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a b s t r a c t 

Heavy metal concentrations in urban soils are likely to increase over time because of contin- 

uous urbanization and heavy metal emissions. To estimate the accumulation rates of heavy 

metals in urban soils, we collected soil samples from residential areas with different build- 

ing ages in the metropolitan cities of Shanghai, Shenzhen, and Beijing, China. Heavy metal 

concentrations in the soils varied among the cities and were primarily affected by soil parent 

material and the intensity of anthropogenic sources. Regression analyses revealed that the 

accumulation rates of Cd and Cu in the soils ranged from 0.0034 to 0.0039 mg/(kg •year) and 

0.343 to 0.391 mg/(kg •year), respectively, and were similar across the three cities, while ac- 

cumulation rates of Zn and Pb in Shanghai were higher than those in Shenzhen and Beijing. 

The higher accumulation rates of Zn and Pb in Shanghai can be explained by differences 

in city history and industrial structures among the cities. Residential soils with high health 

risks posed by the heavy metals were mostly collected from old towns of Shanghai because 

of high Pb content in the areas. Although recent urbanization resulted in elevated concen- 

trations of Cd, Cu, Zn, and Pb in the residential soils, the effect on the total health risks of 

residents exposed to the soils was negligible. 

© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

 

 

 

 

 

 

 

 

Introduction 

Cities are the geographical centers of heavy metal emissions
because of intense anthropogenic activities in these areas
( Pan et al., 2018 ). Anthropogenic sources of heavy metals in
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urban areas include industrial emissions, fertilization, corro-
sion of building materials and paints, and vehicle wear and
tear ( Kandic et al., 2019 ; Liang et al., 2017 ). Heavy metals are
transported by air and water flows after release and eventually
deposited onto soil surfaces due to their high adsorbability on
soil particles ( Mahanta and Bhattacharyya, 2011 ). Continuous
n). 
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tmospheric deposition in urban areas increases heavy metal 
oncentrations in soils ( Wu et al., 2019 ). The sources, distri- 
utions, and health risks of heavy metals in soils in urban 

reen spaces have attracted the attention of researchers over 
he past few decades ( Liu et al., 2016 ; Wu et al., 2018 ). 

Anthropogenic and natural factors cause spatial variations 
n heavy metal content in urban soils ( Liang et al., 2017 ; 

u et al., 2019 ). The contents of heavy metals in surface soils 
n cities are primarily associated with the locations and in- 
ensity of emission sources ( Wang et al., 2012a ). Industrial 
lants associated with heavy metals, such as metal smelting,
rocessing, electroplating, and coking plants, can elevate the 
eavy metal content of adjacent soils ( Ciarkowska et al., 2019 ; 
hou and Wang, 2019 ). High vehicle traffic increases the con- 
entrations of heavy metals in roadside soils when compared 

ith the levels in low-traffic areas ( Li et al., 2019b ). In addi-
ion, studies have revealed that buildings can intercept air- 
orne metals, in turn increasing the concentrations of heavy 
etals in windward side soils ( Kosheleva et al., 2018 ). Soil dis- 

urbance is another key anthropogenic factor that influences 
eavy metal concentrations in urban soils ( Li et al., 2019a ).
and-use change or green space renovation could dramati- 
ally decrease heavy metal content in surface soils by deposit- 
ng a layer of external fertile soils ( Peng et al., 2013 ). 

The overall level of heavy metal content in urban soil varies 
ased on the structure and history of a city ( Cheng et al.,
014 ). Pan et al. (2018) established that heavy metal concen- 
rations in urban soils followed the order of industrial cities 
 developed cities > metropolitans > underdeveloped cities.
etropolitan cities in China, such as Beijing, Shanghai, and 

henzhen, have lower heavy metal concentrations in soils 
han developed cities because the local governments have 
mplemented comprehensive strategies to prevent and man- 
ge soil pollution ( Pan et al., 2018 ). In addition, the fluctua- 
ion of geological background values is an important cause for 
he variances of heavy metal concentrations between cities 
 Ciarkowska et al., 2019 ). The Chinese National Soil Geochem- 
cal Survey revealed that the geological backgrounds of heavy 

etals in urban soils exhibited considerable variations, e.g.,
he mean background values of Cd ranged from 0.063 mg/kg 
n Hefei to 0.457 mg/kg in Kunming ( Cheng et al., 2014 ). 

The assessment of heavy metal pollution requires the ca- 
ability to distinguish between the effects of anthropogenic 
ources and natural backgrounds on heavy metal content 
 Lin et al., 2010 ). Previous studies have regularly used pollu- 
ion index (PI), enrichment factors (EF), and geo-accumulation 

ndex (Igeo) to evaluate levels of heavy metal pollution in soils 
y comparing heavy metal concentrations with their relevant 
ackground values ( Chen et al., 2015 ; Luo et al., 2012 ). The data
or soil backgrounds are frequently acquired from published 

eports, articles, or measurements recorded in remote areas 
nd deep soil layers ( Tepanosyan et al., 2017 ). Soil background 

oncentrations vary spatially and the findings of such mea- 
urements could be influenced by sampling time and strategy,
s well as the analytical methods used ( Ottesen et al., 2013 ; 
eimann and Garrett, 2005 ). Therefore, using background val- 
es as a single value, such as regional mean value to assess 
ollution, remains an approach with considerable uncertainty 
 Sucharova et al., 2012 ; Wong et al., 2006 ). Introducing a novel 
pproach for assessing heavy metal pollution in urban soils 
hat addresses the demerits of using background values could 

mprove the reliability of measurements. 
The residential areas in cities of China are usually sur- 

ounded by cement walls protecting them from nearby 
ources and mainly receiving heavy metals from regional 
aseline deposition ( Peng et al., 2013 , 2017 ). During the latter
tages of construction, fertile and new soil is usually trans- 
orted from remote rural areas to facilitate vegetation trans- 
lantation in green spaces of urban residential areas. To a cer- 
ain extent, the building age of a residential area could be used 

o estimate the length of time of surface soil exposure to heavy 
etal pollution in urban environments. Previous studies have 

evealed that heavy metal concentrations in soils in residen- 
ial areas of Beijing are significantly correlated with the age 
f residential buildings ( Peng et al., 2013 ; Xie et al., 2019 ). A
omplex mass balance model that fits the datasets of pollu- 
ant concentrations against building age has been used to es- 
imate the accumulation rates of heavy metals in urban soils 
n Beijing ( Peng et al., 2017 ). However, further studies are re-
uired to investigate whether the correlation between heavy 
etal concentrations and building age in Beijing is a specific 

ase or a general phenomenon observed in other cities. If it 
s a general phenomenon, studying the linear correlation be- 
ween heavy metal concentrations and building age could be 
 novel way of assessing pollution levels in cities. 

The environmental quality of urban residential areas is 
rucial to the health and well-being of the numerous in- 
abitants who inhabit and use such spaces for recreation 

 Mehmood et al., 2019 ). Heavy metals that have accumulated 

n soils in green spaces may enter the human body by ac- 
idental oral ingestion, direct dermal contact, or inhalation 

f soil particles ( Zhang et al., 2018 ). Children are particu- 
arly vulnerable to exposure to heavy metals in soils because 
hey frequently play in the green spaces and engage in hand- 
o-mouth behavior ( Liu et al., 2016 ; Mielke et al., 2011 ). Un-
erstanding the factors influencing heavy metal content and 

isks in residential soils is essential for the prevention of asso- 
iated health risks. In the present study, we measured heavy 
etal concentrations in soils collected from residential ar- 

as in three metropolitan cities of China, established several 
ears ago to (1) determine the factors influencing concentra- 
ions of heavy metals in residential soils in the cities; (2) inves- 
igate the relationship between heavy metal concentrations 
nd building age in cities, and (3) estimate the accumulation 

ates of heavy metals in soils from residential areas in the 
ities and the corresponding health risks in children exposed 

o the soils. 

. Materials and methods 

.1. Sampling 

he three largest metropolitan cities in China, Shanghai,
henzhen, and Beijing, were selected as the study areas. The 
ities have high gross domestic product (GDP; 2249 billion to 
063 billion yuan in 2017), resident population (12 million to 
5 million people in 2017), and experienced rapid urbanization 

ver the past several decades ( BMBS, 2018 ; SMSB, 2018 ; SBSM,
018 ) (Appendix A Fig. S1 ); however, the cities have had dis-
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Fig. 1 – Sampling sites in residential areas with different building ages in Beijing, Shanghai and Shenzhen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tinct development histories and industrial structures. Shang-
hai is the largest city and the financial center of China, with
several industries involved in the manufacture of electronic
equipment, automobiles, and chemical products, and metal
processing and finishing, ship-building, as well as manufac-
ture of bio-medicine products ( SMSB, 2018 ). Shenzhen is a rel-
atively new city in which urbanization began 40 years ago. The
major industries in Shenzhen manufacture electrical machin-
ery and equipment, computers, and other electronic equip-
ment (SBSM, 2018). Beijing is the capital of China and has
numerous heavy industries involved in petroleum process-
ing, coking, metal smelting, equipment manufacturing, au-
tomobile manufacturing, electricity, and heat supply (BMBS,
2018). Several industrial plants have been relocated from the
metropolitan cities over the last few years because of strin-
gent environmental regulations. Heavy metal contents in ur-
ban soils are influenced partially by the legacy of industrial
plants ( Wang et al., 2012b ). 

We carefully selected the sampling sites based on the time
of the establishment of residential areas, which were scat-
tered within the urban centers of Shanghai, Shenzhen, and
Beijing ( Fig. 1 ). Each residential area was visually inspected to
ensure a relatively large area of green space was covered based
on Google Earth’s satellite-photo images. A total of 257 surface
soil samples (0–10 cm) were collected from 114 residential ar-
eas in Shanghai that had buildings with ages ranging from 1
to 35 years, 75 residential areas in Shenzhen with buildings
with ages ranging from 2 to 35 years, and 68 residential areas
in Beijing with buildings with ages ranging from 1 to 28 years.
The soil samples from Shanghai and Shenzhen were collected
in 2015, while the data for Beijing used for comparisons were
obtained from a previous study ( Peng et al., 2013 ). Each soil
sample constituted a mixture of five subsamples from 100 m 

2

plots adjacent to the sampling sites. 

1.2. Heavy metal analysis 

Soil samples were transported to the laboratory, air-dried,
ground, and passed through a 0.15-mm sieve. The soil samples
in 0.25 g aliquots were further digested using a combination
of hydrochloric (AR, 10 mL), nitric (AR, 5 mL), hydrofluoric (AR,
5 mL), and perchloric acids (AR, 3 mL). An additional digestion
process with the last three acids (2 mL nitric, 2 mL hydroflu-
oric, and 1mL perchloric acids) may be needed according to
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he degree of soil digestion. The digestion extracts were dis- 
olved with hydrochloric and made up to 50 mL with deion- 
zed water for determination. Concentrations of Pb and Cd 

n the soil samples were measured using inductively coupled 

lasma mass spectroscopy (nexion 300x, PerkinElmer, USA),
nd concentrations of Cu, Zn, manganese (Mn), nickel (Ni),
nd chromium (Cr) in the soil were measured using induc- 
ively coupled plasma optical emission spectroscopy (OPTIMA 

300, PerkinElmer, USA). Parallel samples, blank samples, and 

eochemical Standard Soil (GSS-1) were inserted for each ar- 
ay of the assay. Detailed information on the analytical meth- 
ds can be found in a previous reference ( Wang et al., 2012b ).
oil pH was determined by potentiometry in distilled water. 

.3. Risk assessment 

he health risks of local residents exposed to heavy met- 
ls in residential soils were assessed using the risk assess- 
ent model recommended by the United States Environmen- 

al Protection Agency (USEPA). We considered only the non- 
arcinogenic effects because most of the metals were not car- 
inogenic, and the rest lacked validated carcinogenic risk fac- 
ors to evaluate their carcinogenic effect ( Peng et al., 2016a ; 
SEPA, 2019 ). The non-carcinogenic risks were represented as 
azard quotients (HQs), which were calculated independently 

rom three exposure routes, including ingestion of soil parti- 
les, dermal contact, and inhalation ( Wu et al., 2018 ): 

Q 

i 
ing = 

C i × I R s × EF × ED 

BW × AT × Rf D ingestion 
× 10 −6 (1) 

Q 

i 
derm 

= 

C i × ABS × EF × ED × SA × AF 
BW × AT × Rf D dermal 

× 10 −6 (2) 

Q 

i 
inh = 

C i × IR a × EF × ED 

BW × AT × PEF × RfC 

(3) 

here, HQ 

i 
ing , HQ 

i 
derm 

and HQ 

i 
inh are the hazard quotients 

f i -th heavy metal from ingestion, dermal contact and in- 
alation, respectively. C i represents the concentrations of i -th 

eavy metal in the target soil (mg/kg). Rf D ingestion , Rf D dermal 

nd RfC denotes the chronic oral reference dose for the ex- 
osure routes of ingestion, dermal contact and inhalation, re- 
pectively (mg/(kg •day)). The other parameters in the equa- 
ions used for calculating daily intake dose of heavy metals 
re described in Appendix A Table S1 . 

The total hazard quotient (THQ) is the sum of individual 
Qs for each exposure route and is expressed as: 

HQ = 

∑ 

HQ 

i 
ing + 

∑ 

HQ 

i 
derm 

+ 

∑ 

HQ 

i 
inh (4) 

The risk of children being exposed to soils in residen- 
ial areas is usually higher than the risk of adults being ex- 
osed ( Peng et al., 2016b ; Zhang et al., 2018 ). Therefore, we
btained the exposure parameters for children from USEPA 

ocuments and a previous publication ( Chabukdhara and 

ema, 2013 ; USEPA, 2011 ) (Appendix A Table S1 ). Moreover, the 
hronic reference toxic doses (RfDs) for heavy metals ingested 

ere obtained from previous publications ( Chabukdhara and 

ema, 2013 ; Peng et al., 2013 ; USEPA, 2017 ) (Appendix A Table
2 ) and the C i in the HQ equations were obtained from field 

easurements. 
.4. Statistical analysis 

tatistical analyses, including Pearson’s correlation analysis,
inear regression analysis, and factor analysis with compo- 
ents analyzed by Varimax rotation, were conducted using 
PSS 18.0 (SPSS Inc., Chicago, IL, USA). The outliers of heavy 
etal concentrations in urban soils may result from point 

ource pollution (e.g., sludge application or irrigation using re- 
laimed water), which can considerably influence the results 
f statistical analysis ( Reimann and Filzmoser, 2000 ). To assess 
he general trends of heavy metal distribution, outliers that 
ere outside the range of mean ± three times standard devi- 
tion (SD) were excluded before performing statistical analy- 
es. The calculations of THQ were carried out in MS Excel 2013 
Microsoft Corp., Redmond, WA, USA). In addition, ArcGIS 10.2 
ESRI, Redlands, CA, USA) and Sigmaplot 12.0 (Systat Software,
an Jose, CA) were used to generate graphic illustrations. 

. Results and discussion 

.1. Heavy metal concentrations in residential soils in the 
ities 

he mean concentrations of heavy metals in residential soils 
rom Shanghai, Shenzhen, and Beijing exhibited considerable 
ariation ( Table 1 ). The highest mean concentrations of Cd 

0.34 mg/kg) and Cr (90.7 mg/kg) were observed in residential 
oils from Shenzhen, while the highest concentrations of Cu 

35.5 mg/kg), Zn (178.3 mg/kg), Pb (67.7 mg/kg), Ni (36.1 mg/kg),
nd Mn (633.8 mg/kg) were observed in residential soils from 

hanghai. The distribution of heavy metal concentrations in 

esidential areas of each city also varied substantially (Ap- 
endix A Fig. S1 ). The variation coefficients (ratio of the SD 

o the mean) of Cd, Zn, and Pb in Shanghai, and Zn and Cu in
henzhen were greater than 0.5, suggesting a relatively strong 

nfluence of human activities on the elements. Table 1 sum- 
arized the published data on heavy metal concentrations in 

oils in the three cities for comparison, but they had a higher 
ampling depth (0 – 20 cm) than that in the present work.
tudies had found that the depth of surface soil (0 - 10 or 0 -
0 cm) had relatively small impacts on concentrations of per- 
istent pollutants (e.g., heavy metals and polycyclic aromatic 
ydrocarbons) in urban soil ( Biasioli et al., 2007 ; Luo et al.,
015 ; Zhang et al., 2020 ). Similar metal concentrations in res- 
dential soils can be found between our measurements and 

he previous data in Shenzhen ( Lu et al., 2009 ). However, the
ean concentrations of Cd, Cu, Zn, and Pb in residential areas 
ere lower than that in urban topsoil of Shanghai and Beijing 

 Table 1 ) ( Cheng et al., 2014 ). It may be explained by the dif-
erent sampling time, locations and analysis methods in the 
revious study. 

Residential areas in the three metropolitan cities were 
ommonly isolated from other functional areas by enclosed 

alls (mostly higher than human height). The road con- 
truction erosion and traffic emission can elevate the metal 
oncentrations in the first 5 m distance beside the road 

 Werkenthin et al., 2014 ). The walls separated residential areas 
rom direct sources of heavy metals, e.g., ground dust, splash 

ater, and surface runoff from heavy traffic. The sampled res- 
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Table 1 – Mean ± standard deviations of heavy metal concentrations in residential soils of Beijing, Shanghai and Shenzhen. 

Sampling location Cd (mg/kg) Cu (mg/kg) Zn (mg/kg) Pb (mg/kg) Cr (mg/kg) Ni (mg/kg) Mn (mg/kg) pH BA 

a (year) 
PD 

b (p/km 

2 ) 
Reference 

Shanghai 
Residential soil (0-10 cm) 0.23 ±0.14 35.5 ±12.9 178.3 ±150.6 67.7 ±112.6 90.6 ±18.7 36.1 ±5.5 633.8 ±134.1 8.1 ±0.1 15 ±9.9 25327 Present study 
Urban topsoil (0–20 cm) 1.09 (0.12-90.90) c 63.8 (21.2-420.0) 244 (84-1094) 103.6 (25.3-2521) 114 (72-1341) 36.2 (28.0-53.9) Cheng et al., 2014 
Suburban and rural soil (0–20 cm) 0.19 ±0.07 32.3 ±9.24 87.7 ± 23.31 21.5 ±8.65 66.1 ±10.07 30.9 ±4.37 Bai et al., 2016 
Agricultural soil (0-20 cm) 0.20 ±0.09‘ 33.2 ±9.43 124.5 ±61.01 29.1 ±5.99 82.5 ±19.26 Xie et al., 2010 
Unpolluted rural soil (0-20 cm) 0.14 ±0.07 27.2 ±8.0 81.3 ±16.17 25 ±5.12 70.2 ±14.5 29.9 ±8.8 548 ±114.2 7.2 ±1.41 CNEMC, 1990 
Urban deep soil (150–180 cm) 0.16 (0.08-0.80) 28.9 (15.5-68.5) 108 (72-177) 27.7 (18.1-51.8) 89 (71-158) 36.7 (26.4-46.9) Cheng et al., 2014 
Shenzhen 
Residential soil (0-10 cm) 0.34 ±0.14 22 ±13.2 80.6 ±41.8 54 ±21.7 90.7 ±39.3 30.9 ±13.7 255.5 ±111.8 6.7 ±0.4 17.4 ±8.6 18685 Present study 
Residential soil (0–20 cm) 0.45 ±0.40 20.6 ±11.5 69.1 ±18.2 48.7 ±+ 19.7 Lu Y. et al., 2009 
Agricultural soil (0-20 cm) 0.51 ±1.06 19.89 ±20.177 62.26 ±38.02 51.21 ±33.75 43.96 ±42.30 12.60 ±11.12 Wu et al., 2016 
Unpolluted rural soil (0-20 cm) 0.07 ±0.07 10.7 ±10.73 59.3 ±55.26 39.2 ±28.0 27.5 ±26.1 10.6 ±10.1 209 ±249.4 5.3 ±0.82 CNEMC, 1990 
Beijing 
Residential soils (0-10 cm) 0.11 ±0.04 26.8 ±9.3 92.1 ±33.7 19.6 ±7.1 59.8 ±7.5 23.5 ±2.9 520.8 ±41.4 7.9 ±0.2 8.4 ±5.9 15886 Present study 
Urban topsoil (0–20 cm) 0.19 (0.08-0.90) 31.4 (12.8-164.5) 90 (48-289) 32.8 (16.8-100.2) 58 (46-129) 24.1 (16.8-43.2) Cheng et al., 2014 
Agricultural soil (0-20 cm) 0.20 ±0.10 26.78 ±9.21 78.03 ±17.56 22.64 ±6.51 58.15 ±6.74 21.22 ±2.35 Zou et al., 2015 
Unpolluted rural soil (0-20 cm) 0.07 ±0.06 23.6 ±4.7 102.6 ±35.4 25.4 ±6.3 68.1 ±15.9 29.0 ±7.5 705 ±160.3 7.7 ±0.65 CNEMC, 1990 
Urban deep soil (150–180 cm) 0.09 (0.05-0.13) 19.6 (10.9-28.7) 58 41-75) 19.2 (14.4-26.0) 57 (40.0-83.0) 24.9 (15.8-39.8) Cheng et al., 2014 

a Denotes the building age of the sampling residential areas; 
b Denotes the mean population density of the cities, the population data were collected from Chinese National Census data 2010; 
c The numbers in brackets indicate the maximum and minimum concentrations of the heavy metal. 
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dential areas were selected to avoid any industrial plants in 

he same or nearby block. The residential soils mainly re- 
eived the baseline deposition of heavy metals in urban areas 
 Peng et al., 2013 ). Consequently, the heavy metal concentra- 
ions in the soil of residential areas were lower than that in the 
ther urban areas, e.g., roadside and industrial area ( Lu and 

ai, 2010 ; Solgi and Oshvandi, 2018 ), and were lower than the 
verall levels of the metals in the cities. 

Two types of soil background values for the heavy metals 
ere obtained from published articles. One of the background 

alues was for deep soil layers (150–180 cm) in urban areas of 
hanghai and Beijing in 2004, and the other background value 
as originated from unpolluted rural soils in the three cities 

ver the last 30 years ( Cheng et al., 2014 ; CNEMC, 1990 ). The
wo categories of backgrounds both represent the soil metal 
oncentrations unaffected by human activities ( Table 1 ). The 
ean concentrations of Cd, Cu, Zn, and Pb in the residential 

oils of Shanghai and that of Cd, Cu and Zn in Beijing were 
igher than their corresponding values in deep urban soils.
eanwhile, the mean concentrations of Cd, Cu, Zn, and Pb 

n Shanghai and Shenzhen and the concentrations of Cd and 

u in Beijing were higher than their corresponding values in 

npolluted rural soils. The results suggested that human ac- 
ivities in the cities, such as dense transportation, industrial 
roduction, and infrastructure construction, had caused the 
ccumulation of metals. 

However, assessing pollution levels of heavy metals based 

n background values is often challenging. For instance, the 
oncentrations of Zn, Pb, Cr, and Ni in residential soils of Bei- 
ing were lower than the corresponding background concen- 
rations in unpolluted rural soils but higher than or similar to 
he concentrations in deep urban soils. The background val- 
es for deep urban soils in Shenzhen were unavailable, and 

ll the heavy metal concentrations in residential soils were 
onsiderably higher than the concentrations in unpolluted ru- 
al soils. However, we could not presume that the concentra- 
ions of heavy metals were influenced by human activities; for 
xample, a previous study revealed that Cr and Ni were not 
ajor pollutants of urban soils in Chinese cities ( Cheng et al.,

014 ). Different analytical techniques and spatial variability 
f soil backgrounds could explain why the concentrations of 
r and Ni in residential soils of Shenzhen were higher than 

he concentrations in unpolluted rural soils. Using the metal 
oncentrations in deep soil as background values also remains 
ncertainties, since the increases in metal concentrations in 

urface soil not only as a result of pollution but also as a result 
f biogeochemical cycles. Therefore, the evaluation of heavy 
etal pollution based solely on published background values 
ay not be reliable. Further statistical analyses are required to 

istinguish between the inputs of natural and anthropogenic 
ources. 

The published heavy metal concentrations in residential 
oils from different cities are summarized in Appendix A Table 
3 . Generally, concentrations of heavy metals in these cities 
xhibited considerable variations. The variations can be at- 
ributed to the high variability of soil background concentra- 
ions among the cities. For example, the soil background value 
f Cd in Guiyang (0.43 mg/kg) was seven times higher than that 

n Haikou (0.06 mg/kg). In addition, variations in the intensity 
f anthropogenic sources in the cities resulted in varying lev- 
ls of heavy metal pollution. The mean pollution index (PI) of 
d, Cu, Zn, and Pb in Chinese cities ranged from 1.5 to 6.9, sug-
esting that the heavy metal concentrations were commonly 
nfluenced by human activities while Cr and Ni contents in 

he soils were predominantly from natural sources (Appendix 
 Table S3 ). Furthermore, no significant correlations were ob- 
erved between soil heavy metal concentrations and the indi- 
ators of city size ( p > 0.05), including total GDP, total popula-
ion, and area of built districts in the cities of China (Appendix 
 Table S3 ). These indicators may not reflect the overall level 
f heavy metal emissions in the cities, which are more sus- 
eptible to the scale of metal-related industries, such as metal 
rocessing and smelting. The PIs of Cd, Cu, Zn, and Pb in res- 

dential soils of Shanghai, Shenzhen and Beijing were lower 
han the mean PIs of all Chinese cities except for Pb in Shang-
ai. Compared with the cities in other countries, the mean 

oncentrations of Cd, Cu, Zn, and Pb in Shanghai, Shenzhen 

nd Beijing were both at relatively low levels and were con- 
iderably lower than the mean concentrations of all cities (Ap- 
endix A Table S3 ). The observations suggested that the envi- 
onmental quality of soils in metropolitan cities is superior to 
hat of other cities, probably because the control of emissions 
rom industrial activities and automobiles is more stringent 
n metropolitan cities. 

.2. Factors affecting the accumulation of heavy metals 

o analyze factors affecting the accumulation of heavy met- 
ls in the soils, we conducted a correlation analysis based on 

 dataset including heavy metal concentrations, population 

ensity in the sampling blocks, building age of the residential 
reas, and soil pH ( Table 2 ). The concentrations of Cd, Cu, Zn,
nd Pb in Shanghai and Beijing, and concentrations of Cd, Cu,
nd Zn in Shenzhen were significantly correlated with build- 
ng age in the sampled residential areas ( p < 0.05). The surface
oils in newly developed green spaces in residential areas of 
hinese cities were generally covered with fertile lawn soils 

hat were transplanted from rural areas. Such activities could 

lter contaminant concentrations in surface soils, resulting in 

 higher horizontal plane of the green spaces than adjacent 
mpervious surfaces ( Peng et al., 2013 ). Therefore, the building 
ge of residential areas corresponds to the time of residential 
oil exposure to urban fallout. The positive correlations with 

uilding age suggested that the metal concentrations were in- 
reasing with the time length of soil being affected by urban- 
zation, that is, the metal concentrations in residential soil 
ould be accumulated with time. The other metals, including 
r and Ni in residential soils of the three cities, Pb in Shen-
hen, and Mn in Shanghai and Shenzhen were not correlated 

ith building age, indicating that heavy metal contents in the 
oils have not been altered over the past decades. 

Most of the heavy metal concentrations in the residential 
oils were not correlated or were weakly correlated with the 
opulation density of the blocks ( Table 2 ). Population density 
an partially reflect the intensity of emission sources asso- 
iated with human activities. In the current study, soil sam- 
les were collected from urban centers in metropolitan cities 
here the spatial variation in population density was lim- 

ted. Soil pH significantly affects the migration ability of heavy 
etals in soils. No correlation was observed between heavy 
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Table 2 – Correlation analysis between heavy metal concentrations, building age, population density and soil pH. 

BA PD Soil pH Cd Cu Zn Pb Cr Ni Mn 

Shanghai 
Cd 0.527 ∗∗ 0.112 -0.149 1 
Cu 0.418 ∗∗ 0.215 ∗ 0.141 0.661 ∗∗ 1 
Zn 0.377 ∗∗ 0.115 -0.038 0.602 ∗∗ 0.535 ∗∗ 1 
Pb 0.600 ∗∗ 0.207 ∗ 0.086 0.508 ∗∗ 0.544 ∗∗ 0.382 ∗∗ 1 
Cr 0.028 -0.019 0.146 0.416 ∗∗ 0.547 ∗∗ 0.444 ∗∗ 0.245 ∗∗ 1 
Ni 0.124 -0.025 0.123 0.340 ∗∗ 0.673 ∗∗ 0.204 ∗ 0.292 ∗∗ 0.614 ∗∗ 1 
Mn 0.071 -0.049 0.094 0.260 ∗∗ 0.416 ∗∗ 0.352 ∗∗ 0.196 ∗ 0.637 ∗∗ 0.546 ∗∗ 1 
Factor score 1 0.576 ∗∗ 0.161 -.089 0.798 ∗∗ 0.677 ∗∗ 0.661 ∗∗ 0.730 ∗∗ 0.270 ∗∗ 0.226 ∗ 0.001 
Factor Score 2 -0.031 -0.071 0.155 0.281 ∗∗ 0.543 ∗∗ 0.342 ∗∗ 0.097 0.825 ∗∗ 0.790 ∗∗ 0.853 ∗∗

Shenzhen 
Cd 0.229 ∗ 0.102 0.02 1 
Cu 0.362 ∗∗ 0.192 -0.187 0.523 ∗∗ 1 
Zn 0.394 ∗∗ 0.124 0.048 0.399 ∗∗ 0.392 ∗∗ 1 
Pb -0.138 0.165 0.135 -0.344 ∗∗ -0.295 ∗ 0.056 1 
Cr -0.005 0.096 0.108 -0.011 0.067 0.471 ∗∗ 0.339 ∗∗ 1 
Ni -0.049 -0.016 0.096 -0.065 0.06 0.480 ∗∗ 0.445 ∗∗ 0.849 ∗∗ 1 
Mn -0.078 0.137 0.15 -0.22 -0.085 0.317 ∗∗ 0.624 ∗∗ 0.584 ∗∗ 0.564 ∗∗ 1 
Factor Score 1 0.368 ∗∗ 0.069 -0.060 0.832 ∗∗ 0.770 ∗∗ 0.606 ∗∗ -0.575 ∗∗ 0.084 0.014 -0.261 ∗

Factor Score 2 0.033 0.124 0.085 -0.177 0.111 0.586 ∗∗ 0.582 ∗∗ 0.824 ∗∗ 0.896 ∗∗ 0.754 ∗∗

Beijing 
Cd 0.420 ∗∗ 0.265 ∗ -0.213 1 
Cu 0.335 ∗∗ 0.397 ∗∗ -0.156 0.394 ∗∗ 1 
Zn 0.389 ∗∗ 0.215 -0.261 ∗ 0.456 ∗∗ 0.688 ∗∗ 1 
Pb 0.338 ∗∗ 0.270 ∗ -0.343 ∗∗ 0.682 ∗∗ 0.703 ∗∗ 0.515 ∗∗ 1 
Cr 0.021 -0.044 0.008 0.185 0.226 0.428 ∗∗ 0.081 1 
Ni 0.231 0.234 -0.043 0.242 0.397 ∗∗ 0.185 0.327 ∗∗ 0.475 ∗∗ 1 
Mn 0.252 ∗ 0.208 0.165 0.216 0.425 ∗∗ 0.456 ∗∗ 0.153 0.652 ∗∗ 0.553 ∗∗ 1 
Factor score 1 0.435 ∗∗ 0.360 ∗∗ -0.401 ∗∗ 0.748 ∗∗ 0.797 ∗∗ 0.715 ∗∗ 0.917 ∗∗ 0.018 0.309 ∗ 0.136 
Factor score 2 0.140 0.077 0.090 0.078 0.207 0.288 ∗ 0.019 0.852 ∗∗ 0.706 ∗∗ 0.878 ∗∗

∗ Correlation is significant at the 0.05 level (Pearson correlation analysis); 
∗∗ Correlation is significant at the 0.01 level (Pearson correlation analysis);BA denotes the building age of the sampling residential areas; PD 

denotes the population density of the blocks; Factor scores denote the principal component scores for sampling sites extracted from factor 
analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

metal concentrations and soil pH ( Table 2 ). The output fluxes
of heavy metals, such as plant uptake and leaching, could have
been very low relative to the total heavy metal contents in the
soils because the soils were neutral or slightly alkaline (pH
ranged from 6.7 to 8.1). It is suggested that the heavy metal
concentrations in urban soils were primarily affected by par-
ent material type and the intensity of emission sources. 

Emission sources substantially influence the accumulation
rates of heavy metals in urban soils. The significant corre-
lations observed between the different types of heavy met-
als suggested that heavy metals in residential soils originated
from broad sources ( Table 2 ). A preliminary source appor-
tionment based on factor analysis revealed that the varia-
tions in heavy metal concentrations in the three cities were
largely attributed to two factors, which classified the heavy
metals into two groups ( Fig. 2 ). Group 1 with high values of
factor 1 contained high [Cd + Cu + Zn + Pb], [Cd + Cu + Zn] and
[Cd + Cu + Zn + Pb] in Shanghai, Shenzhen, and Beijing, respec-
tively and factor 1 accounted for 38.0%, 32.6%, and 27.3% of
data variations in Shanghai, Shenzhen, and Beijing, respec-
tively. The sources of Cd in urban environments were pre-
dominantly traffic emissions and fossil fuel combustion for
heating and industrial production; Cu and Zn originated from
heavy industrial emissions and wear of vehicle tires and brake
pads, and Pb was released from legacy paints and leaded gaso-
line ( Yan et al., 2018 ). Leaded gasoline was gradually banned in
the late 1990s in China to decrease Pb emissions ( Chen et al.,
2010 ). In addition, the use of paints containing high Pb concen-
trations decreased significantly after the 1970s ( Kandic et al.,
2019 ). Notably, Shenzhen is a relatively new city that began
developing 40 years ago; therefore, Pb pollution in the soils
of Shenzhen is limited. Heavy metal types in group 1 were
similar to the metal types associated with the building age
( Table 2 ). Therefore, heavy metals in group 1 were affected by
both urbanization and industrialization ( Fig. 2 ). It implied that
factor 1 potentially represented the effects of anthropogenic
sources. 

The heavy metals in group 2 with high values of factor
2, including [Pb + Cr + Ni + Mn] in Shenzhen and [Cr + Ni + Mn]
in Shanghai and Beijing ( Fig. 2 ) were not correlated with the
building ages of residential areas ( Table 2 ). The mean concen-
trations of Cr, Ni, and Mn in the soils of Shanghai and Bei-
jing were lower than or similar to the two background val-
ues ( Table 1 ). The observation suggested that the heavy met-
als were less affected by urban activities when compared to
Group 1, and indicated that factor 2 represented the effects of
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Fig. 2 – Factor analysis of heavy metals in residential soils of (a) Shanghai, (b) Shenzhen and (c) Beijing. 
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oil parent material. With reference to factor 1 and 2 simulta- 
eously, the anthropogenic and natural sources accounted for 
5.8% to 68.4% of the total data variations in the heavy metal 
oncentrations in residential soils of the metropolitan cities.
he unexplained data (residuals) could be attributed to var- 

ous factors such as analytical errors, soil disturbances dur- 
ng lawn maintenance, microclimate conditions, and varying 
tructures of the underlying urban surfaces. 

The results of correlation and factor analyses revealed that 
Cd + Cu + Zn + Pb] in residential soils of Shanghai and Beijing,
nd [Cd + Cu + Zn] in residential soils of Shenzhen were signifi- 
antly affected by human activities in urban areas. The corre- 
ations between heavy metal concentrations and building age 
n green spaces facilitated the evaluation of heavy metal pol- 
ution in urban soils. Furthermore, the results suggested that 
he measurements for deep urban soils were more effective in 

he quantification of pollution levels of heavy metals in urban 

oils compared to the soil background values for unpolluted 

ural soils. 

.3. Accumulation rates of heavy metals in residential 
oils 

ince the building age represents the time length of a res- 
dential soil exposure to urban fallout, the regression be- 
ween building age and heavy metal concentrations should 

eveal the general trends of heavy metals changing over time.
ig. 3 presents the results of linear regression analysis, in 

hich the slope coefficient a represents the accumulation 

ates (mg/(kg •year)), that is, the annual net increases of heavy 
etal concentrations in the soils. The accumulation rates 

f Cd and Cu in soils in the three cities of Shanghai, Shen-
hen, and Beijing were similar and ranged from 0.0034 to 
.0039 mg/(kg •year) for Cd and 0.343 to 0.391 mg/(kg •year) 
or Cu ( Fig. 3 ). However, the accumulation rates of Zn and
b in Shanghai were considerably higher than those in Shen- 
hen and Beijing. Accumulation rates of Zn were 4.88, 1.52,
nd 2.22 mg/(kg •year) in Shanghai, Shenzhen, and Beijing,
espectively; accumulation rates of Pb were 1.18 and 0.373 

g/(kg •year) in Shanghai and Beijing, respectively, while Pb 
oncentrations in residential soils of Shenzhen exhibited a 
atural fluctuation, suggesting that the rate of accumulation 

as negligible. 
Cd, Cu, Zn, and Pb accumulation rates in residential soils 

ere mainly due to atmospheric deposition caused by traf- 
c emissions, infrastructure erosion, and industrial emissions.
he sampled residential areas were located in centers within 

he metropolitan cities, which had dense populations and 

rowded vehicle parking lots. Fuel combustion, brake and tire 
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Fig. 3 – Linear regression models between heavy metal concentrations in soils and the building ages of residential areas in 

Beijing, Shanghai and Shenzhen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

wear of vehicles release Cd, Cu, and Zn into the immediate
surroundings. Previously, leaded gasoline caused Pb accumu-
lation in green spaces, which resulted in higher Pb concen-
trations in residential soils of Beijing and Shanghai. The im-
pact of gasoline on Pb accumulation in the residential soils of
Shenzhen is minimal. The other sources of Pb are largely the
erosion of leaded paints and coatings from buildings and in-
frastructure ( Turner and Lewis, 2018 ). Pb pollution is more se-
vere in historical cities, such as Beijing and Shanghai, because
of relatively relaxed environmental regulations on paints and
coatings in the past. The high accumulation rates of Zn and
Pb in Shanghai can be explained by the thriving shipbuilding,
metal processing, and finishing industries in the city. Though
most of the heavy metal-related industries were located in the
suburban areas of the city, their emissions can be transported
and mixed in the atmosphere that would enhance the base-
line deposition of the city. Therefore, the linear regressions es-
timated the accumulation rates of heavy metals in residential
soils in the three metropolitan cities effectively. 

The estimations of the annual accumulation rates by the
linear regression have significant uncertainties, resulting from
many causes, such as the impact of episodic pollution and the
difference in vehicle density between old and new residen-
tial areas. Though prediction error exists, the regression esti-
mations can be used to reflect the overall trend of metal con-
centrations and identify whether there is an accumulation of
heavy metals in urban soil. The accumulation rates of heavy
metals in the cities could also predict the health risks of urban
residents exposed to the soils in the future. 

2.4. Health risk assessment and prediction 

The calculated HQs of heavy metals are summarized in
Table 3 , which represents the health risks of local children
exposed to heavy metals in residential soils. The maximum
value of THQ in Shanghai was greater than 1, indicating the
existence of health risks in some of the residential areas,
whereas maximum values of THQ in Shenzhen and Beijing
were lower than 1, implying that levels of heavy metals in
the soils were safe. The 90 th percentile values of HQs for the
three exposure routes in the three cities were similar: acci-
dental ingestion of soil particles > dermal contact > inhala-
tion. The intake dose of heavy metals could be increased in
children who frequently play on the grounds of residential
green spaces through hand-to-mouth behavior. Therefore, the
ingestion risks in children were higher than the risks of the
other two exposure routes ( Zhang et al., 2018 ). 
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Table 3 – Hazard quotients (HQs) for heavy metals in residential soils of Beijing, Shanghai and Shenzhen. 

THQ HQ ing HQ derm 

HQ inh Cd Cu Zn Pb Cr Ni Mn 

Shanghai Mean 0.730 0.685 0.040 0.005 0.003 0.011 0.010 0.248 0.067 0.025 0.366 
SD 0.436 0.431 0.007 0.001 0.002 0.004 0.008 0.412 0.014 0.004 0.077 
Min. 0.380 0.352 0.025 0.002 0.001 0.005 0.001 0.052 0.034 0.014 0.117 
75% 0.712 0.664 0.044 0.005 0.004 0.013 0.013 0.210 0.074 0.028 0.386 
90% 0.936 0.884 0.049 0.005 0.005 0.015 0.022 0.404 0.085 0.030 0.419 
Max. 3.345 3.287 0.079 0.012 0.019 0.038 0.048 2.800 0.106 0.034 0.983 

Shenzhen Mean 0.450 0.423 0.025 0.002 0.005 0.007 0.004 0.198 0.067 0.021 0.147 
SD 0.152 0.144 0.009 0.001 0.002 0.004 0.002 0.079 0.029 0.009 0.065 
Min. 0.137 0.131 0.005 0.000 0.002 0.001 0.001 0.081 0.007 0.007 0.028 
75% 0.535 0.505 0.030 0.002 0.006 0.009 0.006 0.238 0.083 0.026 0.181 
90% 0.641 0.608 0.036 0.003 0.008 0.011 0.007 0.304 0.102 0.032 0.242 
Max. 0.974 0.924 0.053 0.005 0.010 0.027 0.015 0.487 0.173 0.056 0.392 

Beijing Mean 0.448 0.414 0.030 0.004 0.002 0.009 0.005 0.073 0.044 0.016 0.300 
SD 0.048 0.046 0.003 0.000 0.001 0.003 0.002 0.027 0.005 0.002 0.024 
Min. 0.358 0.331 0.024 0.003 0.000 0.005 0.002 0.015 0.033 0.012 0.247 
75% 0.471 0.436 0.031 0.004 0.002 0.009 0.006 0.083 0.046 0.017 0.315 
90% 0.499 0.463 0.032 0.004 0.002 0.011 0.007 0.107 0.052 0.019 0.329 
Max. 0.641 0.598 0.038 0.005 0.003 0.022 0.011 0.174 0.059 0.023 0.362 

Fig. 4 – Spatial distributions of total hazard quotients for heavy metals in residential soils of Beijing, Shanghai and 

Shenzhen. 
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The spatial distribution of THQ values exhibited different 
rends in the three cities ( Fig. 4 ). In Shanghai, the sites with 

igh THQs (THQ > 1) were primarily located in the western 

art of the city, known as Puxi, which is an old town of Shang- 
ai. The sites with THQs > 0.7 were scattered in the city of 
henzhen, and none of the residential areas in Beijing had 

HQs > 0.7. The distribution of THQs depended on the con- 
ents of Pb, Cr, and Mn in the soils, because the three heavy 
etals accounted for more than 90% of the total health risk 

 Table 3 ). The THQs in Shenzhen were randomly distributed 

ecause the contents of Pb, Cr, and Mn in the residential 
oils of Shenzhen were mostly affected by soil parent mate- 
ial rather than anthropogenic sources. Conversely, Pb content 
n the soils of Shanghai was affected by urban fallouts and 
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Fig. 5 – The total hazard quotient (THQ) of heavy metals in 

soils of residential areas with different building ages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the soils in the old town received more Pb released from old
paint coatings, leading to higher Pb contents in soils of the old
blocks than those in the newly developed areas of east Shang-
hai. The four sites with the highest THQs (THQ > 2) in Shang-
hai had similar features, and the sites were located within the
old blocks ( Fig. 4 ), the sites had higher building ages (ranging
from 23 to 32 years) and had relatively high Pb content in the
soils, accounting for 73% to 85% of the total health risk. 

However, the THQ values were not correlated with the
building ages of residential soils ( Fig. 5 ) in Shanghai, Shen-
zhen, and Beijing. This is because concentrations of Cr and Mn
in the soils were not correlated with building age. Although
rapid urbanization had considerably elevated the concentra-
tions of Cd, Cu, Pb, and Zn in residential soils, it had minimal
effects on the total health risks to residents exposed to the
soils, because these metals only contribute a part of the to-
tal risk. Notably, leaded paints and coatings in old residential
areas could elevate soil Pb contents and pose a health risk to
children who may touch the soil and paint. 

3. Conclusions 

The present study investigated the characteristics of heavy
metal pollution in residential soils in three metropolitan
cities, Shanghai, Shenzhen, and Beijing. The concentrations
of [Cd + Cu + Zn + Pb] in Shanghai and Beijing and concentra-
tions of [Cd + Cu + Zn] in Shenzhen were influenced by urban
fallout while the other metals did not pollute the soils. Linear
regressions between metal concentrations and building age of
residential areas were used to estimate the annual accumula-
tion rates of heavy metal in residential soils. The accumula-
tion rates of Cd and Cu were similar in the three metropolitan
cities and ranged from 0.0034 to 0.0039 mg/(kg •year) for Cd
and 0.343 to 0.391 mg/(kg •year) for Cu. The accumulation rates
of Zn and Pb in Shanghai were higher than those of the other
two cities due to the thriving shipbuilding and metal process-
ing and finishing industries in the city. Soil Pb poses health
risks to children who live in the old blocks of Shanghai. Al-
though rapid urbanization has increased the concentrations
of Cd, Cu, and Zn in residential soils, the effect on the total
health risks of residents exposed to the soils was minimal. 
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