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Abstract

The urban environment quality is of vital importance as the majority of people
now live in cities. Due to the continuous urbanisation and industrialisation in many
parts of the world, metals are continuously emitted into the terrestrial environment
and pose a great threat on human health. An extensive survey was conducted in the
highly urbanised and commercialised Hong Kong Island area (80.3 km?) of Hong
Kong using a systematic sampling strategy of five soil samples per km? in urban areas
and two samples per km? in the suburban and country park sites (0 - 15 cm). The
analytical results indicated that the surface soils in urban and suburban areas are
enriched with metals, such as Cu, Pb, and Zn. The Pb concentration in the urban soils
was found to exceed the Dutch target value. The statistical analyses using principal
component analysis (PCA) and cluster analysis (CA) showed distinctly different

associations among trace metals and the major elements (Al, Ca, Fe, Mg, Mn) in the
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urban, suburban, and country park soils. Soil pollution maps of trace metals (Cd, Co,
Cr, Cu, Ni, Pb, and Zn) in the surface soils were produced based on geographical
information system (GIS) technology. The hot-spot areas of metal contamination were
mainly concentrated in the northern and western parts of Hong Kong Island, and
closely related to high traffic conditions. The Pb isotopic composition of the urban,
suburban, and country park soils showed that vehicular emissions were the major
anthropogenic sources for Pb. The 2°°Pb/*’Pb and *®®Pb/?°’Pb ratios in soils decreased

as Pb concentrations increased in a polynomial line (degree = 2).

Keywords: Urban soil, heavy metals, multivariate statistic, GIS, Pb isotope, Hong
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1. Introduction

With the increasing demand for metals in industries and rapid urbanisation in
many parts of the world, contamination by metals in the terrestrial environment has
become widespread in a global context. Increasing metal pollution has severely
disturbed the natural geochemical cycling of the ecosystem. Heavy metals from
vehicular emissions, incinerators, industrial waste, the atmospheric deposition of dust
and aerosols, and other activities have continuously added to the pool of contaminants
in the environment (Harrison et al., 1981; Culbard et al., 1988; Thornton, 1991;
Schuhmacher et al., 1997; Hashisho and El-Fadel, 2004; Kuang et al., 2004; Mireles
et al., 2004; Banat et al., 2004). Hong Kong is an urban metropolis with a population
of over 6.8 million and a small land area of only 1,067 km? (for population density of

about 6,300 people per km?). Many residential areas and commercial skyscrapers



have been built in the close vicinity of well-established networks of highways and
roads. Situated in the southern tip of the Pearl River Delta Region (PRDR) that has
rapidly industrialised in the last three decades, Hong Kong is also susceptible to
regional pollution from the PRDR (Wang et al., 2003; Wong et al., 2003). Metal
contamination from various sources is an important environmental concern in Hong
Kong.

Due to the non-biodegradability of heavy metals and their long biological half-
lives for elimination, their accumulation in the food chain will have a significant
effect on human health in the long term (Alloway, 1990; Kabata-Pendias and Pendias,
1992). Past studies have revealed that human exposure to high concentrations of
heavy metals will lead to their accumulation in the fatty tissues of the human body
and affect the central nervous system, or the heavy metals may be deposited in the
circulatory system and disrupt the normal functioning of the internal organs (Nriagu,
1988; Thompson et al., 1988; Waisberg et al., 2003; Bocca et al., 2004). A number of
studies have indicated that children exposed to contaminated soils, dust, and air
particulates may ingest a significant amount of toxic elements through the hand-
mouth pathway and through other routes of exposure (Davies et al., 1990; Mielke et
al., 1999; Raghunath et al., 1999; Yéfiez et al., 2003).

The distribution of heavy metals in soils has been widely studied in Hong
Kong (Wong and Tam, 1978; Lau and Wong, 1982; Chen et al., 1997; Li et al., 2001).
Some attempts have also been made in Hong Kong (Li et al., 2004) and other areas
(Tao, 1995; Mielke et al., 2000; Facchinelli et al., 2001; Norra et al., 2001; Romic and
Romic, 2003) to study the distribution of metals in soils and their sources using GIS
methods. However, the enrichment of heavy metals in soils in urban areas compared

with the situation in industrial or mining areas is not well illustrated. Studies on the



sources of pollution using GIS have also mainly been limited to the mapping of soil
pollutants/pollution indices and direct comparisons between them and various
thematic maps (such as roads, topography, and buildings) within different GIS layers.
The quantitative correlation between heavy metals in soils and their potential sources
has also not been well established in urban surroundings. The aims of the present
study are (1) to assess and compare metal contamination in soils of urban, suburban,
and country park areas of Hong Kong; (2) to evaluate the relationship between heavy
metals and their possible sources using GIS spatial analysis; and (3) to identify the

anthropogenic sources of Pb using Pb isotopic composition analysis.

2. Materials and Methods

2.1. The study area

Hong Kong is comprised of three geographical areas, namely Hong Kong
Island, the Kowloon Peninsula, and the New Territories. Hong Kong Island and the
Kowloon Peninsula are old urban areas of Hong Kong with a long history as city
centres. The development of the New Territories commenced in the 1970s, and new
towns were developed to de-centralise the population from the main urban districts
(Hong Kong Island and Kowloon Peninsula). In recent years, reclamation has been
carried out in Western Kowloon and the north shore of Hong Kong in order to
construct a strategic transport link, and to develop residential and commercial areas
(Information Services Department, 2004). Hong Kong’s industry underwent major
restructuring in the 1980s and early 1990s. Most of the manufacturing industries have

been relocated to the Chinese mainland.



2.2. Soil sampling

In this study, the scope of the sampling area was focused on Hong Kong
Island, which has an area of 80.28 km* A systematic sampling strategy was adopted
to provide a sampling programme over the entire island (Fig. 1). The whole area was
divided into 80 cells of 1 km x 1 km in size, within which the topsoils (0 - 15 cm)
were collected. In the sampling programme, soils from urban, suburban, and country
park areas were collected based on the different site conditions (see Table 1). A
sampling density of 5 samples per km® was adopted wherever possible in urban areas,
and 2 samples per km® was used in both the suburban areas and inside the country
parks. Each of the soil samples consisted of 9 sub-samples obtained ina2 m x 2 m
grid using a stainless steel hand auger. The collected soil samples were stored in
polyethylene bags for transport and storage. The soil samples were air-dried in an
oven at 50°C for 3 days. They were then sieved through a 2.0-mm polyethylene sieve
to remove stones, coarse materials, and other debris. Portions of the soil samples (~ 20
g) were ground in a mechanical agate grinder until fine particles (< 200 um) were
obtained. The prepared soil samples were then stored in polyethylene bags in a

dessicator.

2.3. Rock sampling

Three major types of bedrock in Hong Kong, including granite, granodiorite

and tuff were sampled. A total of 9 samples were collected (3 samples for each type



of rock) at various locations of Hong Kong using a stainless-steel hammer. Portions of
the rock samples were then ground using mechanical agate grinder to fine particles (<
200 pum). The ground rock samples were then stored in a polyethylene bags in a

dessicator before analysis.

2.4. Strong acid digestion

The soil samples were analysed for major and trace metal concentrations using
a strong acid digestion method (Wong and Li, 2004). Approximately 0.200 g of the
soil samples were weighed and placed into pre-cleaned Pyrex test tubes. About 8.0 ml
of concentrated nitric acid and 2.0 ml of concentrated perchloric acid were added to
the tubes inside the fume hood. The concentrated nitric and perchloric acid were
handled with caution. Protective robe and gloves were put on when concentrated acids
were used. The mixtures were heated in an aluminium block at 50°C for 3 hours, 75°C
for 1 hour, 100°C for 1 hour, 125°C for 1 hour, 150°C for 3 hours, 175°C for 2 hours,
and 190°C for 3 hours until they were completely dry. After the test tubes were cool,
10.0 ml of 5% HNO; were added and heated at 70°C for 1 hour with occasional
mixing. Upon cooling, the mixtures were decanted into polyethylene tubes and
centrifuged at 1,230 x g for 10 minutes. Metal concentrations of the solutions were
measured using Inductively Coupled Plasma - Atomic Emission Spectrometer (ICP-
AES; Perkin Elmer 3300DV). The major elements that were determined were Al, Ca,
Fe, Mg, and Mn, while trace metals included Cd, Co, Cu, Cr, Ni, Pb, and Zn. For
quality control, reagent blanks, replicates, and standard reference materials (NIST

SRM 2709 San Joaquin Soil and an internal reference material), representing 10, 20,



and 10% of the total sample population, respectively, were incorporated in the
analysis to detect contamination and to assess precision and bias. The analytical
results showed no signs of contamination and that the precision and bias of the
analysis were generally < 10%. The recovery rates for most of the heavy metals and
major elements in the international standard reference material (NIST SRM 2709)
were around 80 to 95%. The recovery rates for Al, Pb, and Cr were around 60% in the
reference material due to their low concentrations and the presence of aluminosilicate
minerals.

Approximately 0.300 g of the ground rock samples (<200 um) were digested
in similar settings using the strong acids (concentration nitric and perchloric acids).
Elemental concentrations of the solutions were then determined using ICP-AES
(Perkin Elmer 3300DV). The precision and bias assessed by the reagent blanks and

replicate samples were <10% for both trace and major elements in the analysis.

2.5. Pb isotopic composition analysis

The Pb isotopic composition analysis was performed on selected soil samples
from the urban, suburban, and country park areas, and the rock samples to study the
natural and anthropogenic origins of Pb in the three types of soils and the natural
bedrocks. Solutions from the strong acid digestion were diluted until a Pb
concentration of about 20 ppb was obtained, using 5% high-purity HNO; and
analysed for Pb isotopic composition by Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS; Perkin-Elmer Elan 6100 DRC™). The analytical parameters

were set as 190 sweeps/reading, one reading/replicate, and ten replicates per sample



solution. Dwell times of 40, 25, 25, and 25 ms were used for 2**Pb, *®Ph, 2°’Pb, and
29ph respectively. The Pb counts of the procedural blank were below 0.5% of the
samples. The relative standard deviations (RSD) of the 10 replicates were generally
below 0.5%. A standard reference material (NIST SRM981 Common Pb Isotopic
Standard) was used for quality control. The measured Pb ratios of 2**Pb/*Pb,
2%pp/2%’Pp, and **°Pb/*’Pb were 0.0645 + 0.0001, 1.0938 + 0.0011, and 2.3710 +
0.0030, which were in good agreement with the standard reference values of 0.0645,

1.0933, and 2.3704, respectively.

2.6. Statistical analysis

The analytical results and field data were compiled to form a multi-elemental
database using Excel and SPSS®. Statistical analyses, including principal component
analysis (PCA) and cluster analysis (CA), were performed using SPSS® statistical
software. In the PCA, the principal components were calculated based on the
correlation matrix. Varimax with Kaiser normalisation was used as the rotation
method in the analysis. Since the elemental concentrations varied greatly among the
major and trace elements, the raw data were standardised before the execution of
clustering in CA. The data were standardised to the Z score (with a mean of 0 and a
standard variation of 1) and then classified using the Wards method. The distance
measure used in CA was the Squared Euclidean distance. The heavy metals, which

showed a close correlation, were identified and grouped for further analysis.

2.7. Spatial analysis based on GIS



The heavy metal concentrations were used as the input data for soil pollution
maps to study the distribution of metals in urban soils. The software used for the
mapping and spatial analysis was ArcView 8. An interpolation method called the
Inverse Distanced Weighted (IDW) method was adopted for the interpolation of
geographical data. Gridding was performed based on a grid size of 50 x 50 m? using
all of the input points available with a variable search radius. In the IDW method, the
closer a point is to the centre of the cell being estimated, the more weight it has in the
averaging process. The heavy metals, which are highly enriched in urban and
suburban soils as compared with country park soils, were identified. A soil pollution
index (SPI) was then calculated at each location by dividing the heavy metal
concentrations of the samples with the Dutch target concentrations of the specific

highly elevated heavy metals, and then averaging the results by the number of trace

elements:
5 MC,
j TCJ'
SPI, =
N
where:

i = sampling locations; j = the heavy metals that are highly enriched; MC; = the metal
concentrations at ith sampling location; TC; = the target concentrations of jth heavy
metal that are highly enriched, and N = the number of heavy metals that are highly
enriched. The calculated SPI was then interpolated to give an index map of metal
contamination in the soils. A map of traffic data (Annual Average Daily Traffic-
AADT) was also constructed based on the data in the traffic census (Transport

Department, 2003). A three-dimensional view of the map of the soil pollution index



was also formed and overlaid with the thematic map of AADT to provide better
visualisation of the metal pollution and to study the relationship between metal

enrichment in soils and the related traffic volumes.

3. Results and Discussion

3.1. Heavy metal concentrations

The concentrations of Cd, Co, Cr, Cu, Ni, Pb, and Zn in the urban, suburban
and country park soils in Hong Kong Island are summarised in Table 2. The mean
concentration of Pb in the HKI urban soils (88.1 mg/kg) exceeded the target values
recommended by the Netherlands Soil Contamination Guidelines (Department of Soil
Protection, 1994) (85 mg/kg) and the mean Zn concentration (103 mg/kg) was close
to the Dutch target value (140 mg/kg). The mean concentrations of Cd, Co, Cr, Cu,
Ni, Pb, and Zn in the suburban and country park soils were generally below the target
values. The major and trace elemental concentrations of three types of major bedrock
in Hong Kong, granite, granodiorite, and tuff, were also analysed in the present study
and the results are given in Table 3. In comparison with the background values,
represented by the natural bedrock, the urban soils and suburban soils were enriched
with metals such as Cu, Pb, and Zn. The trace metal concentrations of the country
park soils were comparable to the background values. The heavy metal concentrations
in the urban soils were generally higher than those in suburban soils, because more

anthropogenic activities take place in urban environments.

3.2. Results of multivariate statistics
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3.2.1. Principal component analysis (PCA)

The results of PCA for the metal concentrations in the urban, suburban, and
country park soils are tabulated in Table 4. Four principal components were
considered in the PCA analysis, accounting for over 80% of the total variance in the
three sets of data.

In the HKI urban soils, elements such as Cd, Cu, Ni, Pb, and Zn were closely
associated in the first principal component (PC1), which explained over 30% of the
total variance. This may indicate the influence of anthropogenic inputs of these
elements into the urban soils. Cobalt was found to be associated with Mg and Mn in
the PC1 of the suburban soils, and elements such as Cd, Cr, and Ni were associated
with Al and Fe in the PC1 of the country park soils, which explained over 25% and
30% of the total variance, respectively. These results showed that the heavy metals in
the suburban and country park soils were found to be associated with some rock-
forming elements, which may originate from the parental materials of the soils. In
urban soils, metal enrichments resulted from different sources of input, particularly
anthropogenic activities. The first principal component accounted for most of the
variability in the data, and each succeeding component accounted for a reduced
percentage of the remaining variability. Hence, anthropogenic activities were shown
to be the dominant influence on urban soils, while natural sources and, to some extent,
anthropogenic activities were shown to have a strong influence on the suburban and
country park soils.

The rotated component matrix showed that Cr was mainly associated with Fe
and Mg in the second component (PC2) and Co and Mn in the third component (PC3)
of the HKI urban soils, suggesting a natural origin from parent rocks. Similarly,

strong associations were also observed between Co and Mn in the suburban and
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country park soils. Calcium was univocally isolated in the fourth component (PC4) of
the HKI urban soils and showed a weak association with other elements. In general,
PC2, PC3, and PC4 in the rotated component matrix of the suburban and country park
soils depicted the natural geochemical associations of elements in soils derived from

their parental materials.

3.2.2. Cluster Analysis (CA)

Cluster analysis was performed on the elemental concentrations in the urban,
suburban and country park soils. The results are illustrated in the dendrograms (Figs.
2, 3, and 4). The distance cluster represents the degree of association between
elements. The lower the value on the distance cluster, the more significant was the
association. A criterion for the distance cluster of between 15 to 20 was used in the
analysis.

In the HKI urban soils, two distinct clusters can be identified (Fig. 2).

Cluster I: contained Cd, Cr, Cu, Ni, Pb, and Zn. These elements probably came
from anthropogenic sources in urban areas.

Cluster I1I: contained Co and major elements such as Al, Ca, Mg, Mn, and Fe.
The elements may originate from the natural parent materials of the
soils.

In the suburban soils, two distinct clusters can be identified (Fig. 3).

Cluster I: contained Cr, Co, and Ni and major elements such as Al, Mg, and Fe.
The elements probably came from natural materials.

Cluster Il: contained Cd, Cu, Pb, and Zn and major elements such as Ca and Mn.
The association may reflect the inputs from some anthropogenic

activities and/or natural geochemical system.
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In the country park soils, two distinct clusters can be identified (Fig. 4).
Cluster I: contained heavy metals, such as Cd, Cr, and Ni, and major elements
such as Fe and Al. The heavy metals may be geochemically
associated with the major elements and come from natural sources.
Cluster 11 contained Co, Cu, Pb, and Zn and major elements, Ca, Mg, and Mn.
The association may reflect some influence from urban activities and
natural geochemical behaviour.

As shown above, the hierarchical clusters of the HKI urban, suburban, and
country park soils vary among different sampling areas. Although a universal criterion
(15 - 20) was adopted in the clustering for purposes of comparison, the clusters in the
urban and country park soils were more distinct in comparison with those in the
suburban soils. Clustering of elements was formed at a lower distance criterion in the
urban and country park soils. For an instance, Cluster | in the HKI urban soils was
formed at a distance criterion of about 8 (Fig. 2) and Cluster I in the country park soils
was formed at a distance criterion about 6 (Fig. 4).

Heavy metals, such as Cd, Co, Cr, Cu, Ni, Pb, and Zn, in the country park
soils were found to be closely associated with major elements in natural materials,
especially with Al, Fe, and Mn (see Fig. 4). A different cluster pattern, however, was
observed in the HKI urban soils. Metals such, as Cd, Cr, Cu, Ni, Pb, and Zn, in the
urban soils formed a distinct cluster at a distance cluster of about 8. This suggested
the association between these elements was very significant. Only Co was found to be
associated with the major elements in the urban soils, especially with Mn, at a
distance cluster of about 7 (see Fig. 2). The clusters in the suburban soils showed that
heavy metals were associated with the major elements (see Fig. 3). However, the

clustering pattern of elements was less distinct in the suburban soils. The associations
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between the heavy metals and major rock-forming elements may reflect both
anthropogenic and natural inputs in the soils.

In general, the results of CA agreed well with that of the PCA. The differences
between the HKI urban soils and country park soils were well illustrated in both
analyses. The anthropogenic inputs in the urban environment caused significant
enrichments of heavy metals, such as Cd, Cr, Cu, Ni, Pb, and Zn in the soils.
Therefore, the original associations of these elements with major elements derived
from their natural sources were altered, demonstrating a different clustering pattern in

these soils.

3.3. GIS based analyses
3.3.1. Spatial distribution of trace metals

The soil pollution maps of heavy metals including Cd, Co, Cr, Cu, Ni, Pb, and
Zn were generated using GIS. The results of the selected elements are shown in Fig.
5. The spatial distributions of metals such as Cd, Cu, Pb, and Zn in soils were similar.
In fact, they were strongly correlated in the statistical results for the urban and
suburban soils. Cadmium, Cu, Pb, and Zn in the soils may originate from similar
sources and most probably from anthropogenic inputs. Previous studies have revealed
that metal contamination in Hong Kong is significantly related with traffic and its
related activities (Lau and Wong, 1982; Li et al., 2004). Traffic emissions and other
human activities may be a common source governing the distribution of Cd, Cu, Pb,
and Zn in soils. Moreover, the spatial distribution of Co (see Figure 5) was distinctly
different from the trace elements such as Cd, Cu, Pb and Zn. High concentrations of
Co were mainly found in the western and southern Hong Kong Island, which may

attribute to the inputs from natural sources.
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As discussed above, the urban and suburban soils of Hong Kong Island were
highly enriched with metals, including Cu, Pb, and Zn. These three metals were
therefore used to calculate the soil pollution index (SPI1), which represents the overall
degree of metal pollution in soils. The calculated data was used to form the map of the
soil pollution index (see Fig. 6). The northern and western parts of Hong Kong Island
were found to be more polluted than the other parts of the study area, with SPI > 1.
This result indicated that the soils in these areas contain elevated concentrations of
Cu, Pb, and Zn that exceed the Dutch target values (36 mg/kg, 85 mg/kg, and 140
mg/kg for Cu, Pb, and Zn, respectively). In particular, in Wan Chai, a crowded old
residential and commercial area in Hong Kong, the SPI value of 6.7 was almost seven
times that of the target values. At Shau Kei Wan, an old residential and commercial
area, the SPI value of 3.4 was more than three times that of the target values. Other
hot-spot areas with SPI values ranging from 1 to 2 were widely distributed in the
northern and western parts of Hong Kong Island (see Fig. 6). The south-eastern part
of Hong Kong Island was less contaminated with heavy metals, probably because of

the area has lower population density with little traffic and few industrial activities.

3.3.2. Spatial Analysis of the Soil Pollution Index with AADT

The Annual Average Daily Traffic (AADT) data of major and minor roads in
Hong Kong Island was interpolated using GIS and presented in a thematic map (Fig.
7). Three zones of high traffic areas can be identified in Hong Kong Island, including
the northern shoreline stretching from Sheung Wan to Causeway Bay, the north-
eastern corner near Tai Koo Shing and Shau Kei Wan, and the south-western area
near Aberdeen and Wong Chuk Hang. The Annual Average Daily Traffic (AADT) in

all of these areas was over 40,000 vehicles. To further investigate the effect of traffic
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on the trace metal contamination in soils, the contour map of traffic volume (AADT)
was overlaid on the three-dimensional map of the Soil Pollution Index (Fig. 8). Some
of the hot-spots areas as indicated by high Soil Pollution Index values were near the
high traffic zones, including Wan Chai (SPI = 6.7) and Shau Kei Wan (SPI = 3.4).
The major roads near the hot-spot at Wan Chai included Gloucester Road connecting
the main cross harbour tunnel (AADT = 168,480); and the major expressway, the
Island Eastern Corridor (AADT = 50,720), was in close vicinity to the hot-spot at
Shau Kei Wan. Vehicular emissions from intensive traffic activities contributed
mainly to the enrichment of heavy metals in these areas. The effect of wind may have
led to the further dispersion of elements such as Cu, Pb, and Zn from these high traffic

areas to the surrounding areas through atmospheric deposition.

3.4. Pb isotopic composition analysis

A total of 30 samples from the urban, suburban, and country park soils were
analysed for their Pb isotopic compositions. The Pb isotopic ratios (***Pb/*Pb,
206pp/207ph and %Ph/2°’Pb) for selected samples of urban, suburban and country park
soils, and other environmental samples are summarised in Table 5. The mean
2%pp/207ph ratios of urban, suburban, and country parks soils were 1.1711, 1.2034,
and 1.1996, respectively; and the mean “®*Pb/?’Pb ratios of urban, suburban, and
country park soils were 2.4608, 2.4927, and 2.4953, respectively. The ?°Pb/?°’Pb and
2%8pp/207ph ratios of the urban soils were found to be significantly lower than those of
the suburban and country park soils. The Pb isotopic ratios of urban, suburban and
country park soils, the natural parent rocks in Hong Kong, the urban dust in Hong

Kong, the vehicular exhaust in the Pearl River Delta, and the Australian Pb ore are
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shown in Fig. 9. The Pb isotopic ratios of the urban, suburban, and country park soils
formed a linear line between the natural parent rocks and the known anthropogenic
sources (R? = 0.953). This implies that the enrichment of Pb in the urban soils of
Hong Kong Island was probably due to binary mixing between vehicular emissions
(i.e., lead additives from Australian ore in the fuel in the past) and geological
materials. Similar results were obtained in another study of heavy metal
contaminations in the Kowloon urban area of Hong Kong (Li et al., 2004). Although
the use of leaded petrol had been banned in Hong Kong since 1999, the Pb
contamination in the urban soils due to the historical use of Pb in petrol was still
significant.

Highly contaminated soils were known to have Pb isotopic signatures
reflecting their anthropogenic source (Wong and Li, 2004; Li et al. 2004). The Pb
isotopic ratios of HKI urban, suburban, and country park soils with different Pb
concentrations were plotted in Fig. 10. The 2®®Pb/*’’Pb and 2°®Pb/*’Pb ratios in the
suburban soils were found to be between that of urban soils and country park soils. Of
the soils from the three different areas, the urban soils were found to have the lowest
206pp/207ph and 2%8Ph/?"Pb ratios, closer to the anthropogenic signature (e.g., vehicle
emission sources), while the country park soils had the highest values, resembling that
of the natural bedrocks. It was noted that the Pb isotopic ratios of the low
contaminated urban soils (< 30 mg/kg) were found to be very similar to that of the
country park soils with similar range of Pb concentrations. The result showed that
some of the uncontaminated soils in the urban area reflected the Pb isotopic signatures
of their parental materials. Therefore, the Pb isotopic ratios in soils were closely
related to the Pb contamination and to its sources. The plot of the Pb concentrations

against the 2°°Pb/*’Pb and 2°®Pb/*’Pb ratios is shown in Fig. 11. The Pb
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concentrations were found to form a polynomial line (degree = 2) with the *®Pb/*’Pb
(R? = 0.843, n = 30) and 2°°Pb/**’Pb (R? = 0.805, n = 30) ratios. The increase in the Pb
concentrations of soils resulted in a lower rate of decrease in the Pb isotopic ratios
(*°®Pb/*"Pb and 2Pb/?°’Ph), reflecting the anthropogenic inputs of Pb from urban

activities, particularly traffic emissions.

4. Conclusion

Multivariate statistical methods and geographical information system (GIS)
were used to assess the degree of heavy metal contamination in the soils of the urban,
suburban, and country park areas of Hong Kong Island. The urban and suburban soils
were highly enriched with metals such as Cu, Pb, and Zn, in comparison with the
country park soils. The urban soils were found to be more contaminated than the
suburban soils. The results of the principal component analysis (PCA) and cluster
analysis (CA) showed distinctly different elemental associations and clustering
patterns among metals in the urban, suburban, and country park soils. The soil
pollution maps of Cd, Cr, Co, Cu, Ni, Pb, and Zn were generated using a GIS
technique. The soil pollution index was formulated to indicate the degree of metal
contamination (Cu, Pb, and Zn) in the soils. The three-dimensional map of the soil
pollution index was overlaid with the thematic map of the Annual Average Daily
Traffic (AADT). Many of the hot-spot areas were found in high traffic zones with an
AADT figure of over 40,000 vehicles. The Pb isotopic composition analysis
suggested that vehicular emissions were the major sources of Pb in the urban and
suburban soils. The present study demonstrated the value of GIS and multivariate

statistical methods in studying metal contamination in complex urban settings.
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Table 1
Site description of the sampling sites of urban, suburban, and country park soils

Type of soils Site Description

Urban soils Collected at locations where there is a high density of
buildings and roads

Suburban soils Collected from areas surrounding the country parks that are
away from highly urbanised areas but are accessible by road

Country park soils Collected inside country parks that are not accessible by road
and that are at least 50 m away from roads
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Table 2

Heavy metal concentrations (mg/kg) in the urban, suburban and country park soils collected on Hong Kong Island and the target values
(mg/kg) from the Netherlands Soil Contamination Guidelines

Location Cd Co Cr Cu Ni Pb Zn
Urban Soil® Range 011-136 0.60-109 256-514 130-277 0.24-199 753-496 23.0-930
(n=236) Mean 0.36 3.55 17.8 16.2 4.08 88.1 103
Median 0.33 3.33 16.8 10.4 3.65 70.6 78.1
S.D. 0.16 1.57 5.92 22.6 2.51 62.0 91.3
Suburban Soil? Range 0.23-080 1.71-16.3 10.1-49.2 139-89.0 125-6.78 158-161 255-173
(n=31) Mean 0.37 3.72 20.8 9.72 3.54 57.8 67.9
Median 0.31 2.91 19.7 4.93 3.11 49.4 52.0
S.D. 0.15 2.85 8.60 16.1 1.54 31.0 40.0
Coumry Pk Range  020-058 135-811 137-476 199-202 177-962 112-124 253-136
(n=31) Mean 0.35 3.04 21.8 6.37 5.30 39.6 46.8
Median 0.32 2.67 20.2 4.84 4.82 36.5 43.6
S.D. 0.09 1.41 6.70 4.02 2.00 23.3 21.5
Urban Soil® Mean 0.62 3.33 23.1 23.3 124 94.6 125
(Kowloon)
(n=152)
Dutch Soil Target value 0.8 20 100 36 35 85 140
Guidelines®
Intervention 12 240 380 190 210 530 720

value

% The present study
b Lietal. (2004)

¢ Department of Soil Protection, Netherlands (1994)
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Table 3
Concentrations (mg/kg) of major and trace elements of natural bedrocks in Hong Kong

Rock Type Cd Co Cr Cu Ni Pb Zn
Granite Mean <0.30 1.65 13.0 2.04 5.82 7.41 27.3
(n=3) S.D. 1.51 2.80 2.64 6.14 3.94 9.34

Granodiorite Mean <0.30 7.61 32.8 2.87 134 154 92.9
(n=3) S.D. 5.67 11.3 3.58 13.9 4.03 28.8
Tuff Mean <0.30 5.27 26.5 2.79 5.08 16.1 55.1
(n=3) S.D. 2.64 8.44 3.36 2.16 10.1 314
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Table 4
Matrix of the principal component analysis loadings of heavy metals and major elements of urban soils on Hong Kong Island

Urban Soils (n=236) Suburban soils (n=31)

Principal Component

Country Park Soil (n=31)

Al
Ca
Cd
Co
Cr
Cu
Fe
Mg
Mn
Ni
Pb
Zn

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
-0.067 0.227 -0.075 -0.805 -0.031 0938  -0.079 0.076 0.851 -0.309 0.033 -0.152
0.236 0.290 -0.100 0.703 0.005 0.103 0.904  -0.033 -0.070 0.069 -0.028 0.904
0.822 0.363 0.023 0.162 0.598 0.357 0.648 0.111 0.663 0.591 -0.041 0.024
0.120 0.548 0.648 -0.115 0.897 0.241 -0.037 0.075 0.100 0.352 0.896 -0.002
0.632 0.658 -0.095 -0.049 0.473 0.770 0.279 -0.165 0.942 0.119 -0.161 -0.008
0.891 0.111 -0.046 0.129 0.069 -0.012 0.144 0.956 0.274 0.726 0.264 0.142
0.232 0.828 0.063 -0.232 0.571 0.710 0.150 -0.160 0.894 0.098 -0.169 0.134
-0.037 0.853 0.157 0.303 0.784 0.394 0.216 0.068 0.087 0.126 0.064 0.909
-0.030 0.017 0.910 0.055 0.814 -0.0442  0.223 -0.090 -0.123 0.225 0.919 0.033
0.749 0.416 -0.191 0.060 0.008 0.667 0.438 0.075 0.757 0.007 0.287 0.021
0.777 -0.201 0.384 -0.070 0.509 0.007 0.402 0.178 -0.261 0.774 0.378 0.036
0.915 0.098 0.053 0.207 0.290 0.073 0.742 0.211 -0.032 0.900 0.184 0.118

NOTE: The underlined numbers are the dominant elements in different PCs.
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Table 5
Lead isotopic composition and concentrations of selected urban, suburban, and
country park soils on Hong Kong Island and natural bedrock in Hong Kong

Range of Pb conc
Pb conc. 2Pb/7Pb  2®Pb/*’Ph  2%Ph/* 7P (ma/kg)
(mg/kg)
Natural Bedrock in Hong Kong
Tap Mun 0.0636 1.2206 2.5291 12
Island ®
Hok Tsui® 0.0636 1.2168 2.5129 14.8
Aberdeen” 0.0635 1.2360 2.5914 4.9
Hong Kong Island Soils
Urban > 200 Mean 0.0629 1.1101 2.3882 309
soils (n=4)
80-100 Mean 0.0638 1.1862 2.4725 90.4
(n=5)
<30 Mean 0.0637 1.2048 2.5073 23.7
(n=5)
Suburban 30-85 Mean 0.0637 1.2034 2.4927 49.5
soils (n=5)
Country 30-85 Mean 0.0635 1.1976 2.4880 60.3
Park soils (n=6)
<30 Mean 0.0636 1.2021 2.5040 17.6
(n=5)

4 Duzgoren-Aydin et al. (2004)
® the present study
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Fig. 1. Sampling locations of urban, suburban, and country park soils on Hong Kong
Island
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Fig. 2. Dendrogram of the cluster analysis of the HKI urban soils based on their total
concentrations (n=236)
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Fig. 6. Map of the Soil Pollution Index
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Fig. 9. *®®Pb/*’’Pb and 2®Pb/°"Pb ratios of urban, suburban, and country park soils
on Hong Kong Island and other environmental samples (* Duzgoren-Aydin
et al., 2004; ® Bollhofer and Rosman, 2000; © Zhu et al., 2001; ¢ The present
study)
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Fig. 10. 2°°Pb/*’Pb and *®®Pb/?°’Pb ratios of urban, suburban, and country park soils
in Hong Kong Island

36




Fig.

ratios vs the Pb concentration
urban, suburban, and country park soils in Hong Kong Island.
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