remain in soil and dust for a long time and can be
adverse to human beings even if they have been removed
(Li et al. 2017). There are three main characteristics in the
process of contaminated soil and dust: long residence term,
concealment, and irreversibility. Hence, PTMs are regard as
“chemical time bombs” (Stigliani et al. 1991).

PTM pollution in urban soil and road dust has always
been a hotspot for research of environmental science and
engineering (Wu et al. 2015). The prolonged presence of
pollutants in urban soils and street dust and their close prox-
imity to the human population can significantly amplify
the exposure of the urban population to PTMs via inhala-
tion, ingestion, and dermal contact (Dehghani et al. 2017).
Although the physical and chemical properties of PTMs are
relatively stable, anthropogenic activities could strongly
change the process of PTMs in environment and cause a
risk to human health.

Numerous studies have revealed the trace metals con-
tamination in urban soils or street dust (Atiemo et al. 2011;
Charlesworth et al. 2003; Cheng et al. 2014; Christoforidis
and Stamatis 2009; Du et al. 2013; Mihailovi¢ et al. 2015;
Wei et al. 2015). The scientific literature on trace metals
concentrations in urban soil or street dust has focused pri-
marily limited metals, such as Cu, Cr, Ni, Pb, and Zn, and a
city-wide systematical investigation was incomplete. Urbani-
zation and industrialization in China have taken place in the
past three decades at an unprecedented pace. It has made
urban environmental pollution a very important issue (Jaf-
far et al. 2017). Xining is a valley industrial city in north-
western China, which has experienced rapid urbanization
and industrialization, exerting a heavy pressure on its urban
environment (Zhao et al. 2014b). A wealth of information on
spatial occurrence, sources, and health risk of multi-PTMs
associated with rapidly city urbanization and industrializa-
tion is lacking. Therefore, the objectives of this study would
focus on: (1) investigating the spatial occurrences of these
selected 24 PTMs (As, Ba, Bi, Ce, Co, Cr, Cu, Ga, La, Mn,
Nb, Ni, Pb, Rb, Sb, Sn, Sr, Th, Ti, U, V, Y, Zn, and Zr)
distribution in urban soil and street dust; (2) evaluating the
level of contamination in the urban soil and street dust based
on pollution indexes; (3) identifying the probable natural or
anthropogenic sources of these PTMs; and (4) assessing the
potential ecological risk and human health risk to obtain a
spatial risk of the pollutants.

Materials and Methods
Study area

Xining (101°45'E, 36°43'N), the capital of Qinghai prov-
ince of China, lies in the eastern part of Qinghai-Tibet
plateau. As an ancient highland city and a major gateway
to the Tibetan Plateau on the Yellow River, Xining once
had experienced the extensive development many years
ago. Nowadays, with the higher speed of urbanization and
industrialization, the urban population of Xining has dra-
matically grown from 941,000 in 2000 to 2,267,000 in
2013, and the Real Gross Domestic Product (GDP) per
capita was 5215 Yuan (RMB, name of Chinese currency)
in 2000 to 43,346 Yuan in 2013 due to the contributions
of industrial business. Xining is not only the capital city
of Qinghai province but also has become an important
industrial base for mechanical and chemical engineering,
fur and milk products, metallurgy, building material manu-
facture, pharmacy, and electronic industries, etc., in north-
west China. Combined with a large number of construction
sites, bare soil surfaces, and strong wind in Xining urban
city, all create serious pollution in Xining. Compared with
western developed countries, the industrial layout in this
area obviously lacked well planning, posing a potential
risk.

Samples Collection, Preparation, and Analytical
Methods

A total of 155 urban soil and 157 street dust samples were
collected from asphalt pavements along the main streets and
each road branches in the region of Xining (Fig. 1a, b) in
September 2014 (dry season). The weather condition was
sunny and windless during the sampling period, and no rain
had occurred during the 2 weeks before sampling. The sam-
pling sites covered all over the urban area of approximately
350 km?, including the traffic, industries, commercial, and
residential areas. At each site, road characteristics, land use,
and geographic coordinates were recorded. Conforming to
the principle of multidensity and random sample collection,
each soil sample was collected at 0—20-cm depth from three
to five different spots and combined into a composite sample
(bulk sample) by the classical cone and quarter technique
(Raab et al. 1990), and dust samples were collected by gen-
tly sweeping an area of approximately 2-3 m? adjacent to
the curb of the impervious surfaces (road, pavement) using
plastic utensils (brush and dustpan). All of the soil and dust
samples were nearly 200 g and were gathered into clean,
self-sealed polyethylene bags, labeled, and transported into
the laboratory for subsequent preparation and analysis.
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First, all samples were air-dried at an ambient tempera-
ture in the laboratory and then sieved by a 2-mm nylon
sieve to remove coarse impurities, such as small stones and
woody debris. The sieved samples were homogenized into
0.075 mm by electric grinding machine. Next, 4.0 g of each
milled soil sample and 2.0 g of boric acid, which would
wrap the sample in the bottom and around, were added in
the mold synchronously and pressed into a 32-mm-diameter
pelleted by using electric tablet machine with 30 t pressure
for PTMs concentration detection preparation. The total
concentrations of PTMs were directly determined by wave-
length dispersive x-ray fluorescence spectrometry (XRF,
PANalytical PW2403 apparatus). GSD01-12, GSS01-16,
and GBW070041-070046 were selected as analyze stand-
ard and quality control samples (Institute of Geophysical
and Element Prospecting, Hebei, People’s Republic of
China) to calibrate and check the accuracy of the XRF.
The accuracy test of PTMs in the reference soil samples
were given in Table S1 (Supplementary Materials). All of
the concentrations were above the limit of detection of each
element listed in Table S2 (Supplementary Materials). The
relative standard deviation (RSD) of the PTMs were in the
range of 5% to 8% (Wu et al. 2015).

Spatial Distribution Analysis

Considerable information might be acquired by portraying
the geographic distribution of the elements with Geographic
Information System (GIS). GIS maps were plotted to explain
the spatial distribution and each potential pollution source of
the studied PTMs. Spatial interpolation method was used as
the modeling approaches in this study to incorporate infor-
mation about the geographic position of sample points. The
fundamental of spatial interpolation methods was that points
closer to each other had more correlations and similarities
than those further away (Li et al. 2017; Schloeder et al.
2001). The interpolation technique used in this case was
the inverse distance weighted (IDW), which means that the
assigned values to unknown points were calculated with a
weighted average of the values available at the known points.
The software ArcGIS 9.0 (ESRI Inc., CA, USA) was used
for mapping and spatial analyzing at present study.

Multivariate Statistical Analysis

Multivariate statistical techniques were extremely useful
tools to identity the sources (Li et al. 2017). The relation-
ships among elements were tested using Spearman correla-
tion analysis confirmed by the statistical significance levels
at P<0.05 and P<0.01. The Spearman’s rank was more
appropriate when the data were not normally distributed
to correlation analysis. To estimate the relationships in the
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elements concentration, to determine potentially influencing
environmental factors (Reimann et al. 2002), and to clarify
whether the PTMs had similar origins, factor analysis (FA)
was regarded as an extension of the correlation analysis to
explore hidden multivariate structures in the data (Lazo et al.
2018). Because most environmental data in this study were
strongly right-skewed or left-skewed, in this study, the raw
data were first log-transformed before using the Windows-
based SPSS.19.0 software packages (SPSS Inc., Chicago,
IL) to Spearman correlation analysis and factor analysis
(FA). All data input and basic statistical analysis, such as
maximum, minimum, the arithmetic mean, median, skew-
ness, kurtosis, standard deviation and coefficient of variation
of all primary data were computed using Excel 2010.

Contamination Assessment Method

Enrichment factor (EF) of the element was an important
index to quantitatively evaluate the degree of pollution and
the source of pollution. EF aimed to distinguish and iden-
tify metal source originating from anthropogenic and natural
means. EF was defined by the following Eq. (1):

( CX / Cref) Sample

EF =
( CX/ Cref ) Background

ey

where (C,/Ciep)sampie Was the ratio of PTMs concentration
(C,) to reference metal concentration (C,.¢) in the sample,
and (C/C¢p)packgrouna Was the corresponding ratio in the
background sample. Elements Fe and Al were most often
used with references when calculating the enrichment fac-
tor of environmental toxic metal pollutants (Li et al. 2016).
In the present study, the background values for PTMs from
Xining city soils (A horizon) were used as reference base-
line (CNEMC 1990), and Al was selected as the reference
element. Degrees of enrichment factor were classified into
five categories: EF <2, minimal enrichment; 2 < EF <5,
moderate enrichment; 5 < EF <20, significant enrichment;
20 < EF <40, very high enrichment; and EF > 40, extremely
high enrichment (Li and Feng 2012a; Sutherland 2000).

Potential Ecological Risk Assessment Model

The potential ecological risk was calculated with Eqgs. (2)
and (3) (Hakanson 1980):

i _ G
G = e )
E'=T'x C} 3)
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Fig. 1 The location map of the study area (the right upper) and sampling sites of urban soil (a-left) and street dust (b-right) in Xining urban city

C} was the pollution coefficient of a single PTM. C; was
actual content of PTM. Cﬁ, was the corresponding reference
value of i. E; was the potential ecological risk parameter of
a single PTM, and 7 was the corresponding toxic response
factor. The classification of E| was as follows: E; <10 was
low risk; 10 < E; <20 was moderate risk; 20 < E! <40 was
considerable risk; 40 < E; < 80 was very high risk; and
E} <80 was extremely high risk. In the study of environmen-
tal risk assessment, the background value of Xining soil
(CNEMC 1990) was used as the reference value. The stand-
ard values C, of As, Co, Cr, Cu, Mn, Ni, Pb, Sb, Sr, Ti, V,
and Zn were 12, 13, 74, 23, 598, 26, 22, 1, 328, 3639, 71,
and 60, and the toxic response factor (Tr") were 10, 5,2, 5,1,
5,5,10,1, 1,2, and 1, respectively (Xu et al. 2008).

Health Risk Assessment Model

Health risks were classified as noncancer risk and carcino-
genic risk. In this study, these PTMs, i.e., As, Ba, Co, Cr,
Cu, Ni, Pb, Sb, Sr, Ti, V, and Zn, were selected for health
risk assessment. These elements all had chronic noncarci-
nogenic risks. It was worth emphasizing that As, Co, Cr,
Ni, and Pb had cancer risk. On the basis of the movement
and transformation of pollutants in the environment, PTMs
entered the body mainly through the following three chan-
nels: dermal, inhalation, and ingestion.

Exposure Risk Evaluation

The average daily exposure dose received through der-
mal (ADDy..ma), inhalation (ADD;,,), and ingestion
(ADD;,,,) routes were calculated using the following
Egs. (4)—(6) adapted from the US-EPA (USEPA 1996,

2001). For carcinogens elements (As, Co, Cr, Ni, and Pb),
the lifetime average daily dose (LADD) was calculated in
Eq. (7) for the inhalation route in order to assess the cancer
risk. Equation (8) was used for calculating the 95% upper
confidence limit (UCL) of the arithmetic mean (Gabarron
et al. 2017; Li et al. 2013; Lu et al. 2014).

_ CxSA X SL x ABS X EF X ED x CF

ADDdermal - BW x AT (4)
C X InhR X EF X ED
ADD,, = )
PEF x BW x AT
C x IngR x CF X EF X ED
ADD,,, = (6)
BW x AT
LADD, , = C xEF % Inhgiq X EDgpijg - Inhygyp X ED,q
PEF x AT BW 4 BW quic
@)
Cosquer, =X +1,, 1 - —— (8)

n

ADD (mg kg™! day~!) was the daily dose intake through
dermal (ADDy,,,,), inhalation (ADD;,,), and ingestion
(ADD;,,). (LADD,;,) was the lifetime average daily dose
intake through inhalation. C (mg kg™") was the concentration
of PTM in the soil or dust. SA (cm™ day™") was the exposed
skin area. SL (mg cm~2 day~') was the skin adherence. ABS
(dimensionless) was the dermal absorption factor. EF (d a™!)
was the exposure frequency. ED (a) was the exposure dura-
tion. CF (kg mg~"') was the conversion coefficient. BW (kg)
was the standard body weight. AT (day) was the average
exposure time. InhR (m> day™') and IngR (mg day™') were
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Table 1 Statistical results of the concentration (mg kg™") of PTMs in urban soil of Xining City

PTMs Maximum Minimum Mean Median Skewness Kurtosis Standard deviation CV (%) Reference value
As 34.80 3.80 7.65 7.60 8.31 90.60 251 0.33 12.00

Ba 479.40 286.20 329.81 325.55 2.77 12.36 25.21 0.08 474.00

Bi 5.90 0.20 2.50 2.40 0.40 0.45 1.10 0.44 0.29

Ce 86.60 49.00 67.59 67.50 -0.02 0.22 6.87 0.10 68.00

Co 30.70 10.30 16.96 15.90 1.20 1.58 3.82 0.23 13.00

Cr 1695.50 98.20 182.54 138.85 7.05 64.77 152.32 0.83 74.00

Cu 96.10 7.10 19.73 18.30 4.87 36.77 8.89 0.45 23.00

Ga 23.80 16.70 20.71 20.90 —0.62 0.37 1.46 0.09 14.00

La 36.20 12.40 24.01 23.65 0.12 0.01 4.09 0.17 35.00

Mn 647.90 286.40 436.96 436.30 0.69 6.52 40.10 0.09 598.00

Nb 19.60 9.20 14.85 14.95 -0.13 -0.91 242 0.16 13.00

Ni 37.70 13.00 25.21 25.60 -0.15 0.69 3.89 0.15 26.00

Pb 102.10 13.70 32.57 29.70 2.27 7.88 12.05 0.37 22.00

Rb 108.30 50.00 82.96 84.40 —0.68 0.85 9.73 0.12 92.00

Sb 19.90 0.10 9.33 9.75 -0.34 -0.35 3.76 0.40 1.00

Sn 38.00 1.70 21.90 22.65 —0.46 0.02 6.61 0.30 3.30

Sr 391.90 154.30 242.62 240.25 2.53 0.67 33.43 0.14 328.00

Th 17.60 0.80 12.33 13.10 -1.35 2.47 2.86 0.23 11.00

Ti 2610.00 1580.00 2307.62 2331.00 -1.76 541 153.96 0.07 3639.00

U 6.90 0.90 5.02 5.30 —-1.34 0.39 1.08 0.22 2.60

A\ 81.40 46.00 62.95 63.15 -0.30 0.39 5.26 0.08 71.00

Y 34.90 20.00 28.60 29.35 -0.95 0.39 2.69 0.09 23.00

Zn 178.50 21.00 45.13 38.8 2.68 10.75 21.44 0.48 60.00

Zr 277.70 103.80 187.52 188.2 -0.07 0.60 27.85 0.15 219.00

the inhalation and ingestion rate respectively. PEF (m? kg™!)

was the particulate emission factor, which related the con- HQ = ADD 9)
centration of contaminant in soil with the concentration of RD

dust particles in the air. Cysqcr, Was the 95% upper confi- _

dence limit (UCL) of the aﬁaﬁgétic mean. X (mg kg~!) was HE = HQuermay + HQuuy + HQin, (10)
arithmetic mean concentration. a was a parameter associated CR = LADD X CSF 11)

with confidence coefficient. n was the sample quantity in this
study. S was the standard deviation.

Due to the differences in social and cultural environment
at home and abroad, the technical parameters needed to be
selected through domestic literature research methods, and
the recommended values of foreign literature could not be
directly quoted (Yu 2011). In this paper, the parameters were
modified in the comprehensive consideration of the US-EPA
and some related studies in China (Li et al. 2010, 2015;
USEPA 1996, 2002). More details are shown in Table S3 in
Supplementary Materials.

Risk Characterization
Risk characterization was assessed from the hazard quotient

(HQ) (Eq. 9) for each PTM at each site for noncarcinogens
and cancer risk (CR) (Eq. 10) for carcinogens.

@ Springer

ADD (mg kg~! day™!) was the dermal, inhalation,
or ingestion calculated dose from Eqgs. (4)—(6). RfD
(mg kg~! day~!) was the corresponding reference dose,
which was defined as the intake or dose per unit of body
weight. The hazard index (HI) was the sum of the hazard
quotient (HQ) from each exposure pathway. HI < 1 means
there was no significant risk of noncarcinogenic effect that
could be ignored, whereas HI values > 1 suggested that
adverse effects might occur (Lu et al. 2014). As an estimate
of the upper-limit probability of an individual developing
cancer on account of exposure to a particular carcinogen,
CR was used to denote cancer risk. CSF (kg day mg™') was
the corresponding carcinogenic slope factor of the lifetime
average daily dose (LADD). When CR < 1075, it was con-
sidered that the risk was negligible. When CR was in the
range of 1070 to 1074, it suggested that there was a certain
cancer risk. When CR > 107%, it indicated that there was a
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Table2 Statistical results of the concentration (mg kg™') of PTMs in street dust of Xining City

PTMs Maximum Minimum Mean Median Skewness Kurtosis Standard deviation CV (%) Reference value
As 71.30 0.60 6.00 5.30 10.78 126.62 5.56 0.93 12.00
Ba 1009.10 270.00 344.43 330.30 7.29 71.30 65.09 0.19 474.00
Bi 7.10 0.30 2.86 2.80 0.66 1.96 0.96 0.34 0.29
Ce 99.10 42.30 61.56 60.60 1.09 2.90 8.34 0.14 68.00
Co 66.80 12.50 24.60 23.10 1.83 6.84 7.31 0.30 13.00
Cr 1467.80 88.80 507.77 438.20 1.81 6.95 194.18 0.38 74.00
Cu 112.70 5.80 30.32 26.80 241 9.37 14.47 0.48 23.00
Ga 22.80 13.10 18.54 18.50 0.10 1.75 1.47 0.08 14.00
La 31.40 9.30 19.71 19.60 0.08 —-0.26 4.16 0.21 35.00
Mn 668.90 243.10 377.69 364.80 2.11 7.21 57.04 0.15 598.00
Nb 24.10 8.20 12.95 12.70 0.82 1.45 2.56 0.20 13.00
Ni 64.50 9.80 23.47 21.30 2.16 6.40 7.95 0.34 26.00
Pb 326.00 20.10 62.82 53.00 3.54 17.23 38.90 0.62 22.00
Rb 88.00 33.80 58.41 57.40 0.54 1.25 8.63 0.15 92.00
Sb 27.50 0.30 8.91 8.90 0.77 1.10 5.23 0.59 1.00
Sn 63.90 2.60 22.81 24.00 0.76 2.33 9.59 0.42 3.30
Sr 900.80 132.80 245.08 240.40 7.65 79.67 62.41 0.25 328.00
Th 22.60 3.60 11.16 11.65 -0.18 2.28 2.61 0.23 11.00
Ti 2528.00 1385.00 1977.87 1951.00 0.43 0.58 189.39 0.10 3639.00
U 6.70 0.70 4.60 4.80 —-1.27 2.04 0.98 0.21 2.60
\" 72.40 33.10 51.78 51.10 0.98 2.67 5.44 0.11 71.00
Y 33.30 11.10 25.49 25.40 -0.37 1.75 3.15 0.12 23.00
Zn 259.00 27.50 104.84 96.8 1.18 1.84 41.25 0.39 60.00
Zr 359.10 96.7 194.74 190.9 0.62 1.39 39.62 0.20 219.00

significant cancer risk. The reference dose (RfD) and slope
factor (SF) of different exposure pathways were shown in
Table S4 in Supplementary Materials (Chang and Ye 2014;
USEPA 1996, 2002; Zhang et al. 2015).

Results and Discussion

Descriptive Statistics of Raw Dataset in Urban Soil
and Street Dust

Urban Soil

Total concentrations and descriptive statistics of soil sam-
ples were summarized in Table 1. The background value
of Xining soil (CNEMC 1990) was used as the reference
value. The arithmetic mean concentrations of Bi, Co,
Cr, Ga, Nb, Pb, Sb, Sn, Th, U, and Y were 2.50, 16.96,
182.54,20.71, 14.85, 32.57,9.33, 21.90, 12.33, 5.02, and
28.60 mg kg~ ! respectively, which were all more than the
reference value. The mean concentrations of the PTMs
mentioned above to background value ratios decreased as
the order of Sb (9.33 times) > Bi (8.62 times) > Sn (6.64
times) > Cr (2.47 times) > U (1.93 times) > Pb (1.480
times) > Ga (1.479 times) > Co (1.30 times)>Y (1.24

times) > Nb (1.14 times) > Th (1.12 times). The average
concentrations of As, Ba, Ce, Cu, La, Mn, Ni, Rb, Sr,
Ti, V, Zn, and Zr were 7.65, 329.81, 67.59, 19.73, 24.01,
436.96, 5.21, 82.96, 242.62, 2307.62, 62.95, 45.13, and
187.52 mg kg~!, respectively. They did not exceed the
background value of Xining soil. The maximum concen-
trations of Bi, Cr, Cu, Pb, Sb, and Sn were 5.90, 1695.50,
96.10, 102.10, 19.90, and 38.00 mg kg‘l, which were
20.34,22.91, 4.18, 4.64, 19.90, and 11.52 times above the
background values. The mean concentrations of Bi, Sb,
and Sn were 8.62, 9.33, and 6.64 times the background
value respectively, which were significantly higher than
the other elements. The standard deviation (SD) and coeffi-
cient of variance (CV) indicated that there was wide varia-
tion in some PTMs concentrations in soil samples. Accord-
ing to the study by Phil-Eze (2010), if CV <20% indicated
low variability, 21% < CV <50% was regarded as moderate
variability, 51% < CV <100% indicated high variability,
and CV > 100% was considered very high variability. In
this study, concentration of Cr showed maximum vari-
ability with CV of 83%. As, Bi, Co, Cu, Pb, Sb, Sn, Th,
U, and Zn showed moderate variability, while variability
of Ti was the lowest. The high CV values of Cr, Zn, Cu,
Bi, and Sb reflected their heterogeneity in the soil envi-
ronment, which further indicated the extensive existence
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Fig.2 The regional spatial maps of concentration of PTMs in urban soil of Xining City
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of anthropogenic sources (Han et al. 2006; Karim et al.
2014). The skewness and kurtosis (K-S) test confirmed
that the concentrations of these PTMs did not follow a
normal distribution, which was normal in geochemical
variables. The skewness values of As, Ba, Bi, Co, Cr, Cu,
La, Mn, Pb, Sr, and Zn were positive. It manifested that
their distribution patterns were right-skewed related to the
normal distribution. The skewness of As was maximum,
which was 8.31. The rest elements showed minus indicated
that their distribution patterns were left-skewed compared
with the normal distribution. However, the absolute values
of skewness of Bi, Ce, Ga, La, Mn, Nb, Ni, Rb, Sb, Sn, V,
Y, and Zr were smaller than others (skewness lower than
1), which confirmed that the concentrations of these ele-
ments were normal and close to the normal distribution.

Accordingly, concentrations of some PTMs in soil of
Xining City were strongly or slightly affected by human
activities, leading accumulation to varying degrees. As,
Co, Cr, Cu, Ni, Pb, and Zn contents in Xining soil were
compared with those in other cities from different countries
(Table S5, Supplementary Materials). As shown in the data
of Table S5, the concentrations of Co and Cr were higher
than other cities, which might be related to the source of
metals emissions, the lifestyle of urban residents, and the
level of urban development.

Street Dust

Table 2 showed the total concentrations and descriptive sta-
tistics of dust samples. The background value of Xining soil
(CNEMC 1990) was used as the reference value as well. The
mean concentrations of Bi, Co, Cr, Cu, Ga, Pb, Sb, Sn, Th, U,
Y, and Zn exceeded their corresponding background values in
Xining soils at 9.86, 1.89, 6.86, 1.32, 1.32, 2.86, 8.91, 6.91,
1.01, 1.77, 1.11, and 1.75 times, respectively. The coefficients
of variation (CV =100 SD/mean) were found for As (93%),
Bi (34%), Co (30%), Cr (38%), Cu (48%), La (21%), Ni (34),
Pb (62%), Sb (59%), Sn (42%), Sr (25%), Th (23%), U (21%),
and Zn (39%), indicating their medium spatial variability,
which was probably effected by human activities. The skew-
ness values of Th, U, and Y were negative, which indicated
that their distribution patterns were left-skewed related to the
normal distribution. The skewness and kurtosis (K-S) test
confirmed that the concentrations of Bi, Ce, Ga, La, Nb, Rb,
Sb, Sn, Th, Ti, V, Y, Zn, and Zr in soils were normal, whereas
other elements were all strongly skewed (skewness higher
than 1). The heterogenous distribution of PTM pollutions
from industrial emission might be reflected by the high skew-
ness, kurtosis, and standard deviation values (Li et al. 2017).

Comparison of mean concentrations of the studied met-
als in dust from Xining with different cities at abroad was
summarized in Table S6 (Supplementary Materials). The
median value of Cr in the analyzed dusts was much higher

than those reported previously. The difference of Cr contents
might be related to the elevated background of soils in the
study area (74 mg kg™!), higher than the reported values
(Beijing 66.7 mg kg~!, Xi’an 62.5 mg kg!). Detailed com-
parisons were clearly presented in Table S6.

Regional Spatial Maps of PTMs in Urban Soil
and Street Dust

Urban Soil

The study of the spatial distribution of PTMs in soil and dust
was an extremely crucial tool for identifying hot spots with
elevated the PTMs concentrations and assessing the potential
sources (Pan et al. 2017; Wang et al. 2017). Figure 2 showed
the interpolation mappings of spatial spread distribution of
As, Ba, Bi, Ce, Co, Cr, Cu, Ga, La, Mn, Nb, Ni, Pb, Rb, Sb,
Sn, Sr, Th, Ti, U, V, Y, Zn, and Zr in soil using IDW tech-
nique based on ArcGIS10.0 software. The darker red colors
show the overlap location of higher PTM concentrations in
geochemical maps, whereas the darker green colors indicated
both low concentrations and little overlap of areas. The dis-
tribution patterns of As, Co, La Mn, Nb, Pb, Sr, Th, and U
indicated low spatial heterogeneity and their abundances vary
little in study area. There were some clear heavily polluted
hot spots with higher levels mainly located in the northern
and western parts of the study area. It was observed that a lot
of isolated sites denote hot spots with extremely high values.
The concentrations of Cr and Ga in the study area were much
higher than the reference values at all locations. One or two
hot spots of As, Co, La, Pb, Sb, Sn, Sr, Th, U, Y, and Zr in
the spatial distribution maps might be caused by some local
point-source of contamination. However, the spatial distri-
butions of Ba, Bi, Ce, Cr, Ga, Ni, Rb, Ti, and V were much
more heterogeneous than other metals. It could be observed
that several hot spots and strips in maps might result from
surface-source of contamination possibly. Distribution pat-
tern in Co, Pb, and Zn, in La, Th, U, Y, and Zr, in Bi, Ce, and
Cr, and in Mn, Ti, and V were almost similar.

Street Dust

Spatial maps of As, Ba, Bi, Ce, Co, Cr, Cu, Ga, La, Mn,
Nb, Ni, Pb, Rb, Sb, Sn, Sr, Th, Ti, U, V, Y, Zn, and Zr in
dust were presented in Fig. 3. It was no exaggeration to say
that maps in Fig. 3 were different from those in urban soil
(Fig. 2), except for the U, Zn, and Zr. It could be observed
as several hot spots and strips in maps of most elements.
The high concentrations of dust Ga, La, Rb, and U distribu-
tion trend manifested generally similarity in all directions,
except the middle region, although their concentrations were
diverse, revealing that the origin of these PTMs might be
analogous. Dust Cr, Cu, Ni, Pb, and Zn were characterized
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Fig.3 The regional spatial distributions of concentration of PTMs in street dust of Xining city
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Fig.4 Spatial distribution of potential ecological risk index of harmful PTMs
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Fig.4 (continued)

by localized hot-spot patterns in the north of the city. The
north region was an important industrial cluster in Xining
City, and there were metallurgical, chemical, mechanical
manufacturing, and other industrial systems. Accordingly,
there was also an important transportation hub for Xining.
The geochemical maps indicated that there was likely to be a
crucial point-source for these PTMs. The spatial distribution
of dust Ce, Mn, Nb, and Sr were dissimilar from the other
PTMs, being less variable. Moreover, their concentrations
were comparable with the background values, suggesting
that these metals might not have been affected by anthropo-
genic inputs. The Cr distribution in dust displayed a unique
pattern, whose trend was more pronounced than other trace
metals, showing an increase from southeast to northwest. It
should be given more attention because of the possible north
industrial agglomeration contribution to the Cr emissions to
the environment (Li and Feng 2012b).

Comparison of PTMs Levels in Urban Soil and Street
Dust

The level fluxes provided an important tool to understand

the relationships of PTMs between in urban soil-street dust
and their background. Figure S1 (Supplementary Materials)

@ Springer

highlighted the differences between the PTMs contents in
the soils, dust, and from the background based on 10 loga-
rithm. The observations showed that the median of Ti, Mn,
Rb, V, Ce, La, Ni, Y, Ga, Nb, As, Th, U, Sb, and Bi in soil
were higher than those in dust, and the median of Sr in soil
was almost as much as that in dust. The results reflected
that the high abundance of those PTMs in the parent local
soils were associated with those in street dust. However,
other PTMs in the soil were lower than that in dust, which
indicated that their PTMs in dust contents were enforced in
relation to the anthropogenic activities. The different con-
centration levels of PTMs in urban soil and street dust sug-
gested that they might have different sources.

Multivariate Analysis and Source Identification
of PTMs in Urban Soil and Street Dust

Urban Soil

As a result, the Spearman’s correlation coefficients of date
from soil samples were listed in Table S7 (Supplementary
Materials). The correlation coefficients among these metals
could provide some useful information about the sources
of these pollutants. The concentration of As showed a



Archives of Environmental Contamination and Toxicology (2019) 76:308-330

323

101.7°E 101.8°F 101,7°E 101.8°E
N
Z ZZ A Z
w Valial Us)
o R e
e O O O
o NN o
Ba
B 4.05E-02 - 6.16E-02 . 131E-02 - 1.43E-02
Z | - 6.16E-02 - 6.81E-0 Z 7 | - 1.43E-02 - 1.48E-0 z
E- o 6.81E-02 - 8.92E-02 ; §' o 1.48E-02 - 1.55E-02 §
8.92E-02- 1.57E-01 0 | 2 4 1.55E-02- 1.66E-02 0 1 2 4
1.57E-01 - 3.75E-01 W m—km 1.66E-02 - 3.02E-02 M mm——km
101.7°E 101.8°E 101.7°E 101:8°E
101,7°E 101.8°F 101,7°E 101 8°E
N
& ZZ A Z
el vy vy
o] O o] NS
el o \© el
“ |Legend “ |Legend @
Co Cr
B 2.96E-03 - 3.75E-03 1.94E-01 - 3.35E-01
Z | m— 3.75E-03 - 4.24E-0 zz 3.35E-01 - 4.00E-01 z
§' [ 4.24E-03 - 5.03E-03 §§'  4.00E-01 - 4.78E-01 §
5.03E-03-625E-03 0 1 2 4 B 4.78E-01- 1.00E+000 1 2 4
6.25E-03 - 8.18E-03 M mm—— ki B 1.00E+00 - 1.48F-+0( M mm——km
101.7°E 101:8°E 101.7°E 101:8°F
101,7°E 101.8°E 101,7°E 101 8°E
N
z z z z
o S \o] S NS
O O \O© =
“ |Legend | Legend @
Cu
B 9.66E-04 - 1.44E-03 B 3.13E-02 - 3.58E-02
Z | M- 1.44E-03 - 1.69E-03 . Z 7 | W 3.58E-02 - 3.75E-0 z
&1 o 1.69E-03 - 2.16E-03 IS &7 p 3.75E-02 - 3.94E-02 L8
“ 216E-03-3.04E-03 0 1 2 4 “o 3.94E-02-4406-02 0 1 2 4 “
3.04E-03 - 4.70E-03 W mmm—— km 4.40E-02 - 5.23E-02 W m——m km
101.7°E 101.8°E 101.7°E 101.8°E
101,7°E 101.8°E 101.7°E 101.8°E
o N
Z ZZ A Z
w Valla) wy
& S o S
= O \© O
“ |Legend | Legend @
Ni Pb
B 2.29E-03 - 2.93E-03 B 1.96E-02 - 3.09E-02
Z | - 2.93E-03 - 3.38E-0 Z 7 | mm— 3.09E-02 - 3.52E-0 z
&7 g 3.38E-03 - 4.03E-03 IS &7 p 3.52E-02 - 4.65E-02 N
“ 4.03E-03-496E-03 0 1 2 4 NS 4.65E-02-754E-02 0 1 2 4 i
4.96E-03 - 6.28E-03 M m——km 7.54E-02 - 1.50E-0] S m——1km

101.7°E 101.8°E

101.7°E 101.8°E

Fig.5 Spatial distribution of adults’ noncarcinogenic risk of harmful PTMs

Rb (0.559), Ti (0.667), V (0.834); Ni and Rb (0.809), Sb
(0.521), Th (0.716), Ti (0.501), U (0.724), V (0.649), Y
(0.616), indicating that there was one group of elements,

high significant positive correlation with Mn (0.741), Ni
(0.550), Ti (0.503), and V (0.732). Besides, strong correla-
tions were evident for the collocations Mn and Ni (0.597),

@ Springer



324

Archives of Environmental Contamination and Toxicology (2019) 76:308-330

101.7°E 101.8°E 101.7°E 101.8°E
N - N
o o o o
) = v N w
] é IS o S
3 28 Vo < -5
Legend >, . L Legend i, ¢
Sb ‘ Sr B
B 1.14E-02 - 5.80E-02 . 1.73E-03 - 2.70E-03
Z | mm—_ 5.80E-02 - 6.52E-0 ‘ Z Z | . 2.70E-03 - 2.80E-03 > |z
g 6.52E-02 - 7.30E-02 \ TS & 2.80E-03 - 2.95E-03 NS
(\9‘ 0. =UsZ = /. b= :91 :2 . Y= - & Y= :g
730E-02-1.00E-01 0 | 2 4 295E-03-3.13E-03 0 | 2 4
1.00E-01 - 1.56E-0] M mm—8km 3.13E-03 - 6.32F-03 M m——km
101.7°E 101.8°E 101.7°E 101.8°F
101.7°E 101.8°E 101,7°E 101.8°E
N
Z o’ Z Z z
A =5 A 4 A &
3 el & e
=l O O =3
“ |Legend “ |Legend o
\" /n
B 2.52E-02 - 3.04E-02 | B 3.30E-04 - 6.00E-04
Z 3 .00 - - Z Z 204 « B Z
£ [ K .041: 02 3.IXI: 02 JEE [ | 6.0()11 04 7.051: 04 g
< 3.18E-02 - 3.22E-02 88 7.05E-04 - 7.88E-04 <
3.22E-02-336E-02 0 1 2 4 7.88E-04-9.05E-04 0 1 2 4
. . e ki . . . ki
3.36E-02 - 3.88E-02 9.05E-04 - 1.73E-03

101.7°E 101.8°E

Fig.5 (continued)

i.e., As—=Mn-Ni—-Rb-Sb-Th-Ti-U-V-Y, which probably
contained similar characteristics and possibly influenced by
common factors.

Factor analysis (FA) was performed for the dataset of
soil to help to identify the sources of the pollutants. The
results of the factor loading matrix were given in Table S8
(Supplementary Materials). As displayed, the first six fac-
tors could explain 79.21% of the variance variables, which
basically could represent the information contained in the
source data, and most of the elements were extracted over
0.6. Elements contain Bi, Ga, Ni, Rb, Sr, Th, U, Y, and Zr
were strongly associated with the first factor (PC1), which
represented more than 24% of total variance. These metals
might have originated from natural materials (Li and Feng
2012b; Shi et al. 2008). The PC2 explained 19.40% of total
variance and mainly included As, Mn, Nb, Ti, La, and V.
They were usually considered as the representative of the
emission elements of firing coal. V also was the main ele-
ment of petroleum. But in Xining, they were mostly inclined
to the natural materials, such as PC1. The third factor (PC3)
was dominated by Ba, Cr, Cu, Pb, and Zn, accounting for
16.51% of the total variance, which significantly loaded
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on. It was reported that Pb and Zn were related to traffic,
because they existed in vehicle exhaust (Men et al. 2018). Cu
and Zn also came from the combustion of gasoline and the
wear of vehicle during the long-term use. Combined with the
spatial distribution of these elements, the content was higher
in the north of the city, and the north area was an important
traffic hub, which indicated that factor 3 might represent
the influence of vehicle transportation activities. The fourth
factor (PC4), explaining 8.09% of the total variance, was
strongly and positively related to Sb and Sn. The fifth factor
(PC5) loaded only on the Ce, indicating 5.73% of the total
variance, and Co mainly related with the sixth component
(PC6), explaining 4.75% of the total variance. Therefore, the
PTMs, Sb, Sn, Ce, and Co, mostly were associated with the
industrial activities.

Street Dust

The Spearman’s correlation coefficients of As, Ba, Bi, Ce,
Co, Cr, Cu, Ga, La, Mn, Nb, Ni, Pb, Rb, Sb, Sn, Sr, Th, Ti,
U, V, Y, Zn, and Zr in dust of Xining were listed in Table S9
(Supplementary Materials). Interelement relationships
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Fig.6 (continued)

provided interesting information on the sources and path-
ways of the PTMs. Table S10 (Supplementary Materi-
als) displayed the factor loadings and communalities. The
results manifested that six factors were extracted, accounting
for 73.38% of the total variance. Factor 1 accounting for
21.03% of the total variance, was loaded primarily by the
elements La, Ga, Mn, Nb, Ni, Rb, Ti, and V. Factor 2 was
illustrated heavily by Bi, Th, U, Y, and Zr and also mod-
erately by Ga and Rb, which accounted for 17.26% of the
total variance and mostly attributed to the natural materials.
Factor 3 explained about 13.81% of the variance, which had
high loadings on Cr, Cu, Pb, and Zn. Cu was often used in
car lubricants, and Cr was widely used to produce stainless
steel, automobile parts, aluminum alloy, and titanium alloy
(Yang et al. 2011). Hence, Factor 3 could be considered as
the traffic emission. Factor 4 was loaded by As, Sb, and Sn
and explained 7.86% of the total variance. Factor 5 denoted
strongly with Ba, Sr, and moderately with Ce and accounted
for 7.53% of the total variance. Factor 6 was dominated by
Co, explaining 5.91% of the total variance. Compared with
the background values of those metals (As, Sb, Sn, Ba, Sr,
Ce, Co), they mainly originated from parent soils contribu-
tion and industries possibly.

Although the results of the present study provided pre-
liminary conclusions regarding the origin of each metal,
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further studies were necessary to gain a better understand-
ing of their sources.

Enrichment of PTMs in Urban Soil and Street Dust

PTMs enrichment factors calculated with Eq. (1) for each
sample in urban soil and street dust were respectively plot-
ted in Figs. S2 and S3 (Supplementary Materials) after
removing EF-outliers [extreme outliers marked with circle
(O) and mild outliers marked with asterisk (*)]. As shown
in EFs boxplots of soil, Bi (EF=14.88), Sb (EF=17.22),
and Sn (EF=12.22) had significant enrichment in most
soil samples, while Co (EF=2.17), Cr (EF=3.31), Ga
(EF=2.66), Ni (EF=2.02), Pb (EF=2.34), Th (EF=2.11),
U (EF=3.68), and Y (EF=2.22) showed moderate enrich-
ment. The rest PTMs enrichment factors were below 2,
meaning that they were minimal enrichment. However, it
was obvious that PTMs enrichment factors in dust were not
similar to soil. Besides Bi (EF=21.71), Sb (EF=20.03), and
Sn (EF=15.96), Cr (EF = 14.80), and Pb (EF=5.67) in soil
also showed significant enrichment compared with soil; their
EF values were even higher. Expect dust Cu (EF=2.68) and
Zn (EF =3.72) have moderate enrichment; the remaining
elements showed EFs < 2.
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Fig. 7 Spatial distribution of adults’ carcinogenic risk of harmful PTMs

Potential Ecological Risk Assessment of PTMs

The spatial distribution of potential ecological risk index
(E!) of monomial PTM were shown in Fig. 4. It could be
found easily through the change of the color that the sever-
ity of pollution of the trace metals decreased as follows:
Sb>Cr>Co>As>Pb>Cu>Ni>V>Zn>Mn~xSrxT
i. The most values of E; of Mn, Sr, Ti, V, and Zn were
all less than 10, indicating that these trace metals posed
minimal ecological risk in the topsoil of the study area.
On the contrary, As and Co showed moderate potential
ecological risk, because their Eﬁvalues were in the range

of 10 to 20 at the majority of the study region. Obviously,
Cr showed considerable risk at north and northwest, while
moderate risk at the rest area. Cu, Ni, and Pb showed dif-
ferent levels in parts of the area; however, the risk trend of
these three metals was alike: the E! value was higher in the
north and east. For Sb, Eﬁ values were > 80 in whole study
area, suggesting extremely high potential ecological risk.
Sb should be of serious concern because of its potential
risks and higher values of adverse effects. Furthermore,
chronic Sb exposure might cause reproductive disorders
and chromosomal damage (Dehghani et al. 2017).
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Fig.8 Spatial distribution of children’s carcinogenic risk of harmful PTMs

Health Risk Assessment of PTMs

The diagrams of noncarcinogenic due to harmful PTMs,
i.e., As, Ba, Co, Cr, Cu, Mn, Ni, Pb, Sb, Sr, V, and Zn,
exposure in urban soil and street dust for both adults and
children concerning the population in the studied area
were presented in Figs. 5 and 6. Carcinogenic health risks
caused by As, Co, Cr, Ni, and Pb exposure for adults and
children were shown in Figs. 7 and 8. Generally, the non-
carcinogenic health risk for children was usually higher
compared with adults. The observed noncarcinogenic risk
values (HI) for trace metals were one order of magnitude
higher for children than for adults from three routes. Simi-
lar results were found in previous studies for urban soil
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and dust samples (Dehghani et al. 2017). Except Cr, all
the HI values for the elements were lower than the safe
level (HI=1) for adults in the whole study area. However,
As and Pb exhibited values close to the safe level at one
and two hot spots. For children, HI values of As, Cr, Pb,
and Sb were more than the safe value (1) at some sites
and close to the safe value at the rest of study area. Lead
had extensive toxic effects on the human body, and as the
level of blood lead increases, the damage to health would
be more serious. Moreover, the central nervous system
of children was especially vulnerable to the toxic dam-
age of lead, even low levels of exposure could lead to
serious consequences. Pb was a cumulative toxic metal
that interferes with the development of the central nervous
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system. Therefore, it was particularly toxic to children,
causing potentially permanent learning and behavior dis-
orders. Hence, Pb exposure through urban soil and street
dust could not be overlooked. Regarding cancer risk, only
Cr to both adults and children was harmful, because the
calculated CRs were higher than 1 x 107® at whole area
and north of the city, respectively.

Conclusions

The concentration, spatial distribution, source identifica-
tion, enrichment factor, potential ecological, and health
risk of 24 PTMs (As, Ba, Bi, Ce, Co, Cr, Cu, Ga, La, Mn,
Nb, Ni, Pb, Rb, Sb, Sn, Sr, Th, Ti, U, V, Y, Zn, and Zr) in
urban soil and street dust from Xining were investigated.
The results indicated that multi-PTMs distributions varied
in soil and dust; however, they had the similar sources.
PTMs Bi, Ga, Nb, Ni, Rb, Sr, Th, U, Y, Zr, As, Mn, Nb,
Ti, and V in soils originated with natural materials. Ba, Cr,
Cu, Pb, and Zn were related to the traffic emissions. Sb,
Sn, Ce, and Co were possibly associated with industrial
activities. In addition, parent soil was an important con-
tributor to the PTMs source in dust. It was noted that the
PTMs from traffic and industrial emission were strongly
enriched and had high potential ecological risk, such as
Sb. Although the calculated noncarcinogenic and carci-
nogenic health risks for humans were in an acceptable
range, except for Cr, the calculated noncarcinogenic health
risk for children was usually higher compared with adults.
Therefore, the higher noncarcinogenic and carcinogenic
health risks of Cr in Xining should be given more attention
because of its harm to the reproductive health of mankind.
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