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Abstract: China has experienced rapid urbanization in recent years. The acceleration of
urbanization has created wealth and opportunity as well as intensified ecological and
environmental problems, especially soil pollution. Our study concentrated on the variation
of heavy metal content due to urbanization in the vegetable-growing soil. Laws and other
causes of the spatial-temporal variation in heavy metal content of vegetable-growing soils
were analyzed for the period of urbanization in Nanjing (the capital of Jiangsu province in
China). The levels of Cu, Zn, Pb, Cd and Hg in samples of vegetable-growing soil were
detected. The transverse, vertical spatio-temporal variation of heavy metals in soil was
analyzed on the base of field investigations and laboratory analysis. The results show that:
(1) in soil used for vegetable production, the levels of heavy metals decreased gradually
from urban to rural areas; the levels of the main heavy metals in urban areas are
significantly higher than suburban and rural areas; (2) the means of the levels of heavy
metals, calculated by subtracting the sublayer (15-30 cm) from the toplayer (0-15 cm), are
all above zero and large in absolute value in urban areas, but in suburban and rural areas,
the means are all above or below zero and small in absolute value. The causes of spatial
and temporal variation were analyzed as follows: one cause was associated with
mellowness of the soil and the length of time the soil had been used for vegetable
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production; the other cause was associated with population density and industrial intensity
decreasing along the urban to rural gradient (i.e., urbanization levels can explain the
distribution of heavy metals in soil to some extent). Land uses should be planned on the
basis of heavy metal pollution in soil, especially in urban and suburban regions. Heavily
polluted soils have to be expected from food production. Further investigation should be
done to determine whether and what kind of agricultural production could be established
near urban centers.
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1. Introduction

Urbanization, can be viewed as a typical phenomenon of economic growth and industrial
advancement. Due to the increasing rate of urbanization, there continues to be concern about the
impact of anthropogenic activities on urban and suburban soil. Urbanization and industrialization have
changed the urban space into specific urban ecosystems and the soil is an important component of
these systems [1]. The original structure and properties of soil have been deeply modified, and new
soils with particular characteristics, the anthroposols, have been created [2]. Recently, much research
has been done on urban and industrial soils including: (1) the studies on spatio-temporal distribution of
heavy metals and their functional roles along industrialization gradients within single cities [3-6];
(2) the research concentrated on different possible sources for the enrichment of heavy metals in
soils [7-10]; and (3) due to bioavailability and toxicity of heavy metal in soil in food chains via plant
uptake, the studies on human health risks and control measures of soil heavy metal pollution [11-16].
However, these studies focused mainly on limited locations, particularly in urban areas or major
pollution sources. In contrast, there are few extensive surveys on heavy metal distributions in soils
along an urban-rural gradient, especially in agricultural soils.

The average urbanization level in China was approximately 12% in 1950, 29% in 1996, 32% in
1999, and 36% in 2000 [17]. Excessive accumulation of heavy metals in soils, especially in
agricultural soils may not only result in environmental contamination, but elevated heavy metal uptake
by crops may also affect food quality and safety. Owing to rapid economic development, heavy metal
contamination of urban and peri-urban agricultural soils has also become increasingly serious in
China [18-21]. Urban and peri-urban agricultural soils can contribute substantial amounts to the
proportion of food consumed in the city, for example, it estimated that 15-20% of the vegetables and
meat is produced on peri-urban agricultural soils in Nanjing City. This potential risk indicates that
there is an urgent need to conduct further studies into heavy metal contamination of urban and
peri-urban agricultural soils. Most of soil heavy metals come from industry resources or agricultural
resources or the sediments. However, there were few reports to analyze which were the mainly
pollution sources of heavy metals in vegetable-growing soil near urban.

The present investigation aims to: (1) investigate the distribution of heavy metals (Pb, Zn, Cr, Hg
and Cu) in vegetable plot soil using urban—rural gradients in Nanjing city, (2) compare some current
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data with those of a 1985 sampling, and (3) analyze the possible pollutant sources which could cause
the accumulation of soil heavy metals in vegetable plots.

2. Materials and Methods
2.1. Study Area

Nanjing region, with a population of 5.63 million and covering 6,597 km?, lies in eastern China
(3114'-32<36' N, 11822-11914' E). It is in the process of rapid economic growth, urbanization and
industrialization. About 15.6% of this region is urbanized.

2.2. Soil Samples Collection and Preparation

Fourteen vegetable plots were sampled from three concentric rings around the city of Nanjing. The
centre-most, urban ring extends from the city wall (which surrounds the centre of the city) to a distance
of 4.0 km and encompasses 5 of the plots. Next, 5 sites were sampled from the suburban ring which
extends from 4.0 km to 7.5 km. Finally, 4 rural sites were sampled from the outer-most ring extending
7.5 to 15 km from the city wall (Figure 1). All the sample sites are far away from the point pollution
sources (such as landfill regions, gas station and factories) and line pollution sources (about 200 meters
away from rivers and roads). All sites were located with GPS in order for further investigation.
Investigation results of the sample plots’ surrounding environment, such as geographical and geological
conditions, hydrological distributions, and neighboring pollution sources, were recorded. The soil
managing conditions including the cultivation time, fertilization frequencies and quantities were
also investigated.

Figure 1. Map of urban, suburban and rural regions distribution.
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2.3. Sample Treatment and Data Analysis

Each soil sample consists of 35 sub-samples random collected from the sampling plot of about
200 m x 200 m. At each sampling point, the top-layer sample (0-15 cm of the soil) and sub-layer
sample (15-30 cm) was taken separately using a stainless steel sampling tube. The soil samples were
then placed into polyethylene bags, and returned to the laboratory. All these samples were air dried at
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room temperature and sieved through a 0.850 mm nylon sieve to remove coarse debris. The soil
samples were then ground with a agate pestle and mortar until all particles passed a 0.150 mm nylon
sieve. For the total heavy metal content analysis, Total Zn, Pb and Cr contents in soils were
determined by an Atomic Absorption Spectrophotometer after digesting in HNO3-HF-HCIO,4. The
total Cu contents in soils were determined by the Atomic Absorption Spectrophotometer after
digesting in HNO3—HCI-HCIO,4 mixture. Total Hg contents in soils were digested in H,SO,~KMnO4
mixture and determined by a Cold Atomic Absorption Spectrometer (CAAS).

Pearson’s correlation coefficients and Principle Component analysis (PCA) of heavy metal
elements in top-layer and sub-layer were calculated and one-way ANOVA method to test the
significant differences of heavy metals content in urban, suburban and rural regions was employed by
SPSS software for Windows, version 13.0 (SPSS Inc., USA).

3. Results and Discussion
3.1. Top-layer Heavy Metals Variation Along the Urban-Rural Gradient

The results showed that the top-layer (0—15 cm) heavy metal levels in the soil varied greatly in urban
(04 km), suburban (4-7.5 km) and rural regions (7.5-15 km) (Table 1). Except for Zn, the mean values
of all heavy metals were degressive from urban to rural environment. All heavy metal contents, including
Zn, were higher in urban sites than those in suburban and rural sites. Analysis of variance (ANOVA,
p < 0.05) showed that there were significant differences in heavy metals between the urban and suburban
areas for Pb, Zn, Hg, and Cu, whereas no significant difference was found between suburban and rural
region. There were no significant differences among the 3 types of regions for Cr.

Tablel. One-way ANOVA of top-layer soil heavy metal contents.

Heavy metals Location N Mean S.D. Range
Pb Urban 5 65.23 &* 17.46 45.95-83.54
(mg/kg) Suburban 5 36.61° 1.16 35.07-38.14
Rural 4 32.10° 5.98 26.70-38.68
Zn Urban 5 224.75° 36.35 191.78-282.54
(mg/kg) Suburban 5 122.11° 20.14 99.67-150.07
Rural 4 144.69 ° 46.80 81.40-191.66
Cr Urban 5 67.49 7.50 58.22-74.88
(mg/kg) Suburban 5 60.09 13.07 43.58-77.42
Rural 4 53.98 14.10 40.10-68.71
Hg Urban 5 0.494° 0.146 0.281-0.622
(mg/kg) Suburban 5 0.176° 0.040 0.122-0.233
Rural 4 0.136° 0.058 0.094-0.224
Cu Urban 5 50.17 # 13.43 38.67-72.40
(mg/kg) Suburban 5 29.27° 4.94 23.35-35.35
Rural 4 24.93°" 4.89 20.20-31.38

* 2 and ® denote they have statistical significance at probability levels of <0.05;  and *
or " and ® denote they have no statistical significance.
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3.2. Vertical (Soil Profile) Variation of Heavy Metals along the Urban-Rural Gradient

Many researchers concluded that heavy metal pollution in soil is mainly concentrated in the upper
layer (0-10 cm) of the top ploughed layer (0-15 cm) of the artificial cultivated soil profile [22-24].
Therefore, comparing the heavy metal contents in top-layer and sub-layer soils show the heavy metal
distribution in the soil profiles. The mean levels were calculated by subtracting the sub-layer (15-30 cm)
from the top-layer (0-15 cm). According the subtracted results, Significance tests (ANOVA in
probability levels of <0.05) were done and the results are shown in Table 2. The mean contents of heavy
metals, which were calculated by the top-layer (0—15 cm) subtracting the sub-layer (15-30 cm), are all
above zero and large in absolute value in urban areas, but in suburban and rural areas the means are all
near zero and small in absolute value. There are no significant differences between different regions.

Table 2. Significance test (ANOVA) of subtracted results along with the gradient.

Heavy metal Urban(n* =5)  Suburban (n =5) Rural (n = 4)
Pb (mg/kg) 13.05 1.91 -1.74
Zn (mg/kg) 55.44 —2.72 111
Cr (mg/kg) 15.06 -1.75 -3.1
Hg (mg/kg) 0.087 —0.041 0.051
Cu (mg/kg) 6.68 —-0.61 —4.39

*n is the number of the sample.
3.3. Identification of the Potential Pollutant Sources which Accumulate Heavy Metals

This research suggests that almost all investigated heavy metals accumulated in the top-layer in
vegetable soil in urban areas where, as we know, there is relatively more industrial activity and more
automobile emission sources than in suburban and rural areas. Variations of heavy metals along the
urban-rural gradient in soil profiles indicate a distribution pattern in urban areas unaffected by regional
background sources, mainly controlled by local sources.

Industrialization and urbanization as major sources of heavy metal pollution are known by many
authors [25,26]. Nanjing is one of the fastest economic growth areas and is in the process of rapid
urbanization and industrialization [27]. Generally, the proximity of vegetable plot soil to urban areas
could increase pollution from irrigation with polluted waters, fertilization with contaminated manure,
atmospheric particle fall from industrial dust, combustion of fossil fuels and road traffic. But which
were the main pollution sources?

3.3.1. Pollution source analysis

According to further analyses, we find that urban heavy metal accumulation in soil depends on how
long the vegetable-growing soil is cultivated. As Table 3 shows, the cultivation time for most urban
sample plots was much longer than suburban and rural plots. The literature also indicates that top-layer
heavy metals are increasing evident as the cultivation time increases [28,29]. It suggests that urban heavy
metals in vegetable-growing soil could be caused by long-time vegetable cultivation and corresponding
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operation. Contaminated manure, water irrigation and intensifying use of fertilizers are the main pollution
sources of heavy metal in soil [30]. But in all the agro-measurement, which are major pollution sources?

Table 3. Vegetable farming period in different area.

Urban Suburban Rural

Site no. 1]3 4 5 6 2 8 9 110 12 7 |11 | 13 |14

Cultivated time (year) | 20 | 20 [40-50|10-20|20-30| 2 |20-30| 2 | 3 | 10 |56 |10 | 56 |2

Another research report can give some indications of major pollution sources in Nanjing [20]. The
study area was located 5 km east of Nanjing. Compare to the places which we had sampled, the places
which they had sampled was limited to urban areas, which were comparable to the urban places we
had researched. Some of the results serve to explain some of our results, especially for urban sampled
soil pollutions in our investigation. In their paper, the concentrations of heavy metals in irrigation
water, chemical fertilizer, and organic wastes (cow manure) were investigated. It found that the
concentrations of all heavy metals measured in irrigation water samples in Nanjing were much lower
than the most stringent grade of the Chinese environmental quality standards for surface
water—National standard 1 [31]. It also found high concentrations of heavy metals such as Cu and Zn
in cow manure, but none of the chemical fertilizers contained high concentrations of heavy metals. All
these indicated that much of soils heavy metals in vegetable-growing land originated from heavy
applications of cow manure.

Could the soils were accumulating heavy metal from industrial, transportation, atmospheric
sedimentation and the other sources? Suspended particulates (TSP) in the atmosphere of Nanjing
compared with the background values of soil indicated that atmospheric dustfalls have elevated heavy
metal concentrations as a whole, except those of Cr which mainly derived from soil particles [32].
Pb (46%-64% in total)and Cu (49%-73% in total) were residual fraction, whereas Zn (31%-69% in
total) mainly in the oxidizable fraction in soils in suburban of Nanjing [33],which indicate that
majority Zn was mainly from artificial contaminant, a majority of Cu and Pb were mainly from soil
parent material. Another research implied that Pb mainly accumulates from heavy traffic, Cu mainly
accumulates from cow manure, and Zn accumulate by irrigation with sewage and urban surface
water [34]. All these suggested that different metal varied in main contaminant sources.

3.3.2. Correlation coefficient analysis in heavy metals

It has been confirmed in our research that the concentrations of most soil heavy metals are
significantly higher in urban than suburban and rural areas. And there were no significant differences
between suburban and rural regions (Table 1). Therefore, Pearson’s correlation coefficients of heavy
metal elements in top-layer and sub-layer were calculated in two groups (1) urban and (2) suburban
and rural regions. They are summarized separately in Tables 4, and 5.
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Table 4. Pearson’s correlation matrix for the metal concentrations of top- layer of soil.

Urban Suburban and rural area
Element Pb Zn Cr Hg Pb Zn Cr Hg
Pb
Zn 0.843 * 0.045
Cr -0.767* -0.397 0.634 0.543
Hg 0.874 * 0.892 ** —0.606 0.240 0.363 0.318
Cu 0.888 **  0.939** —-0.608 0.857 * 0.570 0.124 0.818* 0.209

The left lower part is the correlation coefficient; the right upper part is the significance level.
* P <0.05 (2-tailed); ** P < 0.01 (2-tailed).

Table 5. Pearson’s correlation matrix for the metal concentrations of sub-layer of soil.

Urban Suburban and rural area
Element Pb Zn Cr Hg Pb Zn Cr Hg
Pb
Zn 0.202 0.772 *
Cr -0.590 0.011 0.885 ** (0.553
Hg 0.903** 0.057 -0.416 -0.176  0.026 -0.322
Cu 0.422 0.307 0.298 0.278 0.723 0.594 0.468 -0.010

The left lower part is the correlation coefficient; the right upper part is the significance level.
* P <0.05 (2-tailed); ** P <0.01 (2-tailed).

From Table 4, in the top-layer of urban soil, Pb, Zn Cu, and Hg are significantly positively
correlated, which may suggest a common origin, while Cr is negatively correlated with the other
metals, reflecting different sources of Cr from other elements. No significant differences were found
among the 3 types of regions (urban, suburban and rural) for Cr (Table 1), which indicated that no or
little artificial contaminant accumulated Cr. All these suggested that Cr probably derived from soil
parent material in urban soil. In the top-layer of the suburban and rural regions, there are no significant
correlations among Pb, Zn Cu, and Hg, while there is a significant positive correlation between Cr and
Cu. From Table 5, in the sub-layer of urban soil, Pb and Hg are significantly positively correlated,
while in the suburban and rural regions, Pb are significantly positively correlated with Zn and Cr.
Many researchers indicated that heavy metal pollution in soil is mainly concentrated in the upper layer
(0-10 cm) of the top ploughed layer [22-24]. Correlation coefficient of sub-layer of our research
induced that Pb, Zn and Cr were likely from soil parent material in suburban and rural regions.

3.3.3. Principle Component Analysis (PCA) in top-layer and sub-layer

PCA and cluster analysis (CA) are the most common multivariate statistical methods used in
environmental studies [35,36]. In order to identify the heavy metals relationship, heavy metal elements
in top-ayer and sub-layer were calculated separately by PCA method. 2-D plots of the PCA loadings in
top-lay and sub-layer are presented in Figure 2. (Because two factors can account for 92.93% of the
total variance in top-layer, and 81.93% in the sub-layer, 2-D plots (PC1 vs. PC2) of the PCA
were draw.)



Int. J. Environ. Res. Public Health 2011, 8

Figure 2. PCA loading 2-D plots (PC1 vs. PC2) for 5 heavy metals.
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The relationships among the five heavy metals are readily seen in Figure 2. In the top-layer plot,
Cr and a group (Zn, Cu, Hg and Pb ) are separated by a large distance in the 2-D PCA loading plot,
which may suggest that the two are poorly correlated and have different sources. In the sub-layer plot,
Cr, Pb, Hg and a group (Zn, Cu) are separated clearly in the 2-D PCA loading plot, which may suggest
they have different sources.

3.4. Land-Use Planning Concerned with Heavy Metal Pollution

As the above analyses show, almost all heavy metals’ mean are degressive along with the urban to
rural gradient, and vegetable soils were contaminated with Zn, Pb, Hg and Cu, especially in urban
region [5]. Urban farmland soil pollution with heavy metal has been reported in many cities in the
world. Heavy metals can exert detrimental effects on human health and on the environment in big
cities [26]. Pb, Zn, Cr, Cd and Hg, which are considered very toxic elements, are of primary concern in
soil and food contamination in recent literature [11,37-39]. Data had demonstrated that both Pb, Cd
and Hg in vegetables posed substantial risk to local residents in China [40,41]. Heavy metals, such as
Pb and Zn from heavy traffic, Hg from thermoelectricity power stations and combustion of fossil fuels,
accumulated in most big cities in China. However, in the current study, regions near to urban and the
suburban primarily plant vegetable and are the main vegetable production areas of cities, because that
planting vegetables in urban and the suburban is more convenient transportation and better economic
benefit than rural regions. Metal concentrations in vegetables and vegetable consumption through the
foodchain poses a substantial risk to local residents, although the actual risks to local populations
remains to be examined. The procedures of soil remediation are expensive and sometimes difficult to
perform. Therefore heavily polluted soils have to be excepted from food production [42] and land use
planning should be based on heavy metal pollution in the soil. Generally, we should avoid production
of leafy vegetable and root plants in polluted areas, whereas leguminous plants and fruit plants could
be grown under certain conditions [43]. Further investigation should be done to determine whether and
what kind of agricultural production could be established in areas in close proximity to urban areas.
Heavily polluted areas, such as urban regions, should avoid food production according to relevant
reference standards and should be altered to non-agricultural land-use (recreation areas, construction
sites, trade and industry areas, etc.).
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4. Conclusions

The conclusions show that: (1) In soil used for vegetable production, the contents of heavy metals
decrease gradually from urban to rural areas; the contents of main heavy metals in urban areas are
significantly higher than suburban and rural areas; (2) the means of the levels of heavy metals, which
were calculated by subtracting the sub-layer (15-30 cm) from the top-layer (0-15 cm), are all above
zero and large in absolute value in urban areas, but in suburban and rural areas, the means are all near
zero and small in absolute value. The findings presented here indicate that the location and the time
frame of cultivation are important factors in determining the extent of heavy metal levels. Almost all
heavy metals’ means are degressive along the urban-rural gradient, and vegetable soils were severely
contaminated by Zn, Pb, Hg and Cu, especially in urban regions. Land-use planning should be
considered as a good choice to avoid vegetable consumption posing substantial risk to local residents.

Acknowledgements

This research was supported by funding from Collaborating project of ISTP Canada and MOST
China(2009DFA91900), National Basic Research Program of China(2010CB951300), Polar Science
Foundation of China (20080205) and the National Natural Science Founds (49771043). Li Zhaogin
and Guo Xulin (University of Saskatchewan) gave many excellent suggestions and provided help in
refining the manuscript. Revision and proof were carefully done Tina Elliott (University of
Saskatchewan). All aforementioned are gratefully acknowledged!

References

1. Stroganova, M.; Miagkova, A. City, soil and environment. In Proceedings of the 16th World
Congress of Soil Science, Mentpellier, France, 20-26 August 1998.

2. Morel, J.L.; De Kimpe, C. Urban and sub-urban soils: A new playground for soil scientists.
In Proceedings of the 16th World Congress of Soil Science, Mentpellier, France, 20-26 August 1998.

3. Schleufd U.; Wu, Q.L.; Blume, H.P. Variability of soils in urban and periurban areas in Northern
Germany. Catena 1998, 33, 255-270.

4. Imperato, M.; Adamo, P.; Naimo, D.; Arienzo, M.; Stanzione, D.; Violante, P. Spatial distribution
of heavy metals in urban soils of Naples city (Italy). Environ. Pollut. 2003, 124, 247-256.

5. Fang, S.B.; Pan, J.J; Yang, W.N. Investigation and assessment on pollution of soil heavy metals in
Nanjing. Urban Environ. Urban Ecol. 2003, 16, 4-6 (In Chinese with English abstract).

6. Sollitto, D.; Romic, M.; Castrignang A.; Romic, D.; Bakic, H. Assessing heavy metal
contamination in soils of the Zagreb region (Northwest Croatia) using multivariate geostatistics.
Catena 2010, 80, 182-194.

7. Teutsch, N.; Erel, Y.; Halicz, L.; Banin, A. Distribution of natural and anthropogenic lead in
mediterranean soils. Geochim. Cosmochim. Acta 2001, 65, 2853-2864.

8. Hamer, G. Solid waste treatment and disposal: Effects on public health and environmental safety.
Biotechnol. Adv. 2003, 22, 71-79.


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VCG-4Y29T36-1&_user=2446612&_coverDate=03%2F15%2F2010&_alid=1588145675&_rdoc=84&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5954&_sort=r&_st=4&_docanchor=&_ct=56680&_acct=C000057287&_version=1&_urlVersion=0&_userid=2446612&md5=2d3ae0ba1882159d05299742cce0b32c&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VCG-4Y29T36-1&_user=2446612&_coverDate=03%2F15%2F2010&_alid=1588145675&_rdoc=84&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5954&_sort=r&_st=4&_docanchor=&_ct=56680&_acct=C000057287&_version=1&_urlVersion=0&_userid=2446612&md5=2d3ae0ba1882159d05299742cce0b32c&searchtype=a
http://adsabs.harvard.edu/cgi-bin/author_form?author=Teutsch,+N&fullauthor=Teutsch,%20N.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Erel,+Y&fullauthor=Erel,%20Y.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Halicz,+L&fullauthor=Halicz,%20L.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Banin,+A&fullauthor=Banin,%20A.&charset=UTF-8&db_key=AST

Int. J. Environ. Res. Public Health 2011, 8 1814

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Mapandaa, F.; Mangwayana, E.N.; Nyamangara, J.; Giller, K.E. The effect of long-term irrigation
using wastewater on heavy metal contents of soils under vegetables in Harare, Zimbabwe. Agric.
Ecosyst. Environ. 2005, 107, 151-165.

Cai, L.M.; Ma, J.; Zhou, Y.Z.; Huang, L.C. Multivariate geostatistics and GIS-based approach to
study the spatial distribution and sources of heavy metals in agricultural soil in the pearl river
delta, China. Chin. J. Environ. Sci. 2008, 29, 3496-3502 (In Chinese with English abstract).
Mohamed, A.E.; Rashed, M.N.; Mofty, A. Assessment of essential and toxic elements in some
kinds of vegetables. Ecotoxicol. Environ. Saf. 2003, 55, 251-260.

Ismail, B.S.; Farihah, K.; Khairiah, J. Bioaccumulation of heavy metals in vegetables from
selected agricultural areas. Bull. Environ. Contam. Tox. 2005, 74, 320-327.

Cunningham, S.D.; Ow, D.W. Promises and prospects of phytoremediation. Plant Physiol. 1996,
110, 715-719.

Dickinson, N.M. Strategies for sustainable woodland on contaminated soils. Chemosphere 2000,
41, 259-263.

Zu, Y.Q.; Li, Y.; Christian, S.; Laurent, L.; Liu, F. Accumulation of Pb, Cd, Cu and Zn in plants
and hyperaccumulator choice in Lanping lead-zinc mine area, China. Environ. Int. 2004, 30,
567-576.

Jia, L.; Wang, W.Y.; Li, Y.H.; Yang, L.S. Heavy metals in soil and crops of an intensively farmed
area: A case study in Yucheng City, Shandong Province, China. Int. J. Environ. Res. Public
Health 2010, 7, 395-412.

Zhang, L.; Zhao, S.X. Reinterpretation of China’s under-urbanization: A systemic perspective,
source: National bureau of statistics of China. Habitat Int. 2003, 27, 459-483.

Chen, H.M.; Zheng, C.R.; Tu, C.; Zhu Y.G. Heavy metal pollution in soils in China: Status and
countermeasures. AMBIO 1999, 28, 130-134.

Wong, S.C.; Li, X.D.; Zhang, G.; Qi, S.H.; Min, Y.S. Heavy metals in agricultural soils of the
pearl river delta, South China. Environ. Pollut. 2002, 119, 33-44.

Huang, B.; Shi, X.Z.; Yu, D.S.; Oborn, I.; Blomback, K.; Pagella, T.F.; Wang, H.J.; Sun, W.X.
Environmental assessment of small-scale vegetable farming systems in peri-urban areas of the
yangtze river delta region, China. Agr. Ecosyst. Environ. 2006, 112, 391-402.

Liu, Y.B., Chen, Y.N. Impact of population growth and land-use change on water resources and
ecosystems of the arid Tarim river basin in Western China. Int. J. Sustain. Dev. World Ecol. 2006,
13, 295-305.

Luo, Y.M.; Jiang, X.J.; Wu, L.H.; Song, J.; Wu, S.C.; Lu, R.H.; Christie, P. Accumulation and
chemical fractionation of Cu in a paddy soil irrigated with Cu-rich wastewater. Geoderma 2003,
115, 113-120.

Sun, L.N.; Sun, T.H.; Jin, C.Z. Environgeochemical characteristics and genetic analysis on heavy
metals of soils in wolongquan river area. Res. Soil Water Conser. 2004, 11, 191-195.

Yu, J.B.; Liu, J.S.; Wang, J.D. Space-time variation of heavy metal elements content in covering
soil of coal mine reclamation area. J. Soil Water Conser. 2000, 14, 30-33.


javascript:AL_get(this,%20'jour',%20'Plant%20Physiol.');

Int

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

. J. Environ. Res. Public Health 2011, 8 1815

Oliva, S.R.; Rautio, P. Spatiotemporal patterns in foliar element concentrations in Ficus
microcarpa L. f. growing in an urban area: Implications for biomonitoring studies. Ecol. Indic.
2004, 5, 97-107.

Davydova, S. Heavy metals as toxicants in big cities. Microchem. J. 2005, 79, 133-136.

Gao, W.J.; Wang, X.T.; Li, H.F.; Zhao, P.L.; Ren, J.X.; Toshio, O. Living environment and
energy consumption incities of yangtze delta are. Energ. Bldg. 2004, 36, 1241-1246.

Zhang, M.; Gong, Z.T. Contents and distribution of some heavy metal element in the vegetable
cultivated soil in China. Acta Pedologica Sinca 1996, 33, 85-93 (In Chinese with English abstract).
Lavado, R.S.; Porcelli, C.A.; Alvarez, R. Concentration and distribution of extractable elementsin
a soil as affected by tillage systems and fertilization. Sci. Total Environ. 1999, 232, 185-191.
Celik, A.; Kartal, A.; Akdogan, A.; Kaska, Y. Determination of heavy metal pollution in Denizli
(Turkey) by using robinio pseudo-acacia L. Environ. Int. 2005, 31, 105-112.

SEPAC (State Environmental Protection Administration of China). Environmental Quality
Standards for Surface Water (GB3838-2002), 2002. Available online: http://www.zzszj.gov.cn/
html/hybz/134308295.html (accessed on 16 November 2007).

Huang, S.S.; Hua, M.; Jin, Y.; Wu, X.M.; Liao, Q.L.; Zhu, B.W.; Pan, Y.M. Concentrations and
sources of heavy metal in atmospheric dustfall in the Nanjing city, East China. Earth Sci. Front.
2008, 15, 161-166 (In Chinese with English abstract).

Chao, W.; Xiao, C.L.; Li, M.Z.; Pei, FW.; Zhi, Y.G. Pb, Cu, Zn and Ni concentrations in
vegetables in relation to their extractable fractions in soils in suburban areas of Nanjing, China.
Polish J. Environ. Stud. 2007, 16, 199-207.

Li, Z.Q.; Zheng, S.X.; Biao, H.; Yu, D.S.; Wang, H.J.; Blombaeck, K.; Oboern, 1. Characteristics
of spatial variability of soil available lead, zinc, copper and cadmium in a vegetable base in the
suburbs of Nanjing. Soils 2005, 37, 41-47 (In Chinese with English abstract).

Miranda, J.; Andrade, E.; L&ez-Suaez, A.; Ledesma, R.; Cahill, T.A.; Wakabayashi, P.H.
A receptor model for atmospheric aerosols from a southwestern site in Mexico City.
Atmos. Environ. 1996, 30, 3471-3479.

Han, Y.M.; Du, P.X.; Cao, J.J.; Posmentier, E.S. Multivariate analysis of heavy metal
contamination in urban dusts of Xi’an, Central China. Sci. Total Environ. 2006, 355, 176-186.
Wang, X.L.; Sato, T. Health risks of heavy metals to the general public in Tianjin, China via
consumption of vegetables and fish. Sci. Total Environ. 2005, 350, 28-37.

Moreno, D.A.; Vilora, G.; Soriano, M.T.; Castilla, N.; Romero, L. Sulfur, chromium, and
selenium accumulated in Chinese cabbage under direct covers. J. Environ. Manag. 2005, 74,
89-96.

Plum, L.M.; Rink, L.; Haase, H. The essential toxin: Impact of zinc on human health. Int. J.
Environ. Res. Public Health 2010, 7, 1342-1365.

Cui, Y.J.; Zhu, Y.G.; Zhai, R.H.; Chen, D.Y.; Huang, Y.Z.; Qiu, Y.; Liang, J.Z. Transfer of metals
from soil to vegetables in an area near a smelter in Nanning, China. Environ. Int. 2004, 30,
785-791.


http://cnplinker.cnpeak.com/outline_author.jsp?channelid=70050&searchword=%3D'Jianxing%20Ren'
http://cnplinker.cnpeak.com/outline_author.jsp?channelid=70050&searchword=%3D'Ojima%20Toshio'
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moreno%20DA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22V%C3%ADllora%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Soriano%20MT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Castilla%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Romero%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cui%20YJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhu%20YG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhai%20RH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20DY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huang%20YZ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Qiu%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liang%20JZ%22%5BAuthor%5D

Int. J. Environ. Res. Public Health 2011, 8 1816

41. Liu, W.X.; Li, H.H.; Li, S.R.; Wang, Y.W. Heavy metal accumulation of edible vegetables
cultivated in agricultural soil in the suburb of Zhengzhou City, People’s Republic of China. Bull.
Environ. Contam. Toxicol. 2006, 76, 163-170.

42. Vrcsaj, B.; Poggioa, L.; Marsana, F.A. A method for soil environmental quality evaluation for
management and planning in urban areas. Landscape Urban Plan. 2008, 88, 81-94.

43. Liu, H.Y.; Probst, A.; Liao, B.H. Metal contamination of soils and crops affected by the Chenzhou
lead/zinc mine spill (Hunan, China). Sci. Total Environ. 2005, 339, 153-166.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20YW%22%5BAuthor%5D
http://creativecommons.org/licenses/by/3.0/

