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Abstract

Trace metal contamination in urban terrestrial environments is a major environmental
problem throughout the world, due to its harmful implications on human health. This research
aims to conduct a multi-compartmental environmental investigation on trace metal
distribution in urban environments of Hong Kong and Guangzhou, focusing on: (1) soil
geochemical signature of urbanization and industrialization in the two cities; (2) quantitative
source contributions of trace metals in soils, road dust, and foliar dust, and comparison of
their suitability for monitoring urban contamination conditions in a typical megacity; and (3)
chemical partitioning of trace metals in various particle size fractions of soil dust, associations

of trace metals between soil dust and other types of dust, and potential health risks.

Firstly, the vertical and horizontal distribution patterns of trace metals in urban soils were
compared between Hong Kong and Guangzhou. Slightly lower trace metal concentrations and
higher Pb isotopic compositions (2°°Pb/2°’Pb) of surface soils (0 to 3 cm) compared to top
soils (0 to 15 cm) were found in Hong Kong, possibly due to the temporally decrease of
anthropogenic deposition and a downward migration of trace metals in urban soils. Higher
trace metal concentrations and lower Pb isotopic compositions (2°Pb/?°’Pb) in surface soils
than top soils were observed in Guangzhou, consistent with the temporally increase of trace
metal inputs in soils. The remarkable hotspots of trace metals in urban soils were mainly

attributed to industrial and traffic sources in these two cities.

Secondly, a multi-compartmental investigation of trace metal contamination was conducted in
the urban environment of Guangzhou. Lead isotopic data and modeling (Absolute Principal
Component Scores-Multiple Linear Regression, APCS-MLR) results identified industrial and
traffic emissions as the major sources of trace metals in urban soils, road dust, and foliar dust.
Spatial distribution patterns implied that Cu in road dust was a good indicator for traffic

contamination, particularly influenced by traffic volume and vehicle speed. Lead and Zn in



foliar dust indicated the industrial contamination, which decreased from the emission source

(e.g., power plant and steel factory) to the surrounding environment.

Finally, the chemical partitioning of trace metals in soil dust was studied. Trace metal
concentrations were inversely associated with particle sizes in soil dust of Guangzhou and
Hong Kong. Source apportionment and chemical composition of trace metals illustrated the
important influence of anthropogenic particles, as well as Mn/Fe oxides and organic
complexes, on the metal accumulation in fine particles of soil dust. Results of Pb isotopes and
the comparison of temporal trace metal variations indicated the similar metal sources and
potential metal exchange between fine soil dust particles and other types of dust (e.g., fine
road dust and respirable suspended particles (PMsg)). Health risks posed by trace metals
elevated with decreasing soil particle sizes. 53% and 100% of the soil dust <10 pm in Hong
Kong showed a probability of noncarcinogenic hazard and a nonnegligible carcinogenic risk,
respectively. Thus, the re-suspension of soil dust should be paid more attention to control

health risks caused by trace metal contamination in urban environments.
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10um in Hong Kong through various exposure pathways (ingestion, inhalation,
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through inhalation; (d) HQ of each metal through dermal contact. Data above the
red line indicates the probability of adverse health effects. The bars were defined
(from the bottom) as minimum, 25" percentile, median, mean (the square), 75

percentile, and MAaXiMUML ......cccooiiieiiiiie e e 156

Figure 6.25 Carcinogenic risks of trace metals in soil dust < 10um in Hong Kong
through various exposure pathways (ingestion, inhalation, dermal) and the overall
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Chapter 1 Introduction

The expansion of urban areas is causing a wide range of social and environmental problems
and has become a major concern for urban planners and policy makers in the world. In China,
urbanization started some decades ago, as a result of the government’s land reform (Cabral et
al., 2013). In the process of urbanization, trace metal contaminants from industrial operations,
traffic emissions, municipal waste disposal, and other anthropogenic activities, directly or
indirectly cause contamination to urban environments. From a health perspective, trace metal
contamination from urbanization and industrialization may cause several adverse human

health effects.

Urban soil is an important compartment in urban environments, extremely essential to
biodiversity preservation and city landscape. Urban soils are subject to continuous
accumulation of contaminants from either localized or diffuse sources. Whilst polluting
activities may be currently reduced, a legacy of contamination can remain in soils for tens,
hundreds or even thousands of years (Johnson et al., 2011). In China, contamination caused
by trace metals and metalloids including As, Cd, Cr, Cu, Hg, Pb, Ni, and Zn, accounted for
82.4% of the soils classified as being contaminated (The Ministry of Environmental
Protection, 2014). Such trace metal contaminants in soils may act as a source of further
contamination in urban environments and pose a potential threat to human health.
Furthermore, plant surface and road surface are important receptors of metal-enriched
particulates and dust in urban environments. The metal-enriched particulates and dust
deposited on plant and road surface, often remain relatively mobile and tend to disperse by
wind, rain, and surface runoff (Wong et al., 2006). Eventually, trace metals released from
numerous anthropogenic sources can be deposited in various terrestrial compartments,
resulting in trace metal contamination in urban environments. Understanding the sources and

the transport pathways of trace metals in terrestrial compartments at a city scale is critical for



urban environmental management and contamination control. It is thus the soil and its nearby
compartments in urban environments that are the principal environmental compartments

studied in this thesis.

1.1 Background

The Pearl River Delta (PRD) region is situated in the southern part of China. It is one of the
most developed and densely populated areas in China. The regional integration of the PRD
and Hong Kong was initiated in 1978. Since the 1980s, Hong Kong manufacturing investment
moved to the PRD. This market-led integration between the PRD and Hong Kong, labeled as
“front shop, back factory” model, was market-driven based on the cultural affinity,
geographical proximity, and personal connections of businesses (Yang, 2004). After the
establishment of the Closer Economic Partnership Arrangement (CEPA) between mainland
China and Hong Kong in 2003, it turned to a new style of economic integration based on
emerging institutional arrangements and governmental involvement between the PRD and
Hong Kong (Yang, 2004). In addition to cross-border investment and trade of goods, the
economic integration between the PRD and Hong Kong nowadays also involves the
cross-border movement of residents, tourists, vehicles, and other related activities. Due to
geographical proximity and complementarity of resource endowments in the PRD, Hong
Kong and Guangzhou share a close partnership both economically and environmentally. The
major mineral compositions include kaolinite, vermiculite, micas, gibbsite, quartz, goethite,
montmorillonite, and mixed-layer clay minerals (Zhang et al., 2007), similar to those of
Guangzhou soils (Guangdong Geological Survey, 2010). The dramatic economic
development and rapid urbanization have caused trace metal contamination in both Hong
Kong and Guangzhou. Elevated trace metal concentrations, including Cd, Cu, Pb, and Zn
have been observed in urban soils in these two regions (Cai et al., 2012; Gu et al., 2016; Lee

etal., 2006; Li et al., 2001).



Urban soil records the net effects of human activities over long periods and hence, is a good
indicator of the history of urbanization and industrialization of a city (Cannon and Horton,
2009; Mcllwaine et al., 2017). However, few studies have been conducted to understand how
historical urbanization and industrialization influence trace metal contamination of urban soils,
such as those carried out in the US city of Chicago (Cannon and Horton, 2009) and in the UK
cities of Belfast and Sheffield (Mcllwaine et al., 2017). Moreover, trace metal distribution
patterns have been individually studied at a citywide scale (Ha et al., 2014; Imperato, 2003;
Lee et al., 2006; Pan et al.,, 2016), but very few studies have involved interregional
comparisons, such as those conducted on soils (Mcllwaine et al., 2017) and road dust
(Charlesworth et al., 2003). Assuming that soils were undisturbed, surface soil is more
susceptible to the on-going or recent anthropogenic sources, while the deeper soil usually
indicates the legacy contamination (Luo et al., 2015). The trace metal distribution along soil
depth could record the development of a city. However, the anthropogenic influence on the
vertical distribution of trace metals in urban soils was seldom studied (Madrid et al., 2006;
Mcllwaine et al., 2017). Therefore, an interregional comparison of the spatial heterogeneity of
soil trace metals is needed to help us better understand the soil geochemical signatures in

response to different types of urbanization and industrialization.

Trace metal contamination in different terrestrial compartments (e.g., soils, terrestrial dust,
plants) in urban environments received wide attention (Bi et al., 2013a; Christoforidis and
Stamatis, 2009; Ji et al., 2018; Sawidis et al., 2011; Shi et al., 2008). Urban soil is a typical
fingerprint of urban contamination due to the accumulation and persistence of contaminants in
soil. By contrast, terrestrial dust is a short-term receptor of trace metals in urban environments.
Different geochemical properties, land use patterns, the intensity of human activities,
contamination history, and distance to emission sources may affect trace metal contamination
of different compartments to various degrees (Duong and Lee, 2011; Liu et al., 2013; Luo et
al., 2012b). Thus, these compartments could be used to monitor the influence of different

trace metal sources by deciphering the quantitative contributions. Since terrestrial



compartments coexist in the urban system, trace metals can be transported and interacted
among these compartments. Such processes play crucial roles on the transport and fate of
trace metals in urban environments. However, many previous studies either focused on the
interactions between two compartments (Al-Khashman et al., 2011; Laidlaw et al., 2012), or
simply evaluated trace metal contamination in multiple compartments at a relatively small
scale (Bi et al., 2013a; Hu et al., 2014; Zhao et al., 2015b), which cannot systematically
explore the transport and interactions of trace metals in an entire urban terrestrial environment.
Quantitatively identification of metal inputs and exploration of their spatial influence in
different environmental compartments may allow a comprehensive knowledge of the
environmental processes and fate of trace metals. Hence, the monitoring of multiple
compartments with different characteristics could provide an insight into an interactive system

of the urban terrestrial environment.

The health risks of trace metals have been characterized predominantly in urban soils in urban
terrestrial environments. Bulk soil samples were assumed to be reasonable predictors of
human exposures from trace metals (Chen et al., 2005; De Miguel et al., 2007). However,
heterogeneous distribution of trace metals in various soil particle size fractions have been
reported widely (Luo et al., 2011; Parra et al., 2014). The interactions of trace metals between
soils and aerosols were found to be in the forms of fine particulates (Laidlaw et al., 2012;
Young et al., 2002). Soil particles involuntarily ingested by children are also usually of
smaller diameter than the original soils (Acosta et al., 2009; Choate et al., 2006; Siciliano et
al., 2009). Thus, fine particles of soils play a key role in trace metal transport in urban
environments. In order to study the trace metal contamination in different particle size
fractions of urban soils, soil particles were mainly separated into different size fractions in the
laboratory after bulk soil collection (Jayarathne et al., 2017; Juhasz et al., 2011; Luo et al.,
2011). However, the particle partitioning of soils by ex-situ sieving (dry sieving) was
dependent on the original moisture content of the samples. Choate et al. (2006) found that fine

soil particles with a certain moisture content could form large aggregates under the influence



of the coagulation effect. Soil dust, as the loose part of surface soil, usually has very low
moisture content during sampling, and thus this aggregation may not affect the in-situ soil
dust. In comparison with urban soils, soil dust may be more likely to be re-suspended in the
atmosphere and inhaled/ingested by humans, and accordingly could be a reasonable predictor
of human exposures from trace metals. Consequently, exploration of an efficient method for
in-situ soil dust collection is very important to understand the causes of the heterogeneous
trace metal distribution across different size fractions, its interactions with other types of dust,

and the potential health risks.

1.2 Objectives

The overall research aims to provide a comprehensive understanding of trace metal
distribution and transport in various compartments in urban terrestrial environments. The

objectives of the present study are:

1. To explore the vertical and horizontal distribution of soil trace metals in response to
urbanization and industrialization, and the interplay of factors that led to the current soil

compositions in two typical urban environments;

2. To compare the trace metal distribution in soils, road dust, and foliar dust of an urban
environment; and to spatially quantify the natural or anthropogenic contributions of trace

metals using the APCS-MLR model, Kriging technique, and Pb isotopes.

3. To elucidate the factors affecting the chemical partitioning of trace metals in various
particle size fractions of soil dust; to estimate the interactions between soil dust and other
types of dust in urban environments, and to assess the health risks of soil dust in urban

environments.



1.3 Scope of work

This thesis focuses on trace metal contamination in urban terrestrial environments of Hong
Kong and Guangzhou. Environmental compartments including surface soils (0-3 cm), top
soils (0—15 cm), soil dust, road dust, plant leaves, and foliar dust are studied in this thesis. The
analytical approaches include analyses of organic matters, mineral compositions, total and
bioaccessible trace metals, Pb isotopic compositions, and chemical speciation of trace metals.
Geostatistical and statistical methods, and the APCS-MLR model were also used for data
interpretation. This thesis provides implications on risk assessment in urban environments as
well as contribution to the understanding of trace metal behavior in rapidly changing
environments such as those of South China megacities, providing a sound basis for urban

environmental management and planning.

1.4 Organization of thesis

This thesis consists of seven chapters (Figure 1.1). Chapter One covers background, research
objectives, scope of works, and organization of this thesis. A detailed literature review is
given in Chapter Two, which covers the state-of-the-art research outputs in trace metal
contamination in urban environmental compartments, with emphasis on urban soils, road dust,
plants and foliar dust. Chapter Three focuses on the research methodology and experimental
materials for this study. The results and discussion are presented in Chapter Four, Chapter
Five, and Chapter Six. Chapter Four discusses the soil geochemical signatures in response to
urbanization and industrialization. Chapter Five includes an interactive study of trace metals
in different urban terrestrial compartments. Chapter Six summarizes the distribution of trace
metals in particle size fractions of urban soil dust and its implication to risk assessment.
Finally, an overall conclusion is given in Chapter Seven which reviews the major findings and

contributions in this study and gives recommendations for future study areas.
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Chapter 2 Literature Review

2.1 Urban environment

Towards the end of 2014, 54% of the world’s population was living in urban areas, and this
figure is predicted to rise to 66% by 2050 (United Nations, 2014). The majority of our daily
interactions with nature take place in urban environments, and this has led to a recent upsurge
of interest in the dynamics of these relationships. An urban environment is unique in the sense
that it is an environment that has been highly modified by humans (Wong et al., 2006). There
are many different compartments (e.g., soils, dust, and plants) in urban environments with
different responses to environmental contamination. This review provides a comprehensive
overview of trace metal contamination in various urban environmental compartments

including urban soils, road dust, foliar dust, and plants, and scientific research emphasis.

2.2 Trace metals

Trace metals refer to metals that are normally present at relatively low concentrations in
natural and perturbed systems (e.g., soils, plants, or waters), that may or may not be essential
for the growth and development of living organisms, and that are toxic to living organisms
when present in sufficient concentrations (Adriano, 2001). With such a broad definition, trace
metals include a large number of elements with widely ranging chemical characteristics. An
element can be dispersed from the time its ore is being mined to the time it becomes a
finished product or ingredient of a product, and eventually, is released into the environment.
Trace metals included in the present work are cobalt (Co), chromium (Cr), copper (Cu), nickel
(Ni), lead (Pb), and zinc (Zn), which are in greatest use commercially and the most emitted

with toxicological effects on human in excessive concentration.



2.3 Trace metals in urban soils

2.3.1 Urban soils

Located at the uppermost layer of earth, soils support diverse plant and animal life (Dahiya
and Ahlawat, 2010). In natural conditions, soils occur as weathered in situ materials derived
from bedrock. In urban environments soils vary from the situation in natural condition being
slightly disturbed or completely disturbed by human activities. Urban soils are characterized
by a strong spatial heterogeneity resulting from the various inputs of exogenous materials and
the mixing of original soil material (Ajmone-Marsan and Biasioli, 2010; Guan and Peart,

2006; Mcllwaine et al., 2017).

As the ultimate interface, soils act as both a geochemical sink and natural buffer controlling
the transport of chemical elements and substances between the geosphere, the atmosphere, the
hydrosphere and the biosphere (Kabata-Pendias, 2000). Urban soils are receptors of plenty of
contamination, including atmospheric depositions, sewage irrigations, traffic emissions,
industrial wastes, fuel combustions, domestic waste, and other human activities (Alloway,
2013; Christoforidis and Stamatis, 2009; Mcllwaine et al., 2017). The persistence of
contaminants is much longer in soils than in other compartments, but the contaminants still
can lead to groundwater contamination and atmospheric contamination through runoff,
leaching, weathering, and re-suspension (Shi et al., 2008). In addition, soils establish
distinctive relationships with human beings. Soils fulfill basic functions for the human society,
not only concretely by providing goods and materials, but also abstractly by stimulating
intellective activity and spiritual wellbeing (Johnson et al., 2011). Urban soils provide
esthetical and recreational functions in parks, gardens and green areas, which are frequently
used as recreational areas, particularly by children. Due to rapid urbanization and scarcity of
land, most of the parks and recreational areas in cities are often located close to major roads

or industrial areas where soils are subject to many potential sources of contamination (Li et al.,



2001; Ord&ez et al., 2015).

In urban environments, surface soils (usually shallower than 5 cm) represent the current soil
contamination and affect oral ingestion and inhalation, but may be easily transferred or
disturbed (Acosta et al., 2009; Madrid et al., 2007). Top soils (usually shallower than 25 cm)
that contain originally much deeper soil represent the mixed soils better (Luo et al., 2012a)
but may not affect human health under common conditions. Assuming that soils were
undisturbed, surface soil, as the uppermost layer of top soil, is more susceptible to the
on-going or recent anthropogenic sources, while the deeper soil usually indicates the legacy

contamination (Luo et al., 2015).

2.3.2  Trace metals in urban soils

Trace metals from anthropogenic sources can be described as either contaminants or
pollutants, but the convention is to use contaminants (and contamination) in the context of
soil and land (Alloway, 2013). Soil contamination occurs when the soil chemical state
deviates from the normal composition but does not have a detrimental effect on organisms.
Soil pollution occurs when an element or a substance is present in greater than natural
(background) concentrations as a result of human activity and has a net detrimental effect on
the environment and its components (Kabata-Pendias, 2000). Trace metal contamination of
urban soils can be categorized as atmospheric or non-point contamination (i.e., broad general
disturbance) or point contamination, (i.e., spatially limited disturbance) (Hazelton and

Murphy, 2011).

2.3.3  Behavior of trace metals in soils

Anthropogenic trace metals enter soils by a variety of pathways. Trace metals in the form of
particulates are transported from contaminant sources (e.g., industry) to soils via dry and wet

deposition (Cannon and Horton, 2009; Wong et al., 2006; Wong et al., 2003). Trace metals
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deposited on the road surface as a result of wear and tear of vehicle components can be
transported to roadside soils by aerial transport and runoff of precipitation (Al-Chalabi and
Hawker, 2000). Generally, trace metal concentrations are elevated in the soils adjacent to
roads and decrease with increasing distance and soil depth (Werkenthin et al., 2014; Wiseman
et al., 2015). Trace metals can also enter soils through direct application of fertilizers,

pesticides, sewage sludge and various wastes containing trace metals.

Upon entering the soils, trace metals are bound to soils by initial fast reactions (minutes,
hours), followed by slow reactions (days, years) and are redistributed into different chemical
forms through various soil processes, including adsorption, organic chelation and
complexation, migration, precipitation, dissolution, occlusion, diffusion, microbial fixation,
volatilization, etc (Kabata-Pendias, 2000). Trace metals can geochemically exist in various
forms, principally adsorbed on the surface of colloidal particles in soils, dissolved in soil
solution, and incorporated into biological material, and have varying bioavailability, mobility,
and toxicity (Wuana and Okieimen, 2011). Trace metals are adsorbed onto the surface of
colloidal particles in soils, principally humus, hydrous oxides of Fe, Mn and Al,
alumino-silicate clays and some sparingly soluble salts such as calcium carbonate. Humus is
the organic product of ongoing plant and animal decay in a soil environment. Metals can be
bound to a range of sites on humus composed of a mix of oxygen, nitrogen and sulfur donor
atoms. Both Fe and Mn hydrous oxides have a high adsorption affinity for trace metals and
are bound as inner-sphere mono- and bi-dentate surface complexes. The relative affinity of a
metal for specific oxides is likely to be determined by oxide charge relations and the
morphology and pore sizes within the oxide surface. The sorption capacities of clay minerals
to trace metals play an important role to the sorption of trace metals, although clay minerals
may contain negligible amounts of trace metals as structural components. The affinity of trace
ions for the clay surface is closely related to the specific surface area and cation exchange
capacity (CEC) of the minerals. Trace metals also can coprecipitate with carbonates by being
incorporated in their structure or be sorbed by oxides (mainly Fe and Mn) that are precipitated
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onto the carbonates or other soil particles. Of all these components, clay minerals, hydrated
metal oxides, and organic matter are considered to be the most important groups in

contributing to the sorption of trace metals (Sparks, 2003).

Trace metals distribute heterogeneously across various particle size fractions in soils, with
preferential accumulation in fine particles (Acosta et al., 2009; Ajmone-Marsan et al., 2008;
Lietal., 2017; Luo et al., 2011). Trace metal distribution over different particle size fractions
is primarily a function of soil characteristics including the presence of sorption sites and
mineral composition of soil parent material (Acosta et al., 2011). The affinity of trace metals
for soil constituents is strongly influenced by their electrochemical properties and is closely
related to the specific surface area and CEC of the minerals. Fine soil particles are dominated
by secondary minerals, such as kaolinite and montmorillonite, which have higher specific
surface area and CEC and, accordingly, reveal higher sorption capacities compared to primary
minerals (e.g., quartz and feldspars) (Kabata-Pendias and Mukherjee, 2007). Furthermore,
anthropogenically emitted particles in soils are usually small in size, which may enhance the
accumulation of trace metals in fine fractions of soils (Adachi and Tainosho, 2004; Goodarzi,

2006b; lijima et al., 2007).

Sequential extractions employ a series of successively aggressive reagents to attack specific
fractions of the samples, releasing metals associated with these fractions into solution and
providing information on operationally defined metal partitioning (Mossop and Davidson,
2003). The metals released in defined fractions depend on the intensity and selectivity of the
chemical reagents used (e.g., ion strength of the chemical used in each extraction process),
and the strength of the treatment, such as pH of reagents, temperature of extraction, and time
of digestion. The modified version of the three-step procedure proposed and validated by the
Community Bureau of Reference (BCR) (Ure et al., 1993) is a good option for the analysis of
contaminated soils, as it is extensively used in exercises to predict metal mobility in soils,

road dust, and sediments (Huang et al., 2014b; Li et al., 2010; Pueyo et al., 2008; Sutherland
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et al., 2012). In the BCR extraction, metals released from acid extractable fraction include
weakly adsorbed metals retained on the soil surface by relatively weak electrostatic
interaction, and those that can be released by ion-exchange processes or precipitated with
carbonates; metals released from reducible fraction are mainly bound to hydrous oxides of Mn
and Fe; metals released from oxidizable fraction are principally associated with organic
matter through complexation or bioaccumulation processes; and metals extracted from
residual fraction are strongly bound to crystalline structures of minerals (Ure et al., 1993).
Thus, metals extracted in the later fractions are more tightly retained, less labile and

bioavailable than those in the earlier fractions.

2.3.4  Trace metal sources in urban soils

Trace metal contents in urban soils are the sum of the metal concentrations from a wide
spectrum of sources, which can be from lithogenic and anthropogenic origins. Table 2.1
summarizes the trace metal concentrations in soils throughout the world and in the Earth’s
crust. Trace metals are naturally released into soils through weathering processes of
geological materials and other natural occurrences, which mainly depend on regional
characteristics of geological formation (Kim and Thornton, 1993). The high natural variability
of trace metal concentrations in soils makes it difficult to set an international standard for soil
evaluation (Table 2.2). Furthermore, numerous anthropogenic sources also contribute
significantly to trace metals in urban soils due to the wide application of trace metals,
resulting in an elevation of trace metal concentrations in urban soils compared to background
soils. Geographical variations in background levels, anthropogenic inputs of trace metals, as
well as the reginal differences in socioeconomic development and enforcement of
environmental regulations may influence the trace metal concentrations in urban soils.
Additionally, the sampling schemes and analytical procedures varied widely in urban soils
research (Table 2.2). These differences have hindered the meaningful comparisons between

studies and thus, harmonization of investigation and extraction methodologies is needed.
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Table 2.1 Trace metal concentrations in soils and Earth crust?.

Soil (mg kg™)° Earth crust (mg kg)

Metal Median Range Mean

Co 8 0.05-65 20

Cr 70 5-1500 100

Cu 30 2-250 50

Ni 50 2-750 80

Pb 35 2-300 14

Zn 90 1-900 75

a: Bowen (1979); Sparks (2003); b: Represents soil analyses throughout the world.
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Table 2.2 Trace metal concentrations in soils of various regions (mean, mg kg?).

City Location Samples  Sampling Digestion method Co Cr Cu Ni Pb Zn  Reference
depth
Athens, Greece  Urban soil N=238 0-10cm HCI,HNO:s, 16 163 48 111 77 122 Argyraki and Kelepertzis
HF,HCIO, (2014)
Amman, Jordan Industrial N=32 0-10 cm HNO3 - 172 3.02 - 60.2 51.4 Al-Khashman and
site Shawabkeh (2009)
Melbourne, Urban soil N=39 0-5cm HCI,HNO3,H20, - 17 40 15 102 218 Laidlaw etal. (2018)
Australia
Beijing, China  Urban soil N=231 0-20cm HCI,HNO:s, - - 20.8 - 25.4 80.3 Liuetal. (2016)
HF,HCIO4
Background - - 19.7 279 25.1 59.6 Chenetal. (2004)
Shanghai, Urban soil N=273 0-10cm HNOs;, HF and - 108 59.3 31.1 70.7 301 Shietal. (2008)
China HCIO4
Background - 75.0 28.6 312 255 83.7 Wangand Luo (1992)
Hong Kong, Urban soil N=236 0-15cm HNO3, HCIO4 355 17.8 16.2 4.08 88.1 103 Leeetal (2006)
China Country N=31 3.04 218 6.37 530 39.6 46.8
park
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2.3.4.1 Lithogenic sources

On a spatial basis, the lithology is the dominant factor determining the total concentration of
trace metals in soils at regional scale. Two stages are involved in the formation of soils from
parent materials: weathering and pedogenesis. Weathering is the alteration of the primary
mineral constituents of the parent rocks by physical and chemical processes. Pedogenesis
results in the formation of a soil profile from the weathered rock material, leading to the
development of a mature zonal soil as the end of the interacting processes. Weathering and
pedogenic processes can take place simultaneously at the same sites and are closely

interrelated with each other (Kabata-Pendias, 2000).

2.3.4.2 Anthropogenic sources

Numerous anthropogenic sources of trace metals are presented in urban environments,
typically including traffic activities, coal combustion, industrial activities, municipal waste,
and domestic activities (Luo et al., 2012b; Mcllwaine et al., 2017). In addition, there are many
other possible trace metal sources in urban soils, including corrosion of metal structures (e.g.,
galvanized roofs and fences), technogenic (man-made substrate) materials, contaminants from
the former agricultural or horticultural use of the land, fertilizers and composts used on urban
gardens, sewage sludge, and the incorporation of solid or liquid wastes into soils (Alloway,

2013).

Of all the anthropogenic sources, traffic and industrial sources are the primary and typical
sources of trace metals in urban soils (Ajmone-Marsan and Biasioli, 2010; Carrero et al., 2013;
Chen et al., 2010; Christoforidis and Stamatis, 2009; Wiseman et al., 2015). Trace metals
introduced into the environment from traffic are mainly ascribed to tire wear, brake linings,
wear of individual vehicular components, and exhaust. Tire wear particles are generated
during the rolling shear of the tire tread against the road surface (Rogge et al., 1993). It is the

major Zn contributor in traffic contamination; notwithstanding, the presence of particulate
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ZnO may vary from the manufacturing processes of tire tread (Adachi and Tainosho, 2004).
Brake dust is introduced into environments during forced deceleration when motor vehicle
brake linings are subject to large frictional heat generation and associated brake lining wear
(Rogge et al., 1993). The used alloy in vehicular braking systems contains Cu, Sh, and Ni and
can be emitted from abrasion of brake lining, particularly in areas with a high occurrence of
braking (Harrison et al., 2012; lijima et al., 2007; Ji et al., 2017; Li et al., 2004; Miner, 1993).
It was calculated that 72 to 91% of Cu in traffic emissions originated from brake wear
(Schauer et al., 2006). Tetraethyl lead was added to gasoline as an antiknock agent but was
phased out in 2000 all over China (Duzgoren-Aydin et al., 2006). However, Pb contamination
may continue to influence local environment for a long time, despite the leaded gasoline being
phased out for several years (Cundy and Croudace, 2017). Moreover, Pb continues to be
emitted by traffic due to the continued use of leaded wheel weights (Root, 2000) and the use
of PbCrOg in yellow paint for road surface markings (Adachi and Tainosho, 2004; Lee et al.,
2016). Other sources, including tailpipe emissions from lubricating oil additives, engine wear
debris accumulated in oil, and abrasion of the mechanical components of automobiles may

also release a large amount of trace metals into urban environments (Schauer et al., 2006).

Trace metals dispersed into urban environments from industries are usually industry-specific.
With respect to the studied trace metals, copper-based alloys are widely used in mechanical
manufacturing due to their corrosive resistance, high thermal conductivity, and other desirable
gualities (Alloway, 2013; Li et al., 2004). Metallurgy related industries, such as galvanizing
iron, and steel products produce a large amounts of Cr, Ni, and Zn (Ajmone-Marsan and
Biasioli, 2010; Calvo et al., 2013; Luo et al., 2014; Miner, 1993; Nriagu and Pacyna, 1988;
Ord&ez et al., 2015). Anthropogenic Pb and Ni are predominantly released into urban
environments via combustion of coal and the burning of oil (Adriano, 2001; Zurbrick et al.,
2017). Additionally, electronic equipment and products have become another source for trace

metals in recent years (Lincoln et al., 2007).
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2.3.4.3 Source identification

Generally, the natural and anthropogenic sources of trace metals in urban soils were identified
through enrichment factors (EFs) (Manta et al., 2002; Reimann and Caritat, 2000),
multivariate analyses (principal component analysis, PCA; cluster analysis, CA) (Chen et al.,
2005; Li et al., 2004), geochemical mapping (Imperato, 2003; Li et al., 2004), and a
geostatistical multivariate method which joins spatial correlations and multivariate
relationships (Ha et al., 2014; Rodr uez Mart i et al., 2006). Trace metals in urban soils were
generally from multiple sources, mainly including traffic emissions, coal combustion, and
industrial activities (Alloway, 2013; Imperato, 2003; Liu et al., 2016). Thus, it is necessary to
quantitatively identify the metal inputs and separate the effect of a specific source to make
related regulations and perform specific land remediation. The Absolute Principal Component
Scores-Multiple Linear Regression (APCS-MLR) receptor model is an useful tool to evaluate
the source contribution of trace metals in environmental compartments (Luo et al., 2015;
Thurston et al., 2011; Wang et al., 2016a; Yang et al., 2017). The APCS-MLR model enables
the source apportionment at each sampling location and the quantitative contributions of
contaminant to each source group (Thurston and Spengler, 1985). Furthermore, the pollution
sources of trace metals often were spatially dependent (Ha et al., 2014; Liang et al., 2017;
Mcllwaine et al., 2017). The contribution of a specific source to trace metal concentrations in
an environmental compartment, therefore, should be characterized spatially. However, the
spatial pattern of anthropogenic contributions to trace metals in various environmental

compartments remains unclear.

Lead contamination in urban soils is a serious concern related to human health (Bradham et
al., 2017; Farmer et al., 2011), and accordingly, it is important to determine the Pb sources in
soils. Pb isotopic fingerprinting is a powerful tool in the investigation of lead contamination
(Bi et al., 2017; Komaek et al., 2008). Pb has four naturally occurring isotopes: 2%4Pb, 2%Pb,

207ph, and 2°8Ph. 2%Pb is the only primordial stable isotope with a constant abundance on the
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Earth, while 2%Ph, 207Pb, and 2%Pb are products of the radioactive decay of 28U, 235U, and
232Th, respectively (Faure, 1977) (Table 2.3). Natural and anthropogenic sources of Pb usually
have distinct isotope ratios or signatures that do not change during industrial and
environmental processes. Thus, the study of Pb isotopic compositions becomes a convenient
approach for tracing the sources of Pb in various environmental compartments. Previous
studies demonstrated that the decrease in the Pb isotopic compositions (?°Pb/?°’Ph and
208pp/297Ph) in soils and dust in Hong Kong and Guangzhou were associated with the
enrichment of anthropogenic Pb from sources such as vehicular and industrial emissions
(Duzgoren-Aydin, 2007; Lee et al., 2007; Wong et al., 2003). However, the contribution of
specific sources could be overestimated or underestimated only based on isotopic ratio
analyses, due to the similar Pb isotopic signature of some natural and anthropogenic sources
(Duzgoren-Aydin and Weiss, 2008). Therefore, the source differentiation of trace metal
contamination in the terrestrial environment should couple isotopic ratio data with other

technology such as GIS and APCS-MLR receptor model.

Table 2.3 Decay process of 238U, 25U, and 2%2Th and their half-lives (Faure, 1977).

Reaction Decay Half-life (years) Decay constant (year)
9 -10
293§U N 233Pb+8§He+6ﬁ7 4.468 x10 1.55125%x10
- 7.038x10° 9.8485x10™
U — TPb+7 He+4p
10 -11
239€-|-h N 2§§Pb+6§He+4ﬂ’ 1.4008 x10 4,9475%10

2.4 Trace metals in road dust

Solid particles accumulated on road surface are collectively referred to "road dust". It is a
term used in general to describe materials including particles larger than 400 pum, which are
not referred to "dust" (Charlesworth et al., 2011). The obvious sources of road dust include
traffic derived depositions, plant fragments from nearby vegetation, and soil originated

depositions (Rogge et al., 1993). Traffic sources mainly include tire wear debris, deposited
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vehicle exhaust particles, brake dust, lubricating oil residues, and weathered road surface
particles, which are mainly responsible for elevated trace metal inputs. Roadside soils are
easily subjected to turbulence as vehicles pass by. The re-suspended soil particles can deposit
on road surfaces, turning into a portion of road dust (Chen et al., 2014). In some areas, more

than 50% of road dust was attributed to soil materials (Hopke et al., 1980; Hunt et al., 1993).

Trace metals from traffic can be transferred into the surrounding environment via aerial
transport or the infiltration of road runoff water. Roadside soils are one of the main targets for
trace metals emitted from roads. Spray and road runoff water can be transported into the soils
of the adjacent roadside area (Werkenthin et al., 2014). As sweeping efficiency is quite low
for finer road dust particles, most of the pollutants associated with the fine fraction of solids
remain on the road surfaces, and can adversely affect storm water quality (Jayarathne et al.,
2017). Fine road dust can be injected into the atmosphere through wind re-suspension and
vehicle-induced turbulences (Amato et al., 2014; Amato et al., 2009; Martuzevicius et al.,
2011), thus affecting the particulate matter in the air and the surrounding soils. The road dust
re-suspension is related to vehicle speeds, traffic volumes, fractions of heavy trucks, and
weather conditions (Amato et al., 2016; Amato et al., 2013; Laidlaw and Filippelli, 2008).
Given that road dust is easily re-suspended into the atmosphere, or washed out by regular road
surface cleaning and precipitation, road dust does not remain deposited for a long period;
hence, it can only reflect recent traffic activities (Amato et al., 2011; Men et al., 2018;
Vermette et al., 1991). Table 2.4 illustrates how trace metal concentrations in road dust
exhibited high variability in different cities, depending on various local conditions, including

traffic volumes, vehicle types, road surface materials, local climate, etc.
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Table 2.4 Trace metal concentrations in road dust from various regions (mg kg™).

City Cr Cu Ni Pb  Zn Reference

Shanghai 159 197 84.0 295 734  Shietal. (2008)

Beijing 92.1 83.1 325 609 280.7 Menetal. (2018)
Guangzhou 78.8 176 23 240 586  Duzgoren-Aydin et al. (2006)
Xi'an 145 547 30.8 125 269 Panetal. (2016)

Urumgi 54 945 433 54 294  Weietal. (2009)

Hong Kong - 173 - 181 1450 Lietal. (2001)
Massachusetts, US 95 105 - 73 240  Apeagyei et al. (2011)
Birmingham, UK - 467 - 48 534  Charlesworth et al. (2003)
Madrid, Spain 110 166 185 429 271  Johnsonetal. (2011)
Tokyo, Japan 523 - 29.6 245 1888 Wijayaetal. (2012)
Seoul, Korea 151 396 - 144 795 Kim et al. (2007)
Islamabad, Pakistan - 52 23 104 116  Faizetal. (2009)

Karak, Jordan - 11.3 42 112 131  Al-Khashman (2004)

2.5 Trace metals in plant and foliar dust

Plants reveal various tendencies in the uptake of trace metals that are applied to assess soil
and air contamination in urban areas. The response of plants to the chemistry of the
surrounding environment is controlled by several external and biochemical factors (Ji et al.,
2018; Kabata-Pendias, 2004). The main sources of trace metals in plants are the growth media
(e.g., soils and water), whilst trace metals from aerial sources can be absorbed by leaves
through cuticular penetration, particularly elements such as Cd, Co, Cu, Fe, Mn, Pb, and Zn
(Kabata-Pendias, 2000). Thus, plants are useful biological indicators of the contamination of

soils and aerosols in urban environments.

The soil-plant transfer of trace metals is a part of the natural chemical element cycling
controlled by geochemical, climatic, biological, and anthropogenic factors. In general, the

uptake of trace metals by plants is affected by plant-specific ability and soil properties, and
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the most significant factors are pH, Eh, water regime, clay content, organic matter content,

CEC, nutrient balance, and concentration of trace elements (Kabata-Pendias, 2000).

Plants also respond directly to the state of the atmosphere. The atmospheric deposition occurs
on the surfaces of leaves either under gravity or via impaction due to wind (Ram et al., 2015).
In urban environments, plant leaves were considered as accumulators of the atmospheric
depositions (Kardel et al., 2010; Sawidis et al., 2011) and traffic contamination along the
roadsides (Hassan and Basahi, 2013; Ram et al., 2014). Foliar dust was extensively employed
as an indicator of atmospheric depositions (Hassan and Basahi, 2013; Liu et al., 2012; Lu et
al., 2008; Shahid et al., 2017; TomaSevi¢ et al., 2005). Foliar dust on tree leaves was present
in a wide range of diameters, the majority of which was smaller than 2 to 5um, mainly
derived from coal combustion, industry activities, traffic emissions, and re-suspended
particulate matter such as soil particles and construction dust (Lu et al., 2008; Sgrigna et al.,
2015; Song et al., 2015; Tomasevi¢ et al., 2005). Trace metal concentrations in foliar dust
could be varied depending on the amount of particulate deposition, uptake ability of the plants
for different metals, and morphological and anatomical parameters of the leaves, including
roughness of the leaf surface, epidermal characteristics, leaf structures, the trichome density,
stomata size and density, etc. (Kardel et al., 2010; Shahid et al., 2017; Simon et al., 2014;
Song et al., 2015; TomaSevi¢ et al., 2005). Once foliar dust is deposited on leaf surface,
penetration through the cuticle and stomata openings might represent major pathways for

metal entry (Schreck et al., 2012; Shahid et al., 2017).

2.6 Potential health risks of trace metals in urban environments

Most trace metals in excessive concentrations have a deleterious influence on human health,
particularly for children (Abrahams, 2002; Magge et al., 2013; Pan et al., 2017). Exposure to
As, Pb, Hg, and Cd in children poses an important health threat as it leads to potential

predisposition to multisystem ailments, low intelligence quotient (1Q) and dysfunctional
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behavior over their lifetime (Levin et al., 2008; Pan et al., 2017; Rodriguez-Barranco et al.,
2013). Human exposure to high concentrations of Cd may also cause kidney damage (Buchet
et al., 1990; J&up et al., 2000). Copper, Sn, and Se, which are involved in many metabolic
processes, can cause health problems both in deficiencies and excesses (Chan et al., 1998).
Therefore, trace metal contamination in urban environments is attracting increasing attention

from the research community (Bradham et al., 2017; Gualtieri et al., 2008; Li et al., 2018).

In urban soils, trace metals can be directly transported into human body through ingestion,
dermal contact, and inhalation (Ljung et al., 2006; Poggio et al., 2008; Yamamoto et al.,
2006). Fine particles in surface soils are more likely to be re-suspended and ingested/inhaled
by humans; thus, the accumulation of trace metals in urban soil dust is a potential exposure
pathway for city residents. Smaller particles (<10 pum) are able to enter into the pulmonary
tract, while larger inhaled particles (>10 um) are intercepted and/or deposited in the upper
respiratory tract and swallowed (Gomez et al., 2002). For children, however, the ingestion of
urban soils may be the major exposure pathway behavior (Ljung et al., 2006; Mielke et al.,
2017; Ruby and Lowney, 2012; Yamamoto et al., 2006), because the soils adhering to the
skin of hands, particularly fingers, can be inadvertently ingested by children through so-called
“hand to mouth” contact during outdoor activities (Ljung et al., 2006). The USEPA (2000)
defined 250 wm as a “reasonable upper-bound” for those particles commonly ingested and/or
adhered to skin and associated with dermal exposure. In some dermal contact studies (Kissel
et al., 1996; Kissel et al., 1998), soil particles smaller than 65 um exhibited greater adherence
to hands under dry conditions, while larger soil particles (i.e., 135 to 250 um) appeared to be
prone to hand adherence with higher moisture contents (i.e., 10% to 20%). Soil particles
involuntarily ingested by children are usually of smaller diameter than the original soils, and
hence, trace metals distributed in fine soil particles (e.g., <75 um (Acosta et al., 2009); <63
um (Choate et al., 2006); <45 um (Siciliano et al., 2009)) were suggested to be important for
risk assessment. In terms of road dust, metal-enriched dust deposited on the road surface often
remains relatively mobile and tends to disperse due to the lack of a means of physical
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entrapment and adhesion to substrates (Wong et al., 2006). Tire wear particles finer than 5 pm
could enter into the pulmonary tract (Thompson et al., 1966) resulting in reactive oxygen
species (ROS) formation and an inflammatory reaction in human alveolar cells (Gualtieri et
al., 2008). lijima et al. (2007) stated that approximately 90% of brake dust are finer than
2.5um, and can subsequently enter lungs during respiration and have an adverse effect on
human health (Calcabrini et al., 2004). Thus, the health risk of trace metals in urban terrestrial
compartments is mainly associated with the ingestion and inhalation of fine particles (Censi et

al., 2011; Ljung et al., 2006; Yamamoto et al., 2006).

The total concentration of trace metals in soils is a poor predictor of the potential
bioaccessibility of these metals, and is thus a poor proxy parameter for assessing toxicity
(Fujimori et al., 2018; Karna et al., 2017; Luo et al., 2012c; Mendoza et al., 2017; Qin et al.,
2016). Distribution, mobility, bioavailability and toxicity of metals depend not only on metal
concentration but also on the form in which the metals exist. The speciation of trace metals in
soils is considered to be more important than the total metal concentration. Generally, trace
metals in the exchangeable fraction are considered the most bioavailable; carbonate-bound,
easily reducible metal oxide-bound, and organic-matter-bound fractions are potentially
bioavailable; while the amorphous, crystalline and residual fractions are mainly not
bioavailable (Jayarathne et al., 2017; Kim et al., 2014; Smith et al., 2011). The absorption of
trace metals through soil ingestion is greatly dependent on the bioaccessibility of trace metals
in the gastrointestinal system. Several in vitro methods have been widely used to simulate the
trace metal release processes in the gastrointestinal system (Wragg and Cave, 2003). The
physiologically based extraction test (PBET) and the simple bioaccessibility extraction test
(SBET) are common in vitro bioaccessibility assays that have been widely used to assess trace
metal bioaccessibility in soils (Fujimori et al., 2018; Gu et al., 2016; Mendoza et al., 2017)
and dust (Bi et al., 2015; Hu et al., 2011a; Turner and Ip, 2007). However, few attempts have
been made to study the trace metal bioaccessbility as a function of particle size (Juhasz et al.,

2011; Karna et al., 2017; Qin et al., 2016).
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2.7 Research emphasis on trace metal contamination in urban

environments

In this section, research statuses and research gaps of trace metal distribution in urban soils at
a city scale, trace metals in multiple compartments in an urban environment, and trace metals

in soils as a function of particle size are summarized.

2.7.1  Trace metal contamination in urban soils at a city scale

Trace metal contamination is one of the key urban environmental problems originated from
various anthropogenic activities (Alloway, 2013; Li et al., 2004; Yang et al., 2017). Soils in
China have been widely contaminated due to rapid industrialization and urbanization over the
last several decades (Luo et al., 2012b; Wei and Yang, 2010; Zhao et al., 2015a). However,
trace metal levels in urban soils in China varied across different cities, due to geographical
variations in background levels, regional history of urbanization and industrialization, and the
differences in socioeconomic development and enforcement of environmental regulations
(Luo et al., 2012b; Wei and Yang, 2010). For example, the average concentrations of Cu, Pb,
and Zn were 20.8 mg kg, 25.4 mg kg and 80.3mg kg™ in Beijing (Liu et al., 2016), 59.3
mg kg, 70.7 mg kg, and 301 mg kg in Shanghai (Shi et al., 2008), 35.8 mg kg, 87.6 mg
kg, and 107 mg kg in Guangzhou (Lu et al., 2010), and 16.2 mg kg, 88.1 mg kg, and 103
mg kg in Hong Kong (Lee et al., 2006), respectively, with the hot spots mainly in areas with
higher degree of urbanization and surrounded by intense traffic (Lee et al., 2006; Liu et al.,

2016; Shi et al., 2008), and/or in industrial regions (Lu et al., 2010; Shi et al., 2008).

Due to geographical proximity and complementarity of resource endowments in the PRD,
Hong Kong and Guangzhou share a close partnership both economically and environmentally.
The dramatic economic development and rapid urbanization have caused the trace metal

contamination in both Hong Kong and Guangzhou. Based on Kriging interpolation of spatial
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data, hot spots of metal contamination were mainly concentrated in the western and southern
parts of Guangzhou, and closely related to industrial and long-term domestic activities (Lu et
al., 2010). In Hong Kong, the distribution patterns of trace metals in urban soils of the
Kowloon Peninsula and Hong Kong Island were investigated with geochemical mapping
technology, illustrating the important influence of traffic emissions for trace metal
contamination in urban soils (Lee et al., 2006; Li et al., 2004). Urban soils are subject to
continuous accumulation of contaminants from either localized or diffuse sources and other
physical disturbances, and hence each city would have its own characteristic soil geochemical
signature determined by that history (Cannon and Horton, 2009; Mcllwaine et al., 2017).
Thus, the major sources of trace metal contamination in urban soils varied between
Guangzhou and Hong Kong, due to the different historical developments. However, few
studies focused on interregional comparison of trace metal distribution in urban soils
(Mcllwaine et al., 2017). Generally, the sampling schemes and analytical procedures varied
widely in urban soils research. These differences have hindered the meaningful comparisons
between studies and thus, harmonization of investigation and extraction methodologies is
needed. Assuming that soils were undisturbed, surface soil, as the uppermost layer of top soil,
is more susceptible to the on-going or recent anthropogenic sources, while the deeper soil
usually indicates the legacy contamination (Luo et al., 2015). However, the anthropogenic
influence on the vertical distribution of trace metals in urban soils was seldom studied at city
scales (Madrid et al., 2006; Mcllwaine et al., 2017). Hence, an interregional comparison of
the spatial heterogeneity of soil trace metals involving both the horizontal and vertical
distribution is needed, to help us better understand the soil geochemical signatures in response

to different types of urbanization and industrialization.

2.7.2  Trace metal contamination in multiple environmental compartments

The excessive release of trace metals has posed environmental contamination to various urban

compartments including urban soils (Li et al., 2004; Yang et al., 2017; Yu et al., 2016), road
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dust (Duzgoren-Aydin et al., 2006; Men et al., 2018; Shi et al., 2008), plants (Hassan and
Basahi, 2013; Hofman et al., 2013; Ji et al., 2018; Sawidis et al., 2011), and foliar dust

(Burkhardt et al., 2012; Deljanin et al., 2016; Qiu et al., 2009; Sgrigna et al., 2015).

In urban environments, a constant exchange of contaminants exit among the different
environmental compartments (Nadal et al., 2009). Regarding aspects of trace metal
associations in different urban compartments, Tanushree et al. (2011) found that trace metal
concentrations in street dust were associated with the corresponding metal in foliar dust, and
Bhattacharya et al. (2013) stated that Cr and Zn concentrations showed similar trends in street
dust, foliar dust and suspended particulate matter. Using Pb isotopic signatures, Hu et al.
(2014) found that the deposition of airborne Pb was an important Pb source for urban surface
soil, whilst road dust and atmospheric dust received Pb from similar sources, including coal
emissions and smelting in the studied area. The composition and relationships between trace
metal concentrations in PMyo and in plant leaves were studied by Espinosa and Oliva (2006),
and the authors illustrated that N. oleander can be used in atmospheric biomonitoring of trace
metals, such as Cu and Fe. In another study, Oliva and Espinosa (2007) suggested that the N.
oleander leaf was a good biomonitor of soil contamination by Cu; while Keane et al. (2001)
found that Cr, Mn, Pb, and Zn concentrations in dandelion leaves increased with soil metal
increases, but found no correlation between leaf metal concentrations and PMio. These
multi-compartmental studies obtained different results with different studied environmental
compartments and locations. Thus, multi-compartmental studies should be conducted by
region and the foliage selection should be varied based on the local environment. Furthermore,
differences between the compartments were also shown in these studies, while few attempts
were found to compare these compartments as indicators of specific sources for trace metal

contamination in urban environments.

The various sources in urban area contribute to the complexity of contamination conditions.

Urban soils are characterized by significant spatial heterogeneity resulting from the inputs of
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exogenous materials (Ajmone-Marsan and Biasioli, 2010; Guan and Peart, 2006). Trace
metals in road dust mainly come from road materials, traffic sources, and nearby industrial
emissions (Duong and Lee, 2011). As another environment compartment, foliar dust bares the
falling particles from typical urban aerosols and other dust re-suspension (Sgrigna et al., 2015;
TomaSevi¢ et al.,, 2005). Those urban compartments represent different sources for
contaminants. Elucidating the specific source for trace metal contamination from a city scale
is critical for urban environmental management. However, elucidating such spatial pattern of
anthropogenic contributions to trace metals in various environmental compartments,
particularly in a megacity, remains unclear. Furthermore, whether there is any difference or
acceptable suitability using different environmental compartments on explaining the trace

metal contamination status in urban area still needs more evaluation.

2.7.3  Trace metal distribution in urban soils as a function of particle size

As the uppermost layer of soil, surface soils are an important intervenient medium located
between the soil and other compartments. Particulates loaded with trace metals can
accumulate in surface soils from atmospheric deposition by sedimentation and by interception
(Li et al., 2001). Fine particles of surface soils can be easily re-suspended in the air by wind
erosion or human activities, and the finest particles may remain airborne for a long time and
then deposit on the surfaces of other media (Luo et al., 2011). In order to study the trace metal
contamination in different particle size fractions of urban soils, soil particles were mainly
separated into different size fractions in the laboratory after bulk soil collection (Jayarathne et
al., 2017; Juhasz et al., 2011; Luo et al., 2011). However, the particle partitioning of soils by
ex-situ sieving (dry sieving) was dependent on the original moisture content of the samples.
Choate et al. (2006) found that fine soil particles with a certain moisture content could form
large aggregates under the influence of the coagulation effect. Soil dust, as the loose part of
surface soil, usually has very low moisture content during sampling, and thus this aggregation

may not affect the in-situ soil dust. As the interface between air and soil, soil dust acts as a

28



link between the atmosphere and soil. In atmospheric deposition, trace metals settle down first
as surface dust before they can be fully incorporated into the soil matrix. Therefore, the status
of atmospheric contamination may be better revealed by soil dust than by bulk soils. In
addition, soil dust may be more likely than bulk soils to be re-suspended in the atmosphere or
to adhere to human skin (Laidlaw et al., 2012). Thus, soil dust plays an important role in trace
metal contamination, transport and the concomitant health risks in urban environments, which
should pay much attention in the environment studies, and the in situ sampling method for

soil dust should be explored to reveal the situation with respect to particle size fractions.

In urban soils, both inorganic and organic contaminants exhibit a non-uniform distribution
across soil particle sizes (Acosta et al., 2009; Bright et al., 2006; Choate et al., 2006; Siciliano
et al., 2009). The loadings and availabilities of trace metals in urban soils were generally
higher in fine size particles (Li et al., 2017; Luo et al., 2011). Trace metal distribution over
different soil particle fractions is primarily a function of soil properties. The finer particles
have a higher surface area, dominate secondary minerals (clay minerals, Fe, Mn, and Al
oxides and hydroxides, and carbonates) and organic matters (Hardy and Cornu, 2006; Qin et
al.,, 2016). Thus chemical forms of trace metals facilitate the understanding of their
distribution in different particle size fraction of soil dust. The absorption of trace metals
through soil ingestion is greatly dependent on their bioaccessibility in the gastrointestinal
system. Chemical forms and bioaccessibility of trace metals were quite different in soil
samples (Luo et al., 2011; Mendoza et al., 2017; Qin et al., 2016), whereas the influence of
metals speciation on their bioaccessibility was seldom studied (Fujimori et al., 2018;
Mendoza et al., 2017). For example, Mendoza et al. (2017) found a high bioaccessibility for
the soluble/exchangeable and reducible metal fractions, while Fujimori et al. (2018) stated a
low bioaccessibility for metallic Pb and Pb phosphates and high bioaccessibility for organic
Pb species. Due to the higher possibility of soil dust to be re-suspended in the atmosphere or

to adhere to human skin compared to urban soils (Laidlaw et al., 2012), more studies are
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needed to characterize the metal concentrations, chemical forms and bioaccessibility of soil

dust, in order to better understand the health risks of soil dust in urban environments.

2.8 Summary and outlook

Trace metal contamination in urban environments of China is a major environmental problem
over the past decades, and it will continue to be one of the key concerns for environment and
human health. The contamination levels, distribution patterns, chemical compositions, and
sources in various environmental compartments, such as soils, road dust, and plants, have

been widely studied. However, research gaps await further study.

Trace metal distribution patterns in urban soils in China varied across different cities (Luo et
al., 2012b; Wei and Yang, 2010), while most studies focused on the horizontal distribution of
trace metals in urban soils at a city scale. Due to geographical variations in background levels,
regional history of urbanization and industrialization, and the differences in socioeconomic
development and enforcement of environmental regulations, each city would have its own
characteristic soil geochemical signature. In addition, surface soil is generally more
susceptible to the on-going or recent anthropogenic sources, while the deeper soil usually
indicates the legacy contamination (Luo et al., 2015). However, few attempts have been found
to investigate soil contamination regarding both vertical and horizontal distribution of trace
metals. Hence, an interregional comparison of the spatial heterogeneity of soil trace metals is
needed to better understand the soil geochemical signatures in response to different types of

urbanization and industrialization.

Trace metal contamination prevails in not only soils, but also other environmental
compartments, such as road dust, foliar dust, and plants (Li et al., 2004; Men et al., 2018;
Sawidis et al., 2011; Sgrigna et al., 2015). Most previous studies mainly focused on trace

metal contamination in individual compartment. However, the sources of trace metals often
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were spatially dependent and compartment-specific, and thus whether there is any difference
or acceptable suitability using different environmental compartments on explaining the trace
metal contamination status in urban area still needs more evaluation. As the terrestrial
compartments coexist in urban system, trace metals can be transported and interacted among
these compartments. Hence, the use of multiple compartments with different characteristics
and metal sources, in contrast to monitoring single compartment, allows a comprehensive

knowledge of the environmental contamination and processes affecting the environment.

As the interface between air and soil, soil dust acts as a link between the atmosphere and soil
and is more likely than bulk soils to be re-suspended in the atmosphere or to adhere to human
skin. It has been found that trace metals distribute heterogeneously across various particle size
fractions of soils, with preferential accumulation in fine particles (Acosta et al., 2009;
Ajmone-Marsan et al., 2008; Li et al., 2017; Luo et al., 2011). However, little information is
available about soil dust. Consequently, there is a strong need to study the sources, chemical
composition, and bioaccessibility of trace metals in different particle size fractions of soil dust
in order to understand the reasons for the distribution process, the associations of trace metals
between soil dust and other types of dust, and their potential toxicity. It may provide

insightful information for health risk and control of trace metal contamination.
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Chapter 3 Methodology

3.1 Study region and sample collection

A description of geographical location and characteristics of Hong Kong and Guangzhou

(Figure 3.1), and a description of the sampling methodology are given in this section.

\ > } Guangdong Province
) . o~ e
o =y o (gdan &
L Urban area of Guang#hou | [
LAy X

Figure 3.1 Geographical locations of Hong Kong and Guangzhou.

3.1.1 Hong Kong

At the south-eastern tip of China, Hong Kong covers the Hong Kong Island, the Kowloon
Peninsula, the New Territories, Lantau Island, and 261 outlying islands (= 500 m?) (Figure
3.1). The land area of Hong Kong is 1111 km?, of which about 267 km? is urban area
(including residential, commercial, industrial, institution, transportation, open space, vacant
land, other urban or built-up land) (Census and Statistics Department, 2016). Hong Kong has
a sub-tropical climate with an annual average temperature of 23.3 °C and an annual average
rainfall of 2399 mm (Hong Kong Observatory). Hong Kong Island and the Kowloon
Peninsula are old urban areas of Hong Kong with a long history. The New Territories
commenced to be developed in the 1970s to relieve the overgrowth in the two urban districts.

Hong Kong's population was approximately 7.35 million in 2016. Due to the scarcity of land,
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many residential and commercial areas are built near the high density traffic regions. The
centralization of population leads the soil and air quality to become more susceptible to

anthropogenic influence.

The industrial revolution in Hong Kong started in 1945-1955. In 1965, about 56% of the net
domestic product was contributed by exports of locally manufactured products (Wong, 1975).
Secondary production (including manufacturing, construction, and supply of electricity, gas
and water) had a significant value-added contribution to the economy before and in the early
1980s. In the 1980s and early 1990s, Hong Kong’s industry underwent a major restructuring.
Most of the labor-intensive manufacturing industries have been moved to the Chinese
mainland. Hong Kong has since been refocusing on knowledge-intensive, service-oriented
functions. The value-added contribution to gross domestic product from manufacturing
decreased from 13 % in 1992 to less than 2 % in 2012 (Census and Statistics Department,

2013).

3.1.2  Guangzhou

Guangzhou, the capital city of Guangdong province, is located in the southeast of China
(2226'-23%6'N, 112%57'-114V3'E) (Figure 3.1). Guangzhou has a typical subtropical
humid monsoon climate with an annual average temperature of 21.2-23.1 <€ and an annual
precipitation of 1800 mm. At the end of 2012, the population was 6.78 million in the urban
districts of Guangzhou, which covered 3843 km? (Guangzhou Bureau of Statistics, 2013). The
urban area (~210 km?) was defined as the area encircled by city ring expressways in urban

districts (Guangzhou Transport Planning Research Institute, 2012).

The rapid economic growth of Guangzhou started in 1978. The contribution of the primary,
secondary, and tertiary production to GDP were 11.67%, 58.59%, and 29.74% in 1978, which
shifted to 1.75 %, 37.24%, and 61.01% in 2010 (Nie, 2012). From 1983 to 2012, the gross

industrial output increased 144 times (Guangzhou Bureau of Statistics, 1984; 2013).
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Furthermore, the total vehicles increased 43 times from 1983 to 2012 in Guangzhou

(Guangzhou Bureau of Statistics, 1984; 2013).

3.2 Sample collection

3.2.1  Urban soil collection

Sampling of soils was conducted in two typical urban environments, including the urban area
of Hong Kong (Figure 3.2) and the urban area of Guangzhou (Figure 3.3). Our first sampling
occupies approximately 200 km? and consists of typical industrial, commercial and residential
districts in Guangzhou. The whole area was divided into 200 cells of 1 km > 1 km in size,

within which surface soils (0—3 cm, n=180) and top soils (0-15 cm, n=180) were collected.

In Hong Kong, most of the urban areas are discretely located in the northern part of the Hong
Kong Island, the Kowloon Peninsular and some new towns in the New Territories. Soil
samples of Hong Kong were collected from 44 playgrounds/urban parks (including 131
sampling sites) in the Kowloon Peninsula, 9 playgrounds/parks in Hong Kong Island
(including 27 sites), and 7 playgrounds/parks in the New Territories (18 sites). In each
playground/urban park, around 3 sites were selected to collect surface soils (0-3cm) and top
soils (0-15 cm). A higher sampling density was conducted in Kowloon area (Figure 3.2 b) for

an interregional comparison of trace metal distribution between Hong Kong and Guangzhou.

Soils were collected using a stainless-steel trowel. Each of the soil samples consisted of 9
sub-samples obtained in a 2 m>2 m grid. All of the samples were placed in polyethylene bags

for transport and storage. The sampling information was listed in Appendix.
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Figure 3.2 Sampling locations of urban soils in Hong Kong.
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Figure 3.3 Sampling locations of urban soils in Guangzhou. Samples collected from

Guangzhou city center area were used for comparison with Hong Kong.

3.2.2  Soil dust collection

Soil dust, the loose part of surface soils, was collected by a vacuum cleaner (Panasonic
MC-CG 381) equipped with a specially designed particle separator (Figure 3.4). The particle
separator, which was 26 cm long and 7 cm in diameter, contained several filters with specific
pore sizes and a quartz microfibre filter (Whatman, England). Field and laboratory blank
filters were collected and weighed before and after the collection of the samples. The dust
samples were divided into four size fractions in situ: <50 pm, 50-99 pm, 100-249 um, and

250-1000 pm during the sampling in Guangzhou, while the samples were divided into five
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size fractions in situ: <10 pm, 1049 pm, 50-99 pm, 100-249 pm, and 250-1000 um during
the sampling in Hong Kong. Surface and top soil samples (0-3 c¢cm and 0-15 cm) were
collected within the same sampling area of soil dust using a stainless steel hand auger and
road dust samples were obtained at the roadside near the soil dust sampling sites using the soil

dust sampling method for comparison.

Thirty sampling sites were selected in Hong Kong urban area, including thirteen non-roadside
sites where only soil dust samples were collected, and sixteen roadside sites where both soil
dust and road dust were collected (Figure 3.5). Seven sampling sites were selected in
Guangzhou urban area, including three urban park sites (UP-UP3) and four street sites (S1-S4)
with different traffic flows (Figure 3.6). Both soil dust and road dust were collected at the 7

sampling sites.
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Figure 3.4 Soil and road dust sampling device.
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Figure 3.5 Sampling locations of soil dust (n=30, including 14 non-roadside sites and 16

roadside sites) and road dust (n=16, corresponding to the roadside sites of soil dust) in Hong
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Figure 3.6 Sampling locations of soil dust (n=7) and road dust (n=7) in Guangzhou. Detail

information is listed in the Appendix.

3.2.3  Multi-compartments collection

During the soil sampling in Guangzhou urban area, road dust (n=178), tree leaves (n=160),
and grass (n=87) samples were also collected to study their differences and interactions as
indicators for trace metal contamination in urban environment (Figure 3.7). Road dust
samples were obtained at the roadsides near the soil sampling sites by using a brush and
dustpan to reveal the impact of traffic related emissions. Tree leaves were collected from
banyan trees (Ficus microcarpa), which can be found throughout Guangzhou. To keep the

tree leaves consistency, the heights of sampled tree leaves ranged from 1.5 to 2 m. Because
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the banyan trees (Ficus microcarpa) can not be found throughout all the sampling sites, the

numbers of plant samples were lower than those of soil samples. All of the samples were

placed in polyethylene bags for transport and storage.
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Figure 3.7 Sampling locations of road dust (n=178) and tree leaf (n=160) in Guangzhou.

Detail information is listed in the Appendix.
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3.3 Sample preparation

The soil and dust samples were dried in an oven at 60 °C for 3 days. After that, they were
crashed and sieved through a 2 mm polyethylene sieve to remove stones, coarse materials,
and other debris. The soils, bulk dust samples, and the vacuum cleaner collected dust samples
that were larger than 100 pm, were ground into powder with a agate mortar for total digestion.
The filters used to collect dust were pre-baked for 8 h at 450 °C to remove any contamination
caused by carbonaceous material. Before and after the sampling, the filters were weighed
using a balance (Sartorius, Analytic) with an accuracy of 0.1 mg. Each of the plant samples
was divided into two batches: washed by deionized water to eliminate the main part of foliar
dust and unwashed. Both the washed and unwashed plant samples were dried in an oven at 60

°C for 3 days, and then ground into powder with a stainless steel coffee grinder.

3.4 Analytical methods

3.4.1 Total digestion

To determine the metal concentrations of the samples, the prepared samples (0.20 g ground
soils, 0.10 g ground road dust, and 1.0 g plant samples) were treated using a strong acid
digestion method (L. et al., 2004). Briefly, the samples are digested with concentrated HNOs
and HCIO4 (4:1 (v/v) for soils and dust; 8:1 (v/v) for plants) in an aluminum heating block
until dry, and then leached with 10 ml of 5% (v/v) HNO3 at 70 °C for 1 h. Finally, the total
concentrations of some trace metals (Co, Cr, Cu, Ni, Pb, and Zn) and major elements (Al, Ca,
Fe, Mg, Mn) are determined by inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Perkin Elmer Optima 3300DV). Quality assurance and quality control (QA/QC)
were confirmed using standard reference materials including NIST SRM 2709a and
ERM-CC141 (matrix for soil and road dust) and NIST SRM 1515 and 1573a (matrix for tree

leaves and grass), reagent blanks, and 10% replicates of the total samples. The recovery rates
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of the majority elements for NIST SRM 2709a were approximately 80-100% except for Pb,
which showed a recovery rate of 50-60% probably because of its low concentration. The
recovery rates of all the elements were approximately 75-105% for ERM-CC141 and 70-110%
for NIST SRM 1515 and 1573a. The duplicate samples showed the analytical precision was

less than 5%.

3.4.2  Sequential extraction

Selected soil dust samples were analyzed with the modified BCR sequential extraction
procedure (Ure et al., 1993). Briefly, it can be described as follows: First step (exchangeable
and weak acid soluble fraction): 0.500 g soil dust sample was extracted with 20.0 mL of 0.11
mol L acetic acid solution by shaking on a mechanical shaker at room temperature for 16
hours. The extract was separated by centrifugation at 4000 rpm for 20 minutes, decanted in
polyethylene tubes and stored at 4 °C until analysis. The residue was washed by vortexing for
2 minutes with 20.0 mL of deionised water and then centrifuged, discarding the supernatant.
Second step (reducible fraction): 20.0 mL of 0.5 mol L' hydroxylammonium chloride
solution was added to the residue from the first step, and the mixture was shaken at room
temperature for 16 hours. The extract was separated, and the residue was washed as in the
first step. Third step (oxidisable fraction): 5.0 mL of 8.8 mol L hydrogen peroxide solution
was carefully added to the residue from the second step. The mixture was digested for 1 hour
at room temperature and for 1 hour at 85°C until the volume was reduced to less than 3 mL.
A further 5.0 mL of hydrogen peroxide was added, the mixture was digested for 1 hour at 85
°C until the volume was reduced to approximately 1 mL. The residue was extracted with 25.0
mL of 1 mol L? ammonium acetate solution with pH approximated to 2.0, at room
temperature for 16 hours. The extract was separated, and the residue was washed as in
previous steps. Residue from the third step (residual fraction): the residue from step 3 was
digested with HCIO4/HNO3(1:4 (v:v)) until dry. The residue was leached with 10 mL 5% (v/v)

HNOs at 70 °C for 1 hour, and then decanted in polyethylene tubes and stored at 4 °C until
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analysis. Mean recoveries with respect to pseudototal values were in the range of 109-122%,
which is acceptable given the intrinsic heterogeneity of urban soils (Mossop and Davidson,

2003; Poggio et al., 2009).

3.4.3 Bioaccessibility

The in vitro simple bioaccessibility extraction test (SBET) was used to assess trace metal
bioaccessibility in soil dust samples. The SBET test is a static gastric model by which
bioaccessible metals are extracted under acid conditions simulating those in the human
stomach. Briefly, the gastric solution was simulated by extracting 0.200 g of sample with 20
mL glycine (0.4 mol L; pH = 1.5 adjusted with concentrated HCI) at 37 °C at 30 rpm for 1
hour, the pH variation of which was within 0.5 pH units. The mixture was centrifuged at 4000
rpm for 10 minutes and 10 mL supernatant was collected for metal concentration analysis by

ICP-AES. Variation coefficients of duplicates were within 10%.

3.4.4 Lead isotopic composition analysis

The Pb isotopic compositions of selected samples were measured by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, Agilent Technologies 7700 series). An international
standard reference material (NIST SRM 981, common lead) was used for sample calibration
and analytical control. The relative standard deviation (RSD) of the 100 replicates was
generally below 0.6%. The measured 2%*Pb/27Ph, 296Pb/207Ph and 2°8Pb/?°7Ph ratios of NIST
SRM 981 were 0.06460.0001, 1.0933+0.0017 and 2.372040.0018), which were in close

agreement with the standard reference values of 0.0645, 1.0933, 2.3704, respectively.

3.45 Total carbon and total organic carbon in solids

The analysis of solid sample can be conducted by combining the SSM-5000A (solid sample

combustion unit, SHIMADZU) with a TOC-L analyzer. SSM-5000A consists of two parts,
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the TC-port and the IC-port. To test the total organic carbon (TOC), samples were extracted
with HCI to remove inorganic carbon. Briefly, around 1.0 g sample was mixed with 20 mL
HCI (1 mol/L) in a weighed 50 mL centrifuge tube, and then was shaken by using a
reciprocating mechanical shaker for 12 hours. Then the solid residue was separated from the
extract by centrifugation at 4000g for 10 min and decanting the supernatant. Thereafter, the
residue was washed with 20 mL deionized water and then separated from the supernatant. The
centrifuge tube and washed residue were dried in an oven at 60 °C and weighed. This enables
real TOC analysis via the TC measurement by TOC-L analyzer. For TC measurement, the
HCI extracted sample (around 0.1 g) was weighed onto a ceramic boat and was pushed into
the combustion tube via the TC-port, where a catalyst guarantees the complete conversion to
COz. The combustion process takes place normally at 900 °C. The result of TC measurement

was the TOC content of the sample.

3.46  X-ray powder diffraction

Samples were ground in an agate mortar and randomly mounted on petrographic slide prior to
X-ray powder diffraction (XRD) analysis. The diffractograms of samples were recorded on a
Rigaku SmartLab X-Ray diffractometer at 40 kV, 100 mA using a Cu target tube and a
graphite monochromator. Scans were made in the 20 range of 5°to 90°with a step size of
0.02<and a count time of 2 s per step. The analysis of the XRD was performed using MDI
Jade 6 with the PDF-2 reference database from the International Center for Diffraction Data

database.

3.4.7  Scanning electron microscopy-energy dispersive X-ray spectroscopy

The surface morphology and chemical composition of selected samples were observed and
estimated by using a JEOL Model JSM-6490 scanning electron microscope (SEM) with an Oxford
energy dispersive X-ray (EDX) analyzer. Samples for SEM analysis were mounted on an

aluminum stub and coated with gold for 90 s using a Denton™ vacuum system prior to
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microscopic observations.

3.5 Statistical analysis

3.5.1 Calculation of trace metal concentrations in foliar dust

Trace metal concentrations in foliar dust can be estimated by the following equations:

Cdust ’ (,0 dust Sleaf ) + CIeaf ) (p leaf SIeaf ) = Ctotal ) Masstotal """ (1)

Masstotal = pdust ’ SIeaf + pleaf ) SIeaf """" (2)

Where C C Car are metal concentration in foliar dust, unwashed tree leaves,

dust ' total '

and washed tree leaves, respectively; MaSStotal is the mass of unwashed tree leaves; S

is the area of leaf surface; p,_ . is leaf mass per unit area of leaf surface and was measured in

the lab which approximated to 60.00 g m?; p, s foliar dust mass per unit area of leaf
surface. p, . Is approximated to 1.16 gm?, the average maximum dust-retention amount
(g m?) on the same type of tree leaves (Ficus microcarpa) in commercial/traffic areas in
Guangzhou (Liu et al., 2013). Only one data was assigned to p, . regardless the land use
types, because almost all the samples were collected at roadsides, and variation from the land
use types could be reduced during storage and transportation. It is important to note that the
mass density of foliar dust under real-world conditions could be varied depending on the land
use types. The calculated concentrations of Co, Cr, Cu, Ni, Pb, and Zn were 72%, 109%,
111%, 99%, 93%, and 73% of the corresponding metal concentrations of foliar dust measured

by Zheng et al. (Zheng et al., 2013) in Guangzhou.
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3.5.2  Enrichment factor

Enrichment factor (EF), defined as the ratio of trace metal concentration in samples to the
corresponding background concentration in Guangzhou (Guangdong Geological Survey,
2010), was used to estimate the anthropogenic influence on trace metal contamination in soil
and road dust (Manta et al., 2002). An EF value below 1 indicates that the source of trace
metal is mainly crustal origin or natural weathering, while trace metals may come from

anthropogenic sources if the EF is greater than 1.

3.5.3  Multivariate statistical analysis

Statistical analysis was conducted with PASW Statistic Version 18.0. A one-way ANOVA
test (p <0.05) was used to analyze the variance in metal concentrations among different
sampling sites. Paired-sample t-tests were used to examine the differences of metal
concentrations between surface and top soils, and between washed and unwashed tree leaves.
The Pearson correlation was conducted to analyze correlations. The level of significance was
set at p <0.05 and p <0.01 (two-tailed). Data were standardized to the Z score (with a mean of
0 and a standard variation of 1) or logarithm transformed prior to statistical analysis to reduce
the influence of high data values and to reduce the variations among the major and trace metal

concentrations.

Principal component analysis (PCA) was conducted for source identification using factor
extraction with eigenvalues >1 after varimax rotation. The data set of surface soil, road dust,
and foliar dust was suitable for PCA with Bartlett test (p <0.01) and Kaiser-Meyer-OlIkin
(KMO) data ranging from 0.749 to 0.882, showing the data is suitable for Factor Analysis
(Zhang, 2002). PCA is an advanced method to cluster metals that behaved similarly to
identify potential sources. Factor loadings describe the association between variables and
factors, while factor scores characterize the relation between observations and factors. Each

factor scores is standardized to a mean of zero so that if a respondent has a value greater than
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zero for a certain factor, it exhibits the characteristic described by the factor above the average

(Mooi and Sarstedt, 2011).

The APCS-MLR receptor model, was developed by Thurston and Spengler (1985) to identify
the sources of airborne metals and estimate the source contributions of each metal. It has been
widely used in aerosol studies (Guo et al., 2004; Harrison et al., 1996; Luo et al., 2014;
Thurston et al., 2011) and was conducted in the urban soil study by Luo et al. (2015) recently.
APCS-MLR was used to estimate the contributions (%) of various anthropogenic sources to
each metal in urban soils, road dust, and foliar dust. The APCS-MLR method enabled major
contaminant sources to be identified at each sampling location along with the quantitative
contributions of contaminant species to each source group (Harrison et al., 1996; Thurston
and Spengler, 1985). Briefly, the raw data were standardized to the Z score. Then a true zero
for each factor score was calculated by introducing an artificial sample with concentrations
equal to zero for all variables, as the factor scores obtained from PCA are normalized with
mean zero and standard deviation equal to unity. The factor scores of variables were obtained
from PCA by analysis of standardized metal concentrations. The absolute principal
component scores (APCS) for each component were then estimated by subtracting the factor
scores for the artificial sample from the factor scores of each one of the true samples.
Stepwise MLR was then applied using metal concentrations (mg kg™) as dependent variables
and absolute factor scores (obtained from PCA) as independent variables. If a negative value
was obtained for the constant included in MLR (which represents non-specified sources), the
regression was re-run without the inclusion of any constant. The resultant regression
coefficients were then employed to convert the absolute factor scores to produce estimates of
each PC source contribution. In our results, the contributions of non-specified sources were
negligible for most of the modeling results because the estimated values of constant were
usually very small (Guo et al., 2004). The correlation of predicted and measured

concentration of each metal was listed as R? values (Table 5.8). Most metals had R? greater
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than 0.80, indicating a good fit between observed and calculated concentrations (Guo et al.,

2004).

3.5.4  Geostatistical analysis

Geostatistical analysis was conducted for trace metal concentrations, factor scores from PCA,
and source contributions obtained using APCS-MLR. The Kriging interpolation is the
principal technique to predict attribute values at un-sampled locations using information
related to one or several attributes through capitalizing on the spatial correlation between

observations (Wackernagel, 2003).

The experimental variogram was calculated based on a rough "rule of thumb™ that the product
of the lag size and the number of lags should be about half of the largest distance among all
sampling points. It was then generally fitted with a theoretical model, such as a spherical or
exponential model. The optimal models provide information about the structure (e.g., model
selection) of the spatial variation and the input parameters (i.e., nugget, sill, range, lag size,
and lag number) for spatial prediction by kriging interpolation. These parameters also provide

insights into the trace metal distribution patterns.

Cross-validation was applied to select the best-fit variogram model. In the process of
leave-one-out cross-validation, data points are deleted one by one and predicted by kriging
using the remaining data. In general, the absolute values of mean errors and mean standard
errors should be near zero (i.e., the minimum errors); the root-mean-squared standardized
errors should be closest to 1 and the root-mean-square should be close to the average standard
errors (Crosier, 2004). The selection of experimental variogram model, Kriging interpolation
and mapping were conducted using ArcGIS 10.2 (ESRI Inc., USA). All the modelling results

and cross-validation results were listed in the Appendix.
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Chapter 4 Soil  Geochemical  Signature of  Urbanization and

Industrialization: A Regional Comparison between Hong Kong and

Guangzhou

Based on a large-scale sampling of surface soils (0 to 3 cm) and top soils (0 to 15 cm) in
urban environments of Hong Kong and Guangzhou, this chapter aims to understand how
historical development of a city influence trace metals in urban soils and whether soil metals
can be used as a tracer for urbanization by: investigating trace metal concentrations of urban
soils in the two cities; identifying the major sources of trace metals in the two cities; and

exploring the vertical and horizontal distribution of soil trace metals in the two cities.

4.1 General soil properties

The TOC contents and pH values of soil samples collected from urban areas of Hong Kong
and Guangzhou are listed in Table 4.1. In Hong Kong soil pH ranged from 4.60 to 8.46 with a
median pH of 6.06, while in Guangzhou soil pH ranged from 3.75 to 8.17 with a median pH
of 7.45. Median TOC of Hong Kong soils (12.4 mg/g) was remarkably lower than that of
Guangzhou soils (24.8 mg/g). Base on X-ray diffraction (XRD) analysis (Figure 4.1), quartz,
feldspars (K-feldspars and plagioclase), kaolinite, illite, and chlorites were identified in urban
soils of Hong Kong. Similarly, mineral compositions of urban soils of Guangzhou mainly
included quartz, feldspars (K-feldspars and plagioclase), kaolinite, muscovite, chlorite, and

calcite (Figure 4.1).
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Table 4.1 Physicochemical properties of soil samples from Hong Kong and Guangzhou.

TOC (g kg%, n=40) pH (n=172)

Hong Kong Mean+SD 13.7#4.79 6.1510.78
Median 12.4 6.06
Range 6.78-25.4 4.6-8.46
Guangzhou Mean+SD 29.1+18.8 6.99+1.03
Median 24.8 7.45
Range 3.54-70.6 3.75-8.17
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Figure 4.1 The XRD pattern of selected soil samples of two cities. (a:Hong Kong; b:

Guangzhou)
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4.2 Trace metal concentrations in urban soils

Trace metal concentrations of surface soils (0 to 3 cm) and top soils (0 to 15 cm) from Hong
Kong and Guangzhou are tabulated in Table 4.2 and Table 4.3. In general, a wide range of
trace metal concentrations was observed in the two studied regions, consistent with the
extreme variability of urban soil properties (Ajmone-Marsan et al., 2008; Biasioli et al., 2006;
Li et al., 2004; Madrid et al., 2006). Due to the wide range of trace metal concentrations, the

median concentration was used for comparison in this section.

In Hong Kong, the median concentrations of Co, Cr, Cu, Ni, Pb, and Zn were 2.63, 12.5, 15.4,
6.68, 49.9, 80.8 mg/kg with a range of 0.25-54.0, 0.58-62.31, 2.62—155, 0.50—47.0,
6.93—-214, 25.5—-733 mg/kg, respectively, in surface soils (0 to 3 cm), and were 2.84, 14.6,
15.1, 7.41, 57.1, 82.4 mg/kg, with a range of 0.40-15.0, 0.80—65.3, 2.26—227, 1.37—60.3,
5.69—-263, 16.7—1025 mg/kg, respectively, in top soils (0-15cm). Compared to background
levels (Zhang et al., 2007) (Table 4.4), the median concentrations of Cu, Ni, Pb, and Zn in
surface and top soils were enriched by 1.7, 1.4-1.5, 1.2-1.4, and 1.6 folds, respectively,
indicating a soil contamination by these metals. Compared with historical dataset, trace metals
including Cu, Pb, and Zn in urban soils decreased, respectively, from 28.4, 195, and 237
mg/kg (Wong and Mak, 1997), to 22.3, 89.7, and 146 mg/kg (Li et al., 2001), and to 15.1,
57.1 and 82.4 mg/kg in the present study (Table 4.5 and Figure 4.2). This comparison result
reflected a decline of trace metal inputs in Hong Kong soils over the last twenty years. In
comparison with top soils, surface soils had significantly lower concentrations of Cu, Pb (p

<0.01), and Ni (p <0.05), corroborating the decrease of trace metal inputs.

In Guangzhou, the median concentrations of Co, Cr, Cu, Ni, Pb, and Zn were 7.81, 47.9, 34.3,
20.0, 48.6, 125 mg/kg with a range of 2.75-18.2, 17.0-283, 4.90—155, 7.86—201, 14.5-212,

31.9-671, respectively, in surface soils, and were 44.0, 30.1, 17.2, 45.4, 105 mg/kg, with a
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range of 2.50-32.0, 20.2—152, 4.48—-261, 5.53—478, 8.35-371, 23.2—693 mg/kg, respectively,
in top soils. All the median concentrations of these metals were enriched 1.2—3.1 folds in
Guangzhou urban soils compared to the corresponding background concentrations
(Guangdong Geological Survey, 2010). The enrichment of Cu (2.9-3.3) and Zn (1.8-2.2)
were much higher than those of other trace metals (1.1-1.6). A temporal comparison with
previous studies (Guan et al., 2001; Lu et al., 2010) showed that trace metals displayed a
generally increasing pattern over the last twenty years with an exception of Pb in urban soils
(Table 4.5 and Figure 4.2). The increased trace metals can be attributed to the vast industrial
developments and the increasing number of vehicles in Guangzhou (Liu and Diamond, 2005),
whereas the Pb concentrations dropped greatly because of environmental improvements after
the prohibition of leaded gasoline. Trace metal concentrations (except for Co) in surface soils
were significantly higher than those in top soils (p <0.01 for Cu, Zn, and Ni; p <0.05 for Cr
and Pb), probably caused by the preferentially metal retention on surface soil from the surface

contamination and the widespread atmospheric deposition (Werkenthin et al., 2014).

In comparison with international guidelines (Table 4.4), trace metal concentrations in surface
and top soils in Hong Kong and Guangzhou were below Chinese and Canadian soil quality
standards (CCME, 2007; CEPA, 1995). Against the Netherlands Soil Contamination
Guidelines (VROM, 2000) benchmark, mean trace metal concentrations in surface and top
soils of Hong Kong were within the target values, while mean concentrations of Cu and Zn in
surface soils and Cu in top soils of Guangzhou exceeded the target values. Compared with
other cities in China (Table 4.6), the metal concentrations in urban soil in both Hong Kong
and Guangzhou were generally lower than those in Shanghai (Shi et al., 2008), but relatively
higher than those in Beijing (Liu et al., 2016). Compared with foreign countries, the
concentration levels in Hong Kong and Guangzhou were relatively lower than those in Athens
(Greece) (Kelepertzis and Argyraki, 2015) and Melbourne (Australia), but relatively higher

than those in Amman (Jordan) (Al-Khashman and Shawabkeh, 2009).
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Between the two studied cities, the concentrations of Co, Cr, Cu, Ni and Zn were significantly
lower in Hong Kong soils than those in Guangzhou soils (p <0.01). Considering the local
background, the significantly lower concentrations of Co, Cr, and Ni in Hong Kong soils
might result from the lower geogenic background concentrations. The higher concentration of
Cu and Zn in Guangzhou soils was probably caused by anthropogenic activities, as Cu and Zn
share similar background values in the two regions. Atmospheric deposition of trace metals is
known to significantly alter the composition of urban soils (Cannon and Horton, 2009; Carter
et al., 2015; Yu et al., 2016). Severe atmospheric pollution and heavier dry and wet
depositions were found in Guangzhou compared to Hong Kong (Deng et al., 2007; Lee et al.,
2007; Lee, 2007). Such results infer that atmospheric depositions are important sources of
trace metals in urban soils (Cannon and Horton, 2009). Different from other metals, Pb
concentration was higher in Hong Kong soils compared to Guangzhou soils, which might be
related to the use of leaded gasoline (Wong and Li, 2004). In Hong Kong, a stepwise
reduction of tetraethyl lead in leaded gasoline was initiated by the Hong Kong Government in
1992 (Wong and Li, 2004). The sale of leaded gasoline was officially banned in October 1997
in Guangzhou (Duzgoren-Aydin, 2007) and then in April 1999 in Hong Kong (EPD, 2000),
respectively. According to government reports (Census and Statistics Department, 2000;
Guangzhou Bureau of Statistics, 2000), the vehicle density of the Guangzhou urban area was
290 vehicles/km?, much lower than that of Hong Kong (456 vehicles/km?) in 1999, before the
phase-out of leaded gasoline in the two cities. Given that the aging Pb emitted from the
combustion of leaded gasoline was a major Pb source in urban soils, the higher Pb
concentrations in Hong Kong soils suggested a heavier historical soil contamination in Hong
Kong compared to Guangzhou. The comparison result is in agreement with the historical
urbanization of Hong Kong and Guangzhou, thus implying that urban soils are good

indicators of the history of urbanization and industrialization of a city.
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Table 4.2 Metal concentrations (mg kg*) of urban soils in Hong Kong.

Sample (n) Al Ca Co Cr Cu Fe Mg Mn Ni Pb Zn
Surface soil (172) MeanxSD 3000048250 199042220 3.3144.46 16.3+13.6 21.1422.3 1220042950 7424396 314140 8.2945.79 57.1431.4 104488.4
Median 29200 1460 2.63 125 154 11700 672 312 6.68 49.9 80.8
Range 5810-60700 245-20170 0.25-54.1 0.58-62.3 2.62-155 3990-23300 28.9-2812 39.9-778 0.50-47.0 6.93-214 25.5-733
Top soil (172) MeanSD 3440048810 21002920 3.08#1.67 16.3#12.9 23.5329.1 1300042810 7924406 3564161 9.4347.62 65.1438.4 106102
Median 32600 1380 2.84 14.6 15.1 12600 725 339 7.41 57.1 82.4
Range 5150-60000 155-27100 0.40-15.0 0.80-65.3 2.26-227 4120-23600 4.68-3108 24.5-941 1.37-60.3 5.69-263  16.7-1025
Table 4.3 Metal concentrations (mg kg™?) of urban soils in Guangzhou.
Sample (n) Al Ca Co Cr Cu Fe Mg Mn Ni Pb Zn
Surface soil (172) MeanSD 38345414489 725646839 8.343.06 53.427.5 40.2425.8 2230045910 24764992 3444311 23.3+7. 555429.3 148497.0
Median 37600 4940 7.81 47.9 34.3 21800 2433 293 20.0 48.6 125
Range 5710-85900  439-42100 2.75-18.2 17.0-283  4.9-155 6920-42100 396-6227 43.9-3405 7.86-201 14.5-212 31.9-671
Top soil (172) MeantSD 4730015200 606046160 8.4543.69 48.2#19.3 37.6429.1 2310036150 24731079 3324268 21.0435.8 53.3436.2 130498.7
Median 47100 4280 7.87 44.0 30.1 22500 2421 287 17.2 45.4 105
Range 7200-94400  289-41300 2.50-32.0 20.2-152 4.48-261 9830-42600 194-5900 9.10-2720 5.53-478 8.35-371  23.2-693
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Table 4.4 Trace metal concentrations (mg kg™) in backgrounds and guidelines.

Co Cr Cu Ni Pb Zn

Backgrounds of Hong Kong? 3.88 15.7 10.2 4.86 26.7 63.4
Backgrounds of Guangzhou® 6.3 39 104 12.3 41 58
Chinese soil quality standard 11 ¢ - 200 100 50 300 250
Dutch ¢ 9 100 36 35 85 140
Canadian(residential/parkland)® - 64 63 50 140 200
Canadian(commercial) ® - 87 91 50 260 360
Canadian(industrial) ¢ - 87 91 50 600 360
Canadian(agricultural) © - 64 60 50 70 200
a: Zhang et al. (2007); b: Guangdong Geological Survey (2010); c: CEPA (1995): d: VROM (2000); e: CCME (2007).
Table 4.5 Temporal variations of trace metal concentrations (mean, mg kg*) in urban soils of Hong Kong and Guangzhou.
Location Sampling depth (n) Co Cr Cu Ni Pb Zn Reference
Hong Kong 0-5cm (7) - - 28.4 - 195 237 Wong and Mak (1997)

0-10cm (594) - - 24.8 - 93.4 168 Li et al. (2001)

0-3cm (172) 3.31 16.3 21.1 8.29 57.1 104 This study

0-15cm (172) 3.08 16.3 23.5 9.43 65.1 106
Guangzhou 0-20cm (17) " - 86.9 23.7 16.9 63.1 121 Guan et al. (2001)

0-10 cm (426) - - 35.8 18.7 87.6 107 Lu et al. (2010)

0-3cm (172) 8.3 53 40.2 23.3 55.5 148 This study

0-15cm (172) 8.45 48.2 37.6 21 53.3 130

*: Samples including 9 roadside soils and 8 park soils.
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Table 4.6 Regional comparison of trace metal concentrations (mg kg) in urban soils.

City Location Samples Sampling Digestion method Co Cr Cu Ni Pb Zn  Reference
depth
Hong Kong Urban area 172 0-15cm HNO3 HCIO4 3.08 16.3 235 943 65.1 106 Thisstudy
background 3.88 157 10.2 4.86 26.7 63.4 Zhangetal.(2007)
Guangzhou Urban area 172 0-15cm HNO3 HCIO4 845 482 37.6 21 533 130 Thisstudy
background 58  Guangdong Geological Survey
63 39 104 123 41 (2010)
Athens, Greece Urban soil N=238 0-10cm HCI,HNO:s, 16 163 48 111 77 122 Argyraki and Kelepertzis (2014)
HF,HCIO4
Amman, Jordan Industrial N=32 0-10 cm HNO3 - 172 3.02 - 60.2 51.4 Al-Khashman and Shawabkeh
site (2009)
Melbourne, Urban soil N=39 0-5cm HCI,HNO3,H.0, - 17 40 15 102 218 Laidlaw et al. (2018)
Australia
Beijing, China Urban soil N=231 0-20cm HCI,HNO:s, - - 20.8 - 25.4 80.3 Liuetal. (2016)
HF,HCIO4
Background - - 19.7 279 251 59.6 Chenetal. (2004)
Shanghai, China Urban soil N=273 0-10cm HNO;, HF and - 108 59.3 31.1 70.7 301 Shietal. (2008)
HCIO4
Background - 75.0 28.6 312 255 837 Wangand Luo (1992)
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Figure 4.2 Temporal variation of trace metal concentrations in urban soils of Hong Kong (a)

and Guangzhou (b).

4.3 Lead isotopic compositions

To elucidate the sources of Pb in urban soils, the Pb isotopic compositions of selected surface
and top soils collected from Hong Kong and Guangzhou were compared with known natural
and anthropogenic sources in the PRD (Table 4.7 and Table 4.8). Lead isotopic compositions
of urban soils in Hong Kong ranged from 1.1371 to 1.2073 (*°Pb/2°’Pb) and from 2.4253 to
2.5181 (*%Pb/?’Ph). Significant linear correlation (R?=0.96) between 2%Pb/2°’Ph and
208pp/207Ph was observed within urban soils, backgrounds (Wong and Li, 2004) and

Australian Pb ore (Bollh&er and Rosman, 2001) (Figure 4.3 a), suggesting a binary mixing of
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Pb sources in Hong Kong. Specifically, a decreasing pattern of Pb isotopic compositions
(%°°Pb/?97Ph and 2%8Pb/?°’Ph) was found from roadsides to non-roadsides soils, the range of
which was within the Pb isotopic compositions of natural backgrounds and Australian Pb ore,

indicating that the soil contamination resulted from traffic exhausts.

The Pb isotopic compositions (*°°Pb/2°’Pb: 1.1699 to 1.2039, and 2°®Pb/?’Ph: 2.4506 to
2.4934) of urban soils in Guangzhou fell within the range of local traffic/industrial/coal
sources and background values (Table 4.7, Table 4.8, and Figure 4.3 b). The data indicated
the mixed sources of Pb in urban soils. Specifically, the industrial sites contributed to the
nearby surface soils, with a decreasing pattern of Pb isotopic ratios (?°®Pb/?’Pb and
208pp/207Pp) in some samples from industrial regions. Lead isotopic ratios (2°Pb/2°’Pb and
208pp/207Ph) of some surface soils decreased with increasing traffic volume, pointing to the

vehicle exhausts including historical leaded gasoline and unleaded gasoline exhausts.
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Table 4.7 The Pb isotopic compositions and Pb concentrations of urban soils in Hong Kong

and Guangzhou.

Sampling area Sample Soil type  2%6Pp/207Phy  208pp/207Phy  Pb (mg kg?)
Hong Kong
Industrial/roadsides  #KTE-2 Surface  1.1477 2.4367 146.8
Top 1.1371 2.4253 203.5
Roadsides #SKLR-2 Surface  1.1788 2.4699 46.18
Top 1.1721 2.4626 71.64
#LWSP2-3  Surface  1.1955 2.4905 72.83
Top 1.1903 2.4851 93.69
Non-roadsides #PSP-3 Surface  1.1998 2.4968 33.2
Top 1.1985 2.496 33.2
#LRP-1 Surface  1.2073 2.5181 61.15
Top 1.2054 2.5167 61.98
Guangzhou
Industrial area #120 Surface  1.1751 2.4506 184.2
Top 1.1784 2.456 73.02
#3 Surface  1.1732 2.4597 109.9
Top 1.1802 2.456 78.85
#44 Surface  1.1699 2.4572 119.5
Top 1.1721 2.4627 101.8
Roadsides with high #139 Surface  1.1824 2.4645 57.7
traffic flow Top 1.184 2.4767 40.74
#154 Surface  1.1814 2.4675 70.61
Top 1.1968 2.4928 70.38
#93 Surface 1.1841 2.481 24.25
Top 1.1851 2.4847 22.8
Roadsides with low #136 Surface  1.1961 2.4897 22.05
traffic flow Top 1.1965 2.4909 22.96
#152 Surface 1.1831 2.4669 23.79
Top 1.1958 2.4915 23.42
#123 Surface  1.2016 2.4804 72.66

Top 1.2039 2.4934 66.97
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Table 4.8 The Pb isotopic compositions of natural and anthropogenic sources of Hong Kong

and Guangzhou.

Sample 206p/207 Py 208ph/207 Py Reference

Road dust in Hong Kong 1.157540.0024  2.444740.0049  Present study
Road dust in Guangzhou 1.166840.0080  2.452040.0089

Natural backgrounds of the PRD Zhu et al. (2001)
Uncontaminated soil 1.1952 2.4815 Zhu et al. (2001)
Volcanic rock 1.1993 2.4965 Zhu et al. (2001)
Granite 1.1842 2.4824 Zhu et al. (2001)
Power station in Guangzhou 1.1732 2.4676 Zhu et al. (2001)
Leaded vehicle in the PRD Zhu et al. (2001)
Automobile exhaust 1.1619 2.4182 Zhu et al. (2001)
Automobile exhaust 1.1562 2.4243 Zhu et al. (2001)
Automobile exhaust 1.1632 2.426 Zhu et al. (2001)
Dockyard in Guangzhou 1.176 2.461 Bi et al. (2013b)
Ironwork in Guangzhou 1.178 2.468 Bi et al. (2013b)
Urban PM_ s in Guangzhou 1.1675 +£0.0040 2.4491 +0.0066 Ming (2016)

PMz2; in the rural PRD 1.1655 +0.0046 2.4447 +0.0054 Ming (2016)
Unleaded gasoline in Chengdu Gao et al. (2004)
Automobile exhaust 1.170 2.461 Gao et al. (2004)
Unleaded gasoline in Shanghai Zheng et al. (2004)
Automobile exhaust 1.143 2.457 Zheng et al. (2004)
Automobile exhaust 1.135 2.428 Zheng et al. (2004)
Automobile exhaust 1.13 2417 Zheng et al. (2004)
Automobile exhaust 1.125 2417 Zheng et al. (2004)
Automobile exhaust 1.117 2.403 Zheng et al. (2004)
Unleaded gasoline in Hangzhou Li and Lu (2008)
Automobile exhaust 1.09 2.36 Li and Lu (2008)
Automobile exhaust 1.089 2.365 Liand Lu (2008)
Automobile exhaust 1.114 2.383 Liand Lu (2008)
Automobile exhaust 1.113 2.383 Liand Lu (2008)
Automobile exhaust 1.164 2.448 Liand Lu (2008)
Unleaded gasoline in Guiyang Zhao et al. (2015b)
Automobile exhaust 1.1503 2.4327 Zhao et al. (2015b)

Automobile exhaust 1.1536 2.4366 Zhao et al. (2015b)
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Table 4.8 Continued.

206ph/207Ph  208pp/07Pph  Reference

Automobile exhaust 1.1621 2.4537 Zhao et al. (2015b)

Automobile exhaust 1.1595 2.4418 Zhao et al. (2015b)

Coals used in Guangzhou Bi (personal communication)
Coal 1.207 2.511 Bi (personal communication)
Coal 1.184 2.458 Bi (personal communication)
Coal 1.214 2.507 Bi (personal communication)
Coal 1.194 2.479 Bi (personal communication)
Coal 1.202 2.492 Bi (personal communication)
Coal 1.190 2.479 Bi (personal communication)
Coal 1.198 2.489 Bi (personal communication)
Coal 1.209 2.495 Bi (personal communication)
Coal 1.287 2.479 Bi (personal communication)
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Table 4.7 and Table 4.8.
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4.4 Vertical distribution of trace metals

To compare the difference of metal concentrations between surface and top soils, we

calculated the surface accumulation factor (SAF, Table 4.9), which is defined as follows:

M, — M,

SAF = x100%

t

where, M, is the metal concentration in surface soils (0 to 3 cm), and M, is the
corresponding metal concentration in top soils (0 to 15 cm). SAFs decreased in order of Ni
(-3.1) >Zn (-4.9) >Cr (-5.6) >Co (-6.9) >Cu (-8.5) >Pb (-11) in urban soils of Hong Kong,
while it decreased as Ni (23) >Cr (9.0) >Zn (7.8) >Cu (6.4) >Pb (4.8) >Co (0.7) in urban soils
of Guangzhou (Figure 4.4). Assuming that the studied soils were undisturbed, surface soil, as
the uppermost layer of top soil, is more susceptible to the on-going or recent anthropogenic
sources, while the deeper soil usually indicates the legacy contamination (Luo et al., 2015). In
both cities, SAFs of Pb showed the lowest or lower values, implying the low Pb inputs
through atmospheric depositions. It was in line with the decreasing concentrations of Pb in

urban soils after the phase-out of leaded gasoline (Figure 4.2).

51-76% of Guangzhou soils showed positive SAFs, whereas 51-76% of Hong Kong soils
showed negative SAFs (Figure 4.4). The positive SAFs of Guangzhou soils indicated a
continuous input of trace metals in urban soils of Guangzhou, which could be ascribed to the
fast urbanization and industrial development. Table 4.10 summarized the historical
developments of the two cities. The rapid economic growth of Guangzhou began in 1978.
From 1982 to 2012, the gross industrial output, total number of vehicles, total consumption of
energy, population density, domestic solid waste, and industrial solid waste, increased 159, 56,
6.5, 2.6, 7.5, and 3.7 folds, respectively, in Guangzhou (Guangzhou Bureau of Statistics, 1984;
2013). Thus, the rapid developments enhanced the surface accumulation of trace metals in
Guangzhou urban soils. Conversely, the negative SAFs of Hong Kong soils could be caused
by a decrease of trace metal inputs (Werkenthin et al., 2014). In Hong Kong, the industrial

revolution started between 1945 and 1955. Secondary production (including manufacturing,
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construction, and supply of electricity, gas and water) had a significant value-added
contribution to the economy before the early 1980s. However, after a major restructuring of
industry in the 1980s and early 1990s, the value-added contribution to gross domestic product
(GDP) from manufacturing decreased 32% from 1982 to 2012 in Hong Kong (Census and
Statistics Department, 2013). It can be further supported by the Pb isotopic compositions
(Figure 4.5). The lower Pb isotopic compositions (2°Pb/2°’Pb) of surface soils compared to
top soils in Guangzhou illustrated the continuous anthropogenic inputs of Pb in Guangzhou
urban soils through atmospheric deposition. In contrast, the higher Pb isotopic compositions
(%°°Ph/?97Ph) of surface soils than those of top soils in Hong Kong implied the decline of Pb
inputs. Apparently, the historical urbanization and industrialization of a city can result in a

somewhat-unique characteristic soil geochemical signature.

Once trace metals from anthropogenic sources enter the soil, their distribution and transport
are primarily a function of soil properties, such as TOC, pH, mineral composition, and others
(Davis et al., 2009; Li et al., 2015; Walraven et al., 2014). The average TOC of Hong Kong
soils was 13.7 g kg%, much lower than that of Guangzhou soils (29.1 g kg™). The higher TOC
of urban soils in Guangzhou could enhance the binding with trace metals, and hence improve
metal retention (Turer et al., 2001; Walraven et al., 2014). In addition, the higher contents of
clay minerals in Guangzhou soils (14.4%, (Lu et al., 2007)) provide more adsorption sites for
trace metals, resulting in the stronger binding capacity of Guangzhou soils compared to Hong
Kong soils (7%, (Luo et al., 2012a)). The median pH of Hong Kong soils was 6.06 with a
range of 4.6 to 8.5, whereas the median pH of Guangzhou soils was 7.4 with a range from 3.8
to 8.2. The neutral or even above neutral pH of Guangzhou soils can reduce metal mobility as
compared to Hong Kong soils (Kocher et al., 2005). Furthermore, the higher annual
precipitation of Hong Kong (2399 mm, 1981 to 2010, Hong Kong Observatory) than
Guangzhou (around 1800 mm, Guangzhou Meteorological Bureau) may also facilitate trace
metal transport from surface to deeper soils (Werkenthin et al., 2014). These different

geochemical and climatic conditions could reinforce the different SAFs in the two cities.
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Table 4.9 Surface accumulation factors (SAFs, %) of urban soils in Hong Kong and Guangzhou.

Al Ca Co Cr Cu Fe Mg Mn Ni Pb Zn

Hong Kong MeantSD  -12#14 12445 0.4451 9.4+76 -2.4430 -6.2#12  -5.0+25 -7.2430.5 4.3459 -9.04#23  3.1#9

Median -13 31 -6.9 -5.6 -8.5 -6.4 -8.2 -12 -3.1 -11 -4.9

Range -47-73  -78-240 -65-359 -79-610 -57-222 -46-51 -85—99 -78—134 -97-411  -70-90  -45-110
Guangzhou MeaniSD  -17#24 66187 2.3126 15#451  32#124 -1.2421 10448 384221 30451 17456 30495

Median -20 7.5 0.7 9.0 6.4 -2.3 2.4 1.6 23 4.8 7.8

Range -80-83  -69-1488 -64-86  -75-191 -83-1331 -67-106 -68-358 -100-1957 -62—297 -76-345 -84-982
Table 4.10 Historical development of Guangzhou and Hong Kong.
Guangzhou Hong Kong

1982 2012 1982 2012

Population density (person/km?) 4.79E+02 1.73E+03 Population density (person/km?) 4.93E+03 6.48E+03
Vehicle number 4.31E+04 2.44E+06 Vehicle number 3.40E+05 7.18E+05
Gross output value of industry (Yuan) 1.07E+10 1.71E+12 Gross output value of manufacturing (HKD) 4.52E+10 3.06E+10
Total consumption of energy (standard coal, tonne) 6.91E+06 5.16E+07 Primary energy requirements (terajoule) 2.47E+05 5.78E+05
Industrial solid waste produced (tonne) 1.31E+06 6.14E+06 Industrial solid waste produced (tonne) 3.45E+05 2.67E+05
Domestic solid waste(tonne) 4.87E+05 4.13E+06 Domestic solid waste(tonne) 1.37E+06 2.30E+06
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Figure 4.5 Comparison of Pb isotopic compositions (*°Pb/2°’Pb) of surface and top soils in

Hong Kong and Guangzhou. The error bars denote 1 SD.

4.5 Horizontal distribution of trace metals

In urban soils, metal enrichment results from different input sources, particularly

anthropogenic activities. In order to investigate the metal distribution patterns and sources in
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urban soils, geographical information system (GIS) mapping techniques were employed to
produce spatial distribution maps for the trace metals in soils of Hong Kong and Guangzhou.
The best-fit variogram model was selected according to cross-validation and the detail

information was listed in the Appendix.

45.1  Trace metal distribution in urban soils of Hong Kong

To compare trace metal distribution patterns in the two urban regions, a higher density of
sampling was conducted in the Kowloon area, which is highly urbanized with an extensive
network of roads and high-rise buildings. A comparison of Figure 4.6 and Figure 4.7 shows
that trace metals were distributed similarly in surface soils and top soils, reflecting the
homogeneous sources of trace metals within the top 15 cm soil layer. With respect to different
trace metals, similar spatial distribution patterns of Cu, Ni, Zn, and Pb were found in the
geochemical maps, consistent with the statistical analysis in which strong associations were
found among these metals (Table 4.11). Each of these four metals showed elevated
concentrations in soils collected in the close vicinity of industrial buildings (the hot spots in
Figure 4.6), indicating the past industrial contributions to trace metal accumulations in urban
soils. Hot spot 1 was also found to be a major junction of roads that have a large amount of
traffic, and at hot spot 2 frequent vehicle braking and stop-start maneuvers were observed
(Figure 4.6 e). Therefore, traffic emissions seemed to be another important factor for trace
metal contamination. The hot spots identified in the present study were also revealed in the
study conducted by Li et al. (2004) based on similar distribution maps and comparable
sampling area; however, no new hot spots was observed in the present study. Taking hot spot
1 as an example, Pb in top soils decreased from 131 to 118 mg/kg over the past ten years.
Together with the negative SAF of Pb (-11%) at this location, it indicated a decrease of some
anthropogenic sources (e.g., leaded gasoline and industrial exhausts). This is in line with the
development of Hong Kong that most of the labor-intensive industries moved to the China

mainland in the 1980s and early 1990s, and a large number of the industrial buildings were
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reformed to warehouses. In contrast, Cu and Zn in top soils slightly increased from 103 to 123
mg/kg, and from 477 to 489 mg/kg, respectively, over the past ten years, which can be
attributed to the continuous production of traffic exhaust. The increases of Cu and Zn over the
last decade only accounted for 16% of the Cu and 2% of the Zn in urban soils of this site,
whereas the concentrations of Cu and Zn in soils of this site were enriched by 12 and 7.7 fold
as compared to background. It infers that the past pollutant emissions were predominantly
responsible for the metal contamination in these soils and that it may continue to influence

local soils for a long time.

45.2  Trace metal distribution in urban soils of Guangzhou

The trace metal distribution in urban soils of the whole studied area of Guangzhou (about 200
km?) is discussed in Chapter Five. In this section, a comparable area including two districts
(Liwan district and Yuexiu district) of Guangzhou was selected to compare trace metal
distribution patterns with those in Hong Kong. The spatial distribution maps of trace metals in
surface soils and top soils are shown in Figure 4.8 and Figure 4.9, respectively. Similar spatial
distribution patterns of Cr, Cu, Pb, and Zn were found in the geochemical maps, consistent
with their strong correlations in statistical analysis (Table 4.12). Different distribution patterns
of each trace metal were found between surface soils and top soils in Guangzhou. In surface
soils, Cr, Cu, Pb, and Zn concentrated in Liwan district where emissions from power plant
and heavy traffic were found, reflecting the industrial and traffic influence on trace metal
contamination (Duzgoren-Aydin et al., 2006; Luo et al., 2012b). Considering the processes
involved in industrial and traffic activities, their influence on soil metals was mainly through
atmospheric deposition. Compared with the surface soil layer Cu, Cr, Ni, and Zn
concentrations, top soil layer contained lower metal concentrations. In top soils, all the trace
metals displayed high concentrations in Yuexiu district, which has the longest development
history and the highest population density. Municipal waste and domestic activities could

contribute significantly to the trace metal contamination in this district. Therefore, the surface
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soils in Guangzhou presented the impact through particle deposition while top soils recorded

trace metal contamination resulting from urban development history.

45.3 Comparison between Hong Kong and Guangzhou

Trace metal concentrations presented uneven distribution patterns across the studied region
from the two cities. In semi-variogram analysis, the ratio of nugget to sill (sum of partial sill
and nugget) is commonly used to express the spatial autocorrelation of regional variables
(Robertson et al., 1997; Shi et al.,, 2008). Generally, the variable has strong spatial
autocorrelation, moderate spatial autocorrelation, and weak spatial autocorrelation when the
ratio is less than 25%, 25 to 75%, and greater than 75%, respectively (Robertson et al., 1997;
Rodr guez Martm et al., 2006). A weak spatial autocorrelation indicates that the variable is
dominated by a short-range structure and greatly associated with human activities. The spatial
autocorrelations of trace metals in urban soils at the two regional sites are listed in Table 4.13.
In urban soils of Hong Kong, Cr, Cu, Ni, Pb, and Zn showed moderate spatial
autocorrelations, indicating that these metals were affected by both anthropogenic and natural
factors, while Co showed strong spatial autocorrelations, indicating its natural origin. In urban
soils of Guangzhou, Cu, Pb, and Zn showed weak spatial autocorrelations, which implied that
these metals were predominated by anthropogenic sources, while Co, Cr, and Cu showed
moderate spatial autocorrelations, indicating their mixed sources from both anthropogenic and
natural processes. Compared to trace metals in Hong Kong soils, the metals of Guangzhou
soils presented weaker spatial autocorrelations, illustrating the stronger anthropogenic impacts
on urban soils of Guangzhou. This result is in accordance with the higher contamination

levels of urban soils in Guangzhou.

In terms of the spatial distribution patterns, remarkable hot spots of trace metals were in close
vicinity of industrial buildings and heavy traffic areas with a long development history in both
surface and top soils in Hong Kong. In these areas, trace metal concentrations were higher in
top soils than those in surface soils, indicating the past industrial and traffic contributions to
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trace metal accumulations in urban soils. Although trace metal concentrations declined in
Hong Kong soils over the last twenty years, metal contamination was still existed in the past
industrial areas and might continue to influence local soils for a long time. In Guangzhou,
different distribution patterns of each trace metal were found between surface and top soils.
The hot spots of trace metals resulting from industrial emissions were found in surface soils,
implying the continuous industrial inputs though atmospheric deposition, while hot spot in top
soils was in a district with the longest development history. Both located in the PRD region,
Hong Kong soils recorded soil contamination mainly caused by historical development,
whereas Guangzhou soil reflected soil contamination resulting from the on-going urbanization
and industrialization. The different developing processes, and the concomitant soil
contamination patterns in Hong Kong and Guangzhou highlighted the consistence of soil
contamination. Hence, it is important to balance the urbanization and industrialization
processes with environmental quality. As urban areas continue to grow, previous land uses
and trace metal concentrations in soils should be paid more attention for an appropriate

development and sustainable management of a city.
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Table 4.11 Correlation matrix for trace metals in urban soils of Hong Kong.

Surface soil Top soil
Co Cr Cu Ni Pb Co Cr Cu Ni Pb
Cr 0.216** 0.248**
Cu 0.310** 0.448** 0.210** 0.433**
Ni 0.180* 0.469** 0.635** 0.112 0.245** 0.319**
Pb 0.053 0.244** 0.563** 0.383** 0.093 0.326** 0.561** 0.315**
Zn 0.129 0.417** 0.877** 0.626** 0.539** 0.230** 0.372** 0.896** 0.365** 0.546**
**. p <0.01; *: p <0.05.
Table 4.12 Correlation matrix for trace metals in urban soils of Guangzhou.
Surface soil Top soil
Co Cr Cu Ni Pb Co Cr Cu Ni Pb
Cr 0.354** 0.498**
Cu 0.372** 0.653** 0.289** 0.704**
Ni 0.309** 0.808** 0.578** 0.107 0.519** 0.672**
Pb 0.325** 0.410** 0.662** 0.322** 0.351** 0.578** 0.595** 0.232**
Zn 0.252** 0.401** 0.775** 0.348** 0.727** 0.246** 0.557** 0.694** 0.434** 0.691**
**: p <0.01.
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Table 4.13 Theoretical semivariogram models of predication.

Surface soil

Top soil

Hong Kong

Guangzhou

Metal
Co
Cr
Cu
Ni
Pb
Zn
Co
Cr
Cu
Ni
Pb
Zn

Semivariogram model

Exponential
Exponential
Exponential
Exponential
Exponential
Spherical

Exponential
Exponential
Exponential
Exponential
Exponential

Exponential

Nugget/sill
0.21
0.34
0.37
0.36
0.48
0.38
0.29
0.61
0.93
0.43
0.78
0.91

Semivariogram model

Exponential
Spherical
Spherical
Exponential
Exponential
Spherical
Exponential
Spherical
Exponential
Spherical
Exponential

Exponential

Nugget/sill
0.21
0.33
0.34
0.31
0.46
0.34
0.28
0.59
0.92
0.38
0.78
0.88
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Figure 4.7 Trace metal distribution in top soils of Hong Kong.
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Figure 4.9 Trace metal distribution in top soils of Guangzhou.

4.6 Summary

This study made a interregional comparison on trace metal distribution in urban soils at a city

scale. The major results are listed below:

1. Trace metals including Cu, Ni, Pb, and Zn in urban soils of Hong Kong and Co, Cr, Cu, Ni,

Pb, and Zn in urban soils of Guangzhou exceed their background values, indicating a soil
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contamination by these metals. Compared with historical dataset, Cu, Pb, and Zn in urban
soils of Hong Kong decreased, while Co, Cr, Cu, Ni, and Zn in urban soils of Guangzhou

increased over the last twenty years.

2. In Hong Kong, significant linear correlation between 20°Ph/29’Ph and 2°8Pb/2’Pb was
observed within urban soils, backgrounds and Australian Pb ore, suggesting a binary mixing
of lead sources. The Pb isotopic compositions of urban soils in Guangzhou fell within the
range of traffic/industrial/coal combustion sources and background, indicating the influence

of Pb from mixing sources in urban soils of Guangzhou.

3. The median values of surface accumulation factors (SAFs) of Hong Kong soils were
negative (-10.7 t0 -3.1), as a result of the decreasing anthropogenic inputs. In contrast, the
SAFs of Guangzhou soils were positive (0.7 t0 23.4), indicating the continuous influence of
trace metals from the developments of industries and transportation in Guangzhou. The
vertical distribution of trace metals in top soil layers (0—15cm), therefore, can be used to
reflect the temporal changes of trace metal contamination caused by specific urbanization and

industrialization of a city.

4. In Hong Kong, the remarkable hotspots of trace metals in both surface and top soils were in
close vicinity of industrial buildings and heavy traffic areas. A temporal comparison of a
heavily polluted hot spot showed that Cu and Zn slightly elevated while Pb declined over the
last twenty years. In surface soils of Guangzhou, hot spots were attributed to industry and
heavy traffic, while in top soils, hot spot was in a district with the longest development

history.

In summary, this interregional comparison showed a wide trace metal contamination in the
two cities and that urban soils are good indicators of the history of urbanization and
industrialization of a city. Industrial and traffic sources primarily contributed to the trace

metal contamination in the two cities. Deciphering the contributions of contamination sources
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to the urban environment matrix is critical for their corresponding regulation and remediation;
however, the specific industrial and traffic contributions to soil contamination were not
deciphered from each other in this study. As the trace metal contamination was heavier in
Guangzhou soils than that in Hong Kong soils, more urban environmental compartments (e.g.,
road dust, foliar dust, and plants) will be introduced in Guangzhou urban environment, to
address their suitability for describing urban contamination conditions in a typical megacity in

Chapter Five.
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Chapter 5 Characterization, Source Apportionment, and Geochemical

Interactions of Trace Metals in Soils, Road Dust, Plants, and Foliar Dust of

an Urban Environment: Indicators for Urban Contamination

In this chapter, a multi-compartmental investigation was conducted in the urban environment
of Guangzhou, which aims to understand whether there is any difference using different
environmental compartments to monitor the trace metal contamination status in urban area
and the transport of pollutants among environmental media, and the investigation was
fulfilled by (1) investigating the spatial distribution of trace metal contamination in different
environmental compartments, including surface soils, road dust, foliar dust and plants; (2)
spatially quantifying the natural or anthropogenic contributions of trace metals using the
APCS-MLR model, Kriging technique, and Pb isotopes; and (3) elucidating the transport of

trace metals in the urban environment of Guangzhou.

5.1 Trace metal concentrations in different urban compartments

5.1.1 Urban soil

The concentrations of trace metals (Co, Cr, Cu, Ni, Pb, and Zn) in surface soils (0 to 3 cm)
and top soils (0 to 15 cm) of Guangzhou urban area are summarized in Table 5.1. As
compared to the background levels, 73-76% of the Co, 68-74% of the Cr, 93-97% of the Cu,
78-93% of the Ni, 59-69% of the Pb and 87-93% of the Zn in surface and top soils exceeded
the corresponding concentration (Guangdong Geological Survey, 2010) (Table 5.2),
indicating a wide range of soil contamination in Guangzhou. For surface soil, trace metals
generally exhibited a significant correlation to that of top soil (0-15 cm) (p <0.01, Table 5.3),
showing their similar roles on identification for urban soil contamination. Because surface

soil is more easily suspended to the air than top soil for human inhalation (Acosta et al., 2009;
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Miguel et al., 1998), only surface soil would be discussed in the following sections.

The concentrations of Co, Cr, Cu, Ni, Pb, and Zn in different land use areas in Guangzhou are
shown in Figure 5.1. Approximately 70-100% of the suburban samples, 73-97% of the
institution/park samples, 67-96% of the residential samples, 54-96% of the commercial
samples, 85-100% of the industrial samples, and 100% of the orchard samples exceeded the
background value of Guangzhou. Specifically, trace metal concentrations from industrial and
orchard areas were significantly (p <0.05) higher than those from other land use areas,
showing severe trace metal contamination from those anthropogenic activities in urban
environment, which needs remediation before further land reuse. Compared to the standards
(Table 5.2), the average concentrations of Pb (106 mg kg) and Zn (328 mg kg) in industrial
soils exceeded the soil quality guideline of the Netherlands (Pb, 85 mg kg*; Zn, 140 mg kg?)
(VROM, 2000), and the average concentrations of Cu (102 mg kg™), Pb (94.5 mg kg?) and
Zn (250 mg kg?) in orchard soils exceeded the soil quality guidelines of the Netherlands
(VROM, 2000) and agricultural soil guidelines of Canada (Cu, 60 mg kg™; Pb, 70 mg kg; Zn,

200 mg kgt) (CCME, 2007).

5.1.2 Road dust

Greater variability in metal concentrations of road dust was observed for Cr, Cu, Ni, Pb, and
Zn with ranges of 15.1 to 498 mg Cr/kg, 20.5 to 438 mg Cu/kg, 9.2 to 88.8 mg Ni/kg, 25.6 to
280 mg Pb/kg, and 87.9 to 992 mg Zn/kg (Table 5.1), corresponding to anthropogenic origins
(Ord&ez et al., 2015). Comparing to the nearby corresponding soil samples, most of the road
dust showed higher concentrations of trace metals, particularly for Cu, Zn and Pb, consistent
with previous publication (Shi et al., 2008). In comparison with the background values (Table
5.2), the median concentrations of Cu and Zn in road dust were enriched by 7.7 and 6.3 folds,
respectively, suggesting their specific traffic origins, probably from brake abrasion and tire
wear (Li et al., 2018; Li et al., 2001; Rogge et al., 1993). The road dust samples generally
showed black color, suggesting brake abrasion and tire debris products. Various traffic
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conditions including traffic volume and speed considerably affect trace metal concentrations
if considering the traffic source as the primary contribution source (Duong and Lee, 2011). By
grouping the samples based on traffic volume and speed, it was found that the concentrations
of Cu, Zn, and Co in road dust slightly increased with the increasing traffic volume (Figure
5.2). Some studies have reported that high occurrence of braking on road, particularly during
heavily congested traffic periods, produces more Cu/Zn/Pb contamination in road dust
(Harrison et al., 2012; Sahu and Elumalai, 2017). The effect of traffic speeds on trace metal
variation was not quite discernible (Figure 5.3). Interestingly for Pb concentrations in road
dust, no significant effect was observed by traffic volume and speed possibly because of the
use of lead-free petrol in Guangzhou since 1997. In addition, a great decline of Pb
concentrations in the road dust was found, from 199 mg/kg in 2003 (Duzgoren-Aydin et al.,
2007) (Table 5.2) to 76.2 mg/kg in 2012 as a result of the phase-out of leaded gasoline in
Guangzhou, while the concentrations of Cu and Zn in 2003 (Duzgoren-Aydin et al., 2007) and
in 2012 (present study) did not vary much over time. Therefore, considering the relation of
Cu/Zn to traffic conditions (Figure 5.2), Cu/Zn levels may be considered as an environmental

marker for traffic sources in recent years rather than Pb.

In addition to traffic factors, we observed increasing concentrations of trace metals including
Cr, Cu, Pb, and Zn in road dust in the industrial area, suggesting considerable influence of
industrial sources on road dust (Figure 5.1). Other factors such as urban waste during
transportation; city construction and building restorations; the use of pesticides, fertilizers,
and medical devices; plant fragments from nearby vegetation; and soil originated deposits
may also result in contamination to road dust, making the contamination sources more

complex (Charlesworth et al., 2011; Men et al., 2018; Rogge et al., 1993).
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5.1.3 Plants and foliar dust

Trace metal concentrations in plants decreased remarkably and the ranges of trace metal
concentrations narrowed greatly compared to trace metals in soils and road dust (Table 5.1).
Median trace metal concentrations of the washed grass (0.25 mg Co/kg, 6.79 mg Cr/kg, 11.9
mg Cu/kg, 5.19 mg Ni/kg, 2.96 mg Pb/kg, and 46.0 mg Zn/kg) were significantly higher than
those of the washed tree leaves (0.16 mg Co/kg, 0.967 mg Cr/kg, 6.68 mg Cu/kg, 0.645 mg
Ni/kg, 1.67 mg Pb/kg, and 19.8 mg Zn/kg), which could be ascribed to the different abilities
of plants to absorb trace metals. In both washed tree leaves and washed grass, trace metal
concentrations were within the limit of excessive or toxic levels of plant (Kabata-Pendias,
2000) (Table 5.2), indicating that trace metals in the Guangzhou urban environment pose little

threat to plant growth.

The washing process removed 12 to 79%, 13 to 92%, 13 to 71%, 4 to 87%, 14 to 98%, and 5
to 76% of Co, Cr, Cu, Ni, Pb, and Zn on tree leaves, respectively, which was similar to some
recent studies (Al-Khashman et al., 2011; Bi et al., 2012; Serbula et al., 2012). The efficiency
of the washing process decreased as: Cr > Pb > Ni > Co > Cu = Zn (Table 5.4), probably due
to the foliar uptake abilities for different metals. Similarly, Kabata-Pendias (2000) found that
only a small portion of Cu and Zn could be washed off from plants due to the greater foliar
uptake of these trace metals by plants compared to other trace metals, such as Pb. Trace metal
concentrations of the washed samples showed significant differences (p <0.05) in comparison
to those of the unwashed samples, suggesting deposited trace metals on leaf surface from
suspended soil particles and atmospheric particular matter (Deljanin et al., 2016). Foliar dust
in industrial region showed relatively higher concentrations of trace metals than those from
the other land use areas (Figure 5.1) with significance for Pb (p <0.05), showing deposition of
atmospheric particles from industrial sources. Correspondingly, trace metal in foliar dust
decreased with increasing distance from the emission source (e.g., a power plant and steel

factory), as identified by Pb and Zn with significant difference (p <0.05, Figure 5.4).
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Table 5.1 Trace metal concentrations (mg kg™) in different compartments.

Sample (n) Co Cr Cu Ni Pb Zn
Surface soils (180) Mean3SD 8.6043.34 54.8429.5 44.1432.9 242474 57.4430.4 1534994
Median 7.94 48.7 35.2 20.2 49.4 126
Range 2.75-18.2 17.0-283 4.90-209 7.86-201 14.5-212 31.9-671
Top soils (180) Mean4SD 8.7743.97 50.2+21.4 43.1445.2 21.7435.2 56.9446.8. 136101
Median 7.95 45.8 32.5 17.6 47.0 108
Range 2.50-32.0 14.4-109 4.48-441 5.53-478 8.35-451 23.2-693
Road dust (178) Mean4SD 6.90+1.76 64.3449.9 102478.6 23.6+11.2 84.1441.2 3844164
Median 6.67 55.4 80.1 20.8 76.2 361
Range 3.77-14.0 15.1-498 20.5-438 9.20-88.8 25.6-280 87.9-992
Foliar dust (160) Mean+SD 8.0943.97 129+477.1 2254126 40.8425.4 216277 7444731
Median 7.51 115 201 34.8 165 563
Range 1.21-21.7 7.66-541 47.2-895 3.73-192 33.6-3024 72-7533
Washed leaves (160) Mean3SD 0.1640.032 1.0340.473 6.90+1.71 0.7010.264 2.3022.71 20.6145.63
Median 0.16 0.967 6.68 0.65 1.67 19.8
Range 0.09-0.28 nd*-3.10 3.83-13.3 0.26-2.24 0.24-26.7 11.3-45.9

*: nd, non-detectable.
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Table 5.2 Trace metal concentrations (mg kg™) in standards, backgrounds, and some environmental samples.

Sample Co Pb Reference

Chinese soil quality standard Il - 200 100 50 300 250 CEPA (1995)

Dutch 9 100 36 35 85 140 VROM (2000)
Canadian(residential/parkland) 64 63 50 140 200 CCME (2007)

Canadian(commercial) - 87 91 50 260 360 CCME (2007)

Canadian(industrial) - 87 91 50 600 360 CCME (2007)

Canadian(agricultural) - 64 60 50 70 200 CCME (2007)

Guangzhou background soil 6.3 39 104 12.3 41 58 Guangdong Geological Survey (2010)
Road dust (n=13) - - 93 - 199 360 Duzgoren-Aydin et al. (2007)

Excessive/toxic level of plants  5-30

20-100 10-100 30-300

100-400 Kabata-Pendias (2000)
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Table 5.3 Correlation matrix for trace metals in each compartment.

Surface soil Top soil Road dust Washed leaf

Co Top soil 0.803™

Road dust 0.098 0.136

Washed leaf -0.046 0.041 0.096

Foliar dust -0.040 0.102 0.072 0.045
Cr Top soil 0.568**

Road dust 0.269** 0.120

Washed leaf -0.061 0.002 0.111

Foliar dust -0.090 -0.014 0.038 0.188*
Cu Top soil 0.728**

Road dust 0.111 0.014

Washed leaf 0.102 0.001 0.159*

Foliar dust 0.077 0.019 -0.004 0.286**
Ni Top soil 0.705**

Road dust 0.183* 0.188*

Washed leaf 0.119 0.017 -0.020

Foliar dust 0.015 0.078 -0.071 0.059
Pb Top soil 0.689**

Road dust 0.180* 0.132

Washed leaf 0.139 0.131 0.208**

Foliar dust 0.170* 0.128 0.210** 0.530**
Zn Top soil 0.737**

Road dust 0.289** 0.234**

Washed leaf 0.236** 0.178* 0.225**

Foliar dust 0.199* 0.099 0.170* 0.380**

*: significant at the 0.05 level (2-tailed); **: significant at the 0.01 level (2-tailed).

Table 5.4 Washing efficiency (%) of tree leaves.

Co Cr Cu Ni Pb Zn

Mean 46.2 66.8 35.6 49.6 63.7 35.6
Range 11.9-78.8 12.9-92.3 12.7-70.5 4.24-86.5 14.1-97.9 5.09-76.3
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Figure 5.1 Distribution of trace metal concentrations (mg kg?') of environmental
compartments in different urban land use areas with the sample numbers listed below the
x-axis. The box represents the data between the 25" and 75" percentiles. The horizontal line
inside the box indicates the median data. The small square indicates the mean data. The
whiskers (error bars) above and below the box indicate the 95" and 5™ percentiles. The
asterisks indicate the 1st and 99t percentile.
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Figure 5.2 Impact of traffic volume on trace metal distribution in road dust with the sample
numbers listed below the x-axis. Traffic flow of 104 roadside sampling sites (excluded
industrial sites) were identified based on the traffic volume plotted by Guangzhou Transport
Planning Research Institute (2012). The bars were defined (from the bottom) as the 1%
percentile, 5", percentile, 25" percentile, median, mean (the square), 75" percentile, 95t

percentile and 99™ percentile.
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Figure 5.3 Impact of traffic speed on trace metal distribution in road dust with the sample
numbers listed below the x-axis. Traffic flow of 104 roadside sampling sites (excluded
industrial sites) were identified based on the vehicle speed plotted by Guangzhou Transport
Planning Research Institute (2012). 22 samples collected near intersections were used for
comparison. The bars were defined (from the bottom) as the 1t percentile, 5™, percentile, 251

percentile, median, mean (the square), 75™ percentile, 95" percentile and 99™ percentile.
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Figure 5.4 Impact of the steel factory (a-b) and power plant (c-d) on the Pb and Zn
concentrations in the foliar dust. The x-axis indicates increasing distance from the industrial

source. Pearson's r and p values were listed in the figure.

5.2 Spatial distribution of trace metals in surface soil, road dust, foliar dust,

and tree leaves

A distribution map was developed for each element in each environmental compartment
(Figure 5.5-Figure 5.8). In surface soils, high concentrations of trace metals were observed
near a steel factory (southwest Guangzhou, Figure 5.5) and around the orchards (south
Guangzhou, Figure 5.5). Trace metal contamination at similar sites has been reported in
previous studies (Bi et al., 2013a; Li et al., 2006). Another hot spot was in a well-established
commercial/industrial district with a dense population (Figure 5.5), which were possibly
caused by coal combustion, and typical urban emissions from vehicles and commerce (Li et

al., 2018; Luo et al., 2012b).
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In road dust, the trace metal distribution patterns are shown in Figure 5.6, with clear spatial
heterogeneity. High concentrations of Cu, Zn, Ni, and Pb were found in the area with high
density of major roads and heavily congested traffic (shown with high volumes of traffic
(Figure 5.9) and low vehicle speed (Figure 5.10)). Hot spots of Pb, Zn, Cr, and Co were also
found in the areas near the industrial sites, such as the steel factory at southwest, brickyard,
and some chemical industries in northeast, suggesting the industrial influence on road dust. In
addition, the intensive traffic volume for industrial transport and frequent brake abrasion and
stop-start maneuvers during loading/unloading often produce high amount of trace metals in
industrial regions (Duong and Lee, 2011; Duzgoren-Aydin et al., 2006). It was demonstrated
that driving conditions such as heavy load applied on the tire surface and harsh braking could
increase the emission of tire wear particles which contained a large amount of trace metals,

particularly Zn (Kim and Lee, 2018).

Tree leaves and foliar dust generally showed similar distribution patterns of trace metals to
those of surface soil (Figure 5.5, Figure 5.7, and Figure 5.8), with hot spots around the power
plant and the southwest and northeast areas where industrial activities prevail. Consistently,
Liu et al. (2012) found the highest dust accumulation on leaves collected in the industrial
areas of Guangzhou and significant accumulation of dust depositions on leaves was also
found in industrial regions of a city in Italy (Sgrigna et al., 2015). It has been reported that
gravity or wind impacts contribute to atmospheric dust deposits on leaves (Sgrigna et al.,
2015; Song et al., 2015); therefore, foliar dust can reflect nearby contamination sources.
Trace metal concentrations (mg kg™) in foliar dust varied with a decreasing order of Zn (744) >
Cu (223) > Pb (216) > Cr (129) > Ni (40.8) > Co (8.09). This decreasing trend among metals
of foliar dust was similar to that of the Guangzhou atmospheric dry depositional fluxes
(mg/m?/yr, Zn (54.1) > Cu (9.77) > Cr (6.53) > Ni (3.01) > Co (0.48)) (Huang et al., 2014a),
indicating that trace metal concentrations in foliar dust were close associated with

atmospheric dry deposition.
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Figure 5.5 Distribution of trace metals (mg kg) in surface soil.
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Figure 5.6 Distribution of trace metals (mg kg) in road dust.

89




— ¢ — Ve
Cu (mg/kg) in washed leaf Co (mg/kg) in washed leaf  .139 —.149 B .156 —.161 [ .188 — 22

3.83-4.71 A 2 0900 -.122 0149 - 154 1 .161 —.171 [l 22 - 280
122 -.139 154 - 156 1l 171 - .188

Pb (mg/kg) in washed leaf  1.07 — 1.2 05 - 3. Cr (mg/kg) in washed leaf 712 — 843 I

1.07 - .
240 -.779 122-151 3.05-4.91 Ml 148 -26.7 270 - .528 [ 843-93c M 1.25-1.51 Il238-3.1
.779-1.07 B 1.51-2.05 MM 4.91 -8.37 528 -.712 1.5

B .936-1.07 10

1-1.87

Zn (mg/kg) in washed leaf  16.1 - 17.4 1 19.5—21.4 [l 28.8 - 35.6 Ni (mg/kg) in washed leaf - .497 —.549 [l 633 —.721 [ 1.12 — 1.54
113-142 [ 174-182 M 21.4-243 El356-459 260 - 408 549 - 580 I 721 — 869 Il 1.54 - 2.24
142-16.1 B 182-19.5 Ml 243288 408 — 497 [ 580 - .633 [l 869 - 1.12

— Major roads © Industrial sites + Orchard sites || Rivers

Figure 5.7 Distribution of trace metals (mg kg™) in washed tree leaves.

90



Cu (mg/kg) in foliar dust | 149 — 172 [l 208 — 246 M 417 - 598
475111 172 185 [ 246 - 310 [l 598 - 901 122-3.19 1581 -6. 928112 173-21.9
11 - 149 1 185 - 208 I 310- 417 3.19-4.68 B666-7.79 MM 112- 139

Pb (mg/kg) in foliar — 120 [ 193 — 289 [ 853 — 1,590 Cr (mg/kg) in foliar dust 718 — 86 1 109 — 132 [l 240 — 354
33.9-82.6 120 - 144 [ 289 — 479 [ 1,590 — 3,050 7.71-47.9 [ 186-944 [ 132-173 354545
82.6-107 1 144 - 193 Wl 479 - 853 479-718 [0 94.4 — 109 [ 173 - 240

Zn (mg/kg) in foliar 372-434 8 734— 1,070 EM2,670-4460  Ni(mgkg) in foliardust 233 —27.1 Bl 33—399 WM756-117
72.4-263 434543 [ 1,070 — 1,650 [ 4.460 — 7,590 3.75-16.4 [0271-292M399-52.6 M 117 - 194
263372 1071543 - 734 1l 1,650 - 2,670 16.4-233 292-33 EM526-756

Major roads © Industrial sites + Orchard sites | Rivers

Figure 5.8 Distribution of trace metals (mg kg) in foliar dust.
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Figure 5.9 Distribution of major traffic network with traffic volume in Guangzhou urban area in
2012 (Guangzhou Transport Planning Research Institute, 2012). Traffic volume indicated from
yellow to red lines approximated to <1000, 1000-2250, 2250-3500, 3500-4750, and >4750 PCU

hl. The sampling area of the present study was within the black rectangle.
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Figure 5.10 Distribution of major traffic network with traffic speed in Guangzhou urban area
in 2012 (Guangzhou Transport Planning Research Institute, 2012). Traffic speed indicated by
red, purple, blue, dark green, and light green lines approximated to <15, 15-30, 30-45, 45-60,
and >60 km ht. The sampling area of the present study was within the black rectangle. Roads

with lowest traffic speed (<15 km h't) were concentrated in the area circled with red.

92



5.3 Source identification by Pb isotopic compositions

Lead isotopes were analyzed to identify the potential sources of trace metals, particularly Pb,
in surface soil, road dust, tree leaves and foliar dust (Table 5.5). Generally, surface soil
showed much higher 2°6Pb/27Ph and 2%8Pb/2°’Pb ratios compared to those in road dust, foliar
dust, and PM_s. Similar scopes of Pb isotopic compositions were found in road dust, foliar
dust, tree leaves, and PM2 s, showing similar Pb sources and the possible transports between

each other.

Lead isotopic compositions in surface soils were 1.1699-1.2039 for 2°°Pb/297Pb and
2.4506-2.4934 for 2°8Pp/297Ph (Table 5.5). The Pb isotopic compositions fell within a range of
local traffic/industrial/coal sources and background values in Guangzhou (Figure 5.11),
showing mixing sources contributed to the Pb contamination in urban soils. The higher Pb
concentrations in soil were linked to the lower 2%6Pb/27Pb and 2°8Pb/2°’Pb ratios (Figure 5.12
a), and thus Pb isotopic compositions (?*°Pb/2Pb and 2%8Pb/?7Pb) in the heavier
contaminated soils were found to be closer to the vehicular and industrial emission sources,

which was consistent with the results discussed in section 4.3.

For road dust, the Pb isotopic compositions (2°Pb/?°’Ph and 2°Pb/?°7Ph) were in the region
between the unleaded gasoline, leaded gasoline, industrial sources, and urban soils (Figure
5.11). Historical used gasoline with Pb additives significantly contributed to Pb in the
Guangzhou road dust before the prohibition of leaded gasoline and even several years
thereafter (Duzgoren-Aydin, 2007). Nevertheless, in the present study, a significant linear
correlation between 2%Pb/207Ph and 2%8Ph/2°’Ph (R?=0.96) was found in road dust samples and
unleaded gasoline used in Chinese cities (Figure 5.11). Additionally, an overlap of Pb isotopic
compositions (2°°Pb/27Pb and 2°8Pb/29’Pb) was observed between road dust samples and
unleaded gasoline samples (Figure 5.11). As shown in Figure 5.11, the Pb isotopic ratios

(%°6Pb/?97Pb and 2%8Pb/?°’Pb) of road dust were higher than those of soils with significant
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difference (p <0.05 for 2%Pb/?7Ph; p <0.01 for 2%Pb/2’7Ph), demonstrating the different
sources of Pb between road dust and urban soils. Furthermore, the level of Pb contamination
of road dust was negatively linked to the Pb isotopic ratios (2°Pb/2°’Pb and 208Ph/2’Ph)
(Figure 5.12 b). Because a small amount of Pb (60—280 ug/L) remains in unleaded gasoline in
China (Bi et al., 2017), this negative correlation highlighted the significance of unleaded
gasoline (with lower Pb isotopic ratios) on Pb contamination in road dust. Similarly, vehicle
exhaust from unleaded gasoline and diesel fuels has been reported as the major sources in
Chinese road dust after the prohibition of leaded gasoline in Beijing (Yu et al., 2016) and
Nanjing (Hu et al., 2014). The combined results indicated that the major Pb sources of road
dust were from unleaded gasoline. In the industrial regions with heavier Pb contamination of
road dust, the Pb isotopic compositions of road dust differed from those of the industrial
sources but were near those of unleaded gasoline. Intensive vehicular traffic for industrial
transport could cause an increase in the Pb concentration in industrial road dust (Duong and
Lee, 2011; Duzgoren-Aydin et al., 2006). Our results indicated that heavy-duty vehicles for
industrial transport instead of direct industrial emissions could largely contribute to the Pb

contamination of road dust in industrial regions.

For tree leaves (Figure 5.11 and Table 5.5), the unwashed leaves showed values of
1.1677-1.1738 for 2%Pb/?0’Ph and 2.4416-2.4633 for 2°8Pb/?°"Ph; the corresponding washed
leaves showed values of 1.1670-1.1762 for 2°°Ph/?°’Ph and 2.4357-2.4645 for 208Ph/207Ph,
The Pb isotopic compositions of the washed leaves generally fell within the range between
unwashed leaves/PM.s and soils, but were much closer to unwashed leaves/PMas, in line
with studies conducted in Shanghai (Bi et al., 2018), Nanjing (Hu et al., 2011b), the North
Pennines of the United Kingdom (Chenery et al., 2012), and Biesbosch National Park in the
Netherlands (Notten et al., 2008). The discrepancy of Pb isotopic ratios (*°Pb/?’’Pb and
208pp/207Pp)  between leaves and  soils, is probably due to 1) the
mobile/bioavailable/bioaccessible fractions of soil had Pb isotopic ratios (2°Pb/?°’Pb and

208pp/207Ph) closer to anthropogenic sources (Farmer et al., 2011; Luo et al., 2012a; Wong and
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Li, 2004) and thus plants preferentially took up more labile anthropogenic forms of Pb
(Shetaya et al., 2018); 2) Pb in the plant leaves was primarily a function of foliar uptake from
atmospheric deposition (Bi et al., 2018; Chenery et al., 2012) as supported by the similarity of
the Pb isotopic compositions in the unwashed leaves/PM,s and leaves. Based on the
calculation process of trace metal concentration (section 3.2), it was estimated that the Pb
isotopic compositions (2°Pb/27Pb and 2%8Pb/?°7Pb) in the unwashed leaves were the mixed
results from those in the corresponding foliar dust and washed leaves. By comparing the Pb
isotopic compositions (2°Ph/2°’Pb and 2°8Ph/29’Pb) between the washed and the corresponding
unwashed leaf samples in Table 5.5, the possible Pb isotopic compositions (*°Pb/%7Pb and
208pp/207pPh) of foliar dust were estimated and circled in red in Figure 5.11, which were similar
to those of the Guangzhou PM. 5 particles, and within the range of the industrial sources and
traffic exhaust. The comparison results indicated air particle deposition on tree leaves from
nearby contamination sources. Furthermore, the unwashed leaf samples from the industrial
contaminated regions exhibited a Pb isotopic composition encircling the industrial sources,
suggesting the industrial influence on nearby foliar dust. It should be noted that the Pb
isotopic compositions of an unwashed leaf sample from a construction site showed diffenrent
Pb isotopic compositions. Thus, the construction activities may also alter the Pb isotopic
signatures of foliar dust. It should be noted that the contribution of specific sources could be
overestimated or underestimated only based on Pb isotopic ratio analyses, due to the similar
Pb isotopic signature of some natural and anthropogenic sources (Duzgoren-Aydin and Weiss,
2008). Therefore, the source differentiation of trace metal contamination in the terrestrial
environment should couple isotopic ratio data with other source identification methods such

as GIS and APCS-MLR receptor model which would be discussed in the next section.
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Table 5.5 Summary of Pb isotopic compositions and corresponding Pb concentrations.

Location Sample ID  Sample type 206ppy/207 Py 208pp/207 Py Pb concentration (mg kg™)
Industrial area
#3 Surface soil 1.1732 2.4597 110
Road dust 1.1617 2.4506 165
Unwashed leaf 1.1726 2.4633 26
Washed leaf 1.1759 2.4645 10.9
#44 Surface soil 1.1699 2.4572 119
Road dust 1.1642 2.4548 91.4
Unwashed leaf 1.1738 2.459 6.88
Washed leaf 1.1762 2.4615 4.99
#120 Surface soil 1.1751 2.4506 184
Road dust 1.1697 2.4482 171
Unwashed leaf 1.1689 2.4422 52.3
Washed leaf 1.1678 2.4357 9.77
Roadside
#93 Surface soil 1.1841 2.481 24.2
Road dust 1.1726 2.4627 50.1
Unwashed leaf 1.1732 2.4458 2.7
Washed leaf 1.1733 2.4387 1.15
#123 Surface soil 1.2016 2.4804 2.7
Road dust 1.1521 2.4381 55.4
Unwashed leaf 1.1689 2.4446 2.9
Washed leaf 1.1693 2.4422 141
#136 Surface soil 1.1961 2.4897 22.1
Road dust 1.1744 2.4554 44.3
Unwashed leaf 1.1726 2.4416 2.39
Washed leaf 1.1733 2.4357 1.04
#139 Surface soil 1.1824 2.4645 57.7
Road dust 1.159 2.4387 594
Unwashed leaf 1.168 2.4428 13.8
Washed leaf 1.1686 2.4387 3.18
#142 Surface soil 1.1678 2.4578 95
Road dust 1.1704 2.4597 334
Unwashed leaf 1.1689 2.453 3.85
Washed leaf 1.1692 2.4494 2.04
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Table 5.5 Continued.

Location Sample ID  Sample type 206ppy/207 Py 208pp/207 Py Pb concentration (mg kg™)
#154 Surface soil 1.1814 2.4675 70.6
Road dust 1.1755 2.4603 58.3
Unwashed leaf 1.1695 2.4446 4.87
Washed leaf 1.1693 2.4452 1.07
Construction site #152 Surface soil 1.1831 2.4669 23.8
Road dust 1.1719 2.459 48.3
Unwashed leaf 1.1677 2.4554 1.89
Washed leaf 1.167 2.45 1.76
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Figure 5.11 Lead isotopic compositions (%%Ph/2°’Ph vs. 208Ph/207Ph) of different urban

compartments. Data of Pb sources were all included in (a) for comparison. All data in the

dashed rectangle of (a) are enlarged to (b). Detail information is listed in Table 5.5 and Table

4.38.
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5.4 Source apportionment using APCS-MLR and its spatial variations

The aforementioned analysis indicated that there are primarily two sources contributing to the

urban contamination: industry and traffic. Nevertheless, the exact contribution extent of
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various contamination sources to these trace metals in each urban compartment is not clear,
which is critical for further environmental assessment and remediation. Therefore, statistical
PCA and APCS-MLR were employed to identify the source contribution to the urban
environmental matrix (Table 5.6, Table 5.7, Table 5.8, and Figure 5.13-Figure 5.16). Because
trace metals in leaves were resulted from a complex process governed by both source and
uptake pathway, trace metals in unwashed and washed leaves were not discussed here.
Compared to geogenic influences, the anthropogenic contributions accounted for much higher
percentage of trace metals, particularly for Cu, Pb, and Zn in all the compartments (Table 5.8),

and thus only the sources of Cu, Pb, and Zn were deciphered.

PCA analysis indicated three components, accounting for 69-89% of the total variance of the
data (Table 5.6). The factor scores of each component were interpolated for source
identification according to previous studies (Ha et al., 2014; Rodr fjuez Mart n et al., 2006) as
shown in Figure 5.13. In surface soil, the first component (PC1) was composed of Cr, Mn, Ni
and the second component (PC2) comprised Cu, Pb, Zn. Approximately 65-97% of those
elements in these PCs (PC1 and PC2) showed EF values higher than 1. PC1 exhibited two hot
spots around a steel factory and orchards, and high loadings of PC2 were mainly located in
the industrial areas, around the power plant, and at roadsides with high traffic volumes
(Figure 5.13 a-b), indicating their anthropogenic industrial, traffic, and agricultural sources.
Quantitative analysis using APCS-MLR indicated that anthropogenic sources (PC1 and PC2)
accounted for 80% of the Cu, 58% of the Pb, and 78% of the Zn concentrations in surface
soils. The average anthropogenic contribution (PC1 and PC2) of Cu, Pb, and Zn in the urban
soils decreased in the order of industrial sites (70-85%) >high traffic sites (61-81%) >low
traffic sites (57-79%) (Table 5.10), generally in line with the Pb isotopic results. In particular,
the anthropogenic contribution to Cu, Pb and Zn in urban soils of industrial sites showed
significant difference (p <0.05) with those of the other sites. The results were generally in line
with the Pb isotopic analysis, indicating that the Cu, Pb, and Zn contamination in the

Guangzhou urban environment is mainly caused by anthropogenic influence and urban soil
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was a good indicator of the development a city. In addition, anthropogenic materials such as
coal ash, construction materials, paper, glass, garbage and other wastes are also possible to be
incorporated into urban soils (Guan and Peart, 2006). For example, the anthropogenic sources
(PC2) accounted for 87% of the Cu, 84% of the Pb and 90% of the Zn in surface soils of an
urban park (site 142), resulting in extremely high metal concentrations (140 mg Cu/kg, 117
mg Pb/kg, 251 mg Zn/kg) (Figure 5.14 e). Such soil contamination in urban parks of
Guangzhou was also observed by Bi et al. (2013a) and Lu et al. (2007). Considering the
previous capacity of the park as a dump, it also revealed the influence of the reallotment of
lands on trace metal contamination in urban areas (Ajmone-Marsan and Biasioli, 2010). The
third component (PC3) was associated with Co, Al, Fe with low EFs (0.2-1.4), and should be

classified as background lithogenic sources (Ha et al., 2014).

Once deposited into soils, trace metals from these sources are hardly removed, whereby the
contamination of urban soils could be a mixed result of these anthropogenic trace metals. As
shown in the model of multiple linear regressions (Table 5.11), the variations of trace metal
concentrations were explained (0.326-0.654 of R%j) by the TOC content, the concentration
of Fe and/or Mn, indicating that the distribution of trace metals was under the influence of the
geochemical interactions between trace metals and soil constituents (Davis et al., 2009; Li et
al., 2015). Thus, urban contamination sources cannot be deciphered by urban soils, because

trace metals in soils are an integration of many processes (Cannon and Horton, 2009).

In road dust, PC1 was composed of Co, Cr, Fe, Mn, Pb, and Zn with EF values of 1.1-6.9,
showing hot spots in industrial areas and some major roads with high traffic volumes, which
contributed as the major sources in road dust. The APCS-MLR model indicated that 71+12%
of the Pb and 48414% of the Zn was derived from industrial activities and heavy traffic (PC1)
all over the urban area (Table 5.8). PC2 included Cu and Ni, with extremely high Cu (10.3)
and Ni (2.0) EF values. The major hot spot (Figure 5.13 d) was coincided with high traffic

volumes (Figure 5.9), major road systems, and heavily congested traffic as indicated by the
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low vehicle speed (Figure 5.10). Other high factor loadings of PC2 were also overlapped with
high traffic volumes shown in Figure 5.9. These results indicated the major contribution of
traffic emissions to PC2, which is consistent with that Cu and Ni mainly originate from
exhaust emissions and brake abrasion (Duong and Lee, 2011; Li et al., 2004; Miner, 1993).
The direct traffic sources (PC2) contributed t0100% of the Cu, 40-50% of the Pb, and 50-60%
of the Zn in road dust in the area with highest population density (Guangzhou Transport
Planning Research Institute, 2012) and dense traffic network (Figure 5.10). This is in line
with the concentration levels that trace metals, particularly for Cu, increased due to the
heavily congested traffic. Similarly, the emission rates (g mile?) of total particulate matters,
elemental and organic carbon from vehicles were also found to be highest during the creep
phase (slow driving in heavily congested traffic) as compared to arterial road driving and
highway driving (Shah et al., 2004). Thus, the spatial distribution of traffic impacts was
clearly represented by PC2 in the road dust and Cu was a possible indicator of road dust
contamination. PC3 in road dust included Al with a low EF value (0.1-0.7), suggesting a

source of soil matrix to road dust.

In foliar dust, Al, Fe, and Pb together constituted PC1 and were attributed to local coal
combustion and other industrial emissions (Calvo et al., 2013), as supported by the overlap
between the hot spots and known industrial activities (Figure 5.13 g). The contribution of
industrial sources (PC1) to trace metals in foliar dust increased in the hot spots around the
power plant and industrial regions (Figure 5.16 a-c). As shown by the Pb and Zn
concentrations in Figure 5.4, the significant influence from such emissions was highest near
the emission source and gradually decreased as the plume dispersed (Brock, 2003) (p <0.05).
Thus, the spatial industrial influence was clearly exhibited by the distribution of PC1 in the
foliar dust. PC2 was composed of Cu, Zn and Cr, with hot spots located at roadsides under
overpasses (Figure 5.13 h), indicating the traffic contribution of PC2. The gravity and wind
impacts could contribute to traffic dust from overpasses deposited on plant leaves. Traffic

contributions (PC2) contributed to more than 40% of the Cu and Zn, and 16-56% of the Pb in
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foliar dust next to overpasses (Figure 5.16 e—f). Cobalt and Ni comprised PC3, and were
attributed to soil re-suspension, according to the similar concentrations of Co between surface
soils and foliar dust (Table 5.1). Chromium and Ni revealed similar moderate loadings on

different PCs (Table 5.7), indicating the multiple source influence on their distribution.
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Table 5.6 Cumulative variance of PCA results.

Cumulative % Surface soil Road dust Foliar dust
PC1 52.936 41.664 72.380
PC2 70.315 57.575 80.719
PC3 82.506 69.004 87.724
Table 5.7 Rotated component matrix of PCA analysis.
Surface soil Road dust Foliar dust

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
Al -0.015 -0.047 0.937 0.029 -0.023 0.948 0.829 0.143 0.363
Co 0.242 0.280 0.760 0.625 0.288 0.533 0.285 0.314 0.866
Cr 0.822 0.346 0.245 0.667 0.316 -0.225 0.514 0.559 0.520
Cu 0.410 0.750 0.177 0.085 0.861 -0.059 0.210 0.908 0.249
Fe 0.452 0.224 0.782 0.793 0.094 0.124 0.808 0.487 0.221
Mn? 0.878 0.180 0.093 0.736 -0.159 0.214 - - -
Ni 0.876 0.234 0.186 0.191 0.822 0.106 0.562 0.491 0.581
Pb 0.164 0.874 0.166 0.662 0.396 -0.044 0.872 0.289 0.225
Zn 0.211 0.902 0.036 0.646 0.443 0.058 0.440 0.699 0.415

a: Data of Mn was not available for foliar dust.
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Table 5.8 Contribution (%) of each source for trace metals in urban soils, road dust, and foliar dust.

Component of Source Co Cr Cu Ni Pb Zn
PCA
Surface soil PC1 Industrial and agricultural 647 29+16 22415 40422 7+ 12+10
PC2 Traffic and industrial 1340 236 58420 2218 51+9 66+18
PC3 Geogenic 81+1 43+14 20+12 39416 30+14 946
Constant 542 1145 1348
R% 0.961 0.853 0.910 0.951 0.815 0.858
Road dust® PC1 Industrial and traffic 23+10 58+14 715 71+12 48+14
PC2 Traffic 2419 42+14 75#1 28412 42+13
PC3 Soil re-suspension 38410 1849 1+ 442
Constant 1543 62
R? 0.780 0.800 0.949 0.932 0.630
Foliar dust PC1 Industrial/Coal combustion 11+2 20+19 1016 22220 35332 19+19
PC2 Traffic 18416 3424 4635 3022 2621 4328
PC3 Soil re-suspension 58423 4626 25420 48426 3124 3827
Constant 1346 19+10 845
R? 0.929 0.958 0.929 0.967 0.893 0.946

a: R? is the square of the coefficient of multiple correlation; b: In the modeling for Cu in road dust, only PC2 was selected as a independent by the MLR calculation,

so the contribution was not calculated here.
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Table 5.9 Trace metal enrichment factors (EFs) of urban soils and road dust.

Sample (n) Co Cr Cu Ni Pb Zn
Surface soil (180) Mean 14 1.4 4.2 2 1.4 2.6
Median 13 1.2 34 1.6 1.2 2.2
Top soil (180) Mean 1.4 1.3 4.1 1.8 1.4 2.3
Median 1.3 1.2 3.1 1.4 1.1 1.9
Road dust (178) Mean 1.1 1.7 10.3 2 2.2 6.9
Median 11 1.4 7.7 1.7 1.9 6.3
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Table 5.10 Anthropogenic contribution (PC1+PC2, mean) to Cu, Pb and Zn concentrations in

urban soils obtained using APCS-MLR modeling.

Sampling site Anthropogenic contribution (%)
Cu Pb Zn
Low traffic sites (traffic lanes <8, n=132) 79 57 77
High traffic sites (traffic lanes >8, n=35) 81 61 80
Industrial sites (n=13) 85 70 82

Table 5.11 The stepwise linear regression models of log(metal concentration) against

log(TOC), log(Mn concentration), log(Fe concentration), and soil pH.

R2agj
Co -1.992+0.212logMn+0.544logFe 0.438
Cr -4.075+1.276logFe+0.154logTOC 0.654
Cu -4.489+1.255logFe+0.453logTOC 0.392
Ni -2.62+0.900logFe 0.440
Pb 0.325+0.434logMn+0.260logTOC 0.326
Zn -2.842+0.272logMn+0.321logTOC+0.897logFe 0.409
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Figure 5.13 The spatial distribution maps of robust factor scores interpolated by ordinary kriging.
(a) factor 1 of surface soils primarily representing Cr, Ni, and Mn; (b) factor 2 of surface soils
primarily representing Cu, Pb and Zn; (c) factor 3 of surface soils primarily representing Co, Al,
and Fe; (d) factor 1 of road dust primarily representing Co, Cr, Pb, Zn, Fe, and Mn; (e) factor 2 of
road dust primarily representing Cu and Ni; and (f) factor 3 of road dust primarily representing Al;
(9) factor 1 of foliar dust primarily representing Al, Fe, and Pb; (h) factor 2 of foliar dust primarily
representing Cu, Zn and Cr; and (i) factor 3 of foliar dust primarily representing Co and Ni. The
area with highest population density (Guangzhou Transport Planning Research Institute, 2012) and
dense traffic network (Figure 5.10) was circled in red in (€) and sampling sites next to overpasses

were marked with red dots in (h).
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Figure 5.14 Spatial variation of contributions from industrial and agricultural sources (PC1) to

Cu (a), Pb (b), and Zn (c); traffic and industrial sources (PC2) to Cu (d), Pb (e), and Zn (f); and
geogenic sources (PC3) to Cu (g), Pb (h), and Zn (i) in surface soils.
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Figure 5.15 Spatial variation of the contribution from traffic sources (PC2) to Pb (a) and Zn
(b), industrial/traffic sources (PC1) to Pb (d) and Zn (e), and geogenic sources (PC3) to Pb (f)
and Zn (g) in road dust. PC1 and PC3 were not independent variable for Cu concentration in
the APCS-MLR modeling of road dust. ¢ (Cu) is the product of the Cu concentration and the

corresponding absolute factor score of PC2.
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Figure 5.16 Spatial variation of contributions from industrial sources (PC1) to Cu (a), Pb (b), and
Zn (c); traffic sources (PC2) to Cu (d), Pb (e), and Zn (f); and geogenic sources (PC3) to Cu (g),
Pb (h), and Zn (i) in foliar dust. Sampling sites next to overpasses were marked with red dots in
(d-f).

5.5 Geochemical cycling of trace metals in soil, road dust, and foliar dust in

urban environment

Trace metals in a megacity spread from various anthropogenic sources to environmental
compartments, and there is exchange between them (see Figure 5.17). Pairwise correlations
among surface soil, road dust, and foliar dust were found for Pb and Zn (Table 5.3), reflecting
the similar responses among these environmental compartments to Pb and Zn sources. As
previously suggested, the most important entrance pathways of Pb and Zn for these
compartments are atmospheric deposition from industrial and traffic emissions. The
accumulation of trace metals in surface soil layers as compared to top soils (Table 5.1) further

proved the atmospheric deposition on terrestrial compartments. At a citywide scale (Figure
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5.16 g-i) and zooming in on industrial regions (Figure 5.4) our study showed the spatial
industrial influence on foliar dust with an affecting distance of approximately 3 to 4 km,
similar to studies conducted in soils (Aelion et al., 2009; Bermudez et al., 2010; Martley et al.,
2004). However, soil metals were not negatively correlated with the distance from the sources
in our study probably because of more varied sources in urban soils (Aelion et al., 2009). As
another important source of trace metals, the traffic influence on road dust decreased along
with the distance from the city center at a city scale (Figure 5.15 a—c). When zooming in on
specific roads, the traffic influence on soil metals was generally limited from 3 to 250 m
(Carrero et al., 2013; Chen et al., 2010; Zhang et al., 2015), although it was not clearly shown
in our study using a 1 km > 1 km sampling density. In urban environments, trace metals are
transported from these sources to terrestrial compartments via dry and wet deposition, while
the re-suspension of terrestrial dust also contribute considerable trace metals to nearby

compartments (Charlesworth et al., 2011).

In urban environments, trace metals are transported from these sources to terrestrial
compartments via dry and wet deposition, while the resuspension of terrestrial dust also
contributes considerable trace metals to nearby compartments (Charlesworth et al., 2011). The
similar scopes of Pb isotopic compositions among road dust, foliar dust, and PM.s (Ming,
2016) shown in Figure 5.11 illustrated similar Pb sources and the possible transport between
each other in the form of fine particles. The contribution of road dust to atmospheric
particulates through dust re-suspension around the world contribute to 16-56% of the PMag
and 1-19% of the PMys, respectively (Amato et al., 2016; Amato et al., 2009; Avino et al.,
2014; Bukowiecki et al., 2010; Chen et al., 2012; Cheng et al., 2015; Karanasiou et al., 2011;
Kuhns et al., 2001). Although the Pb isotopic compositions of urban soils differed from those
of other dust, re-suspended soil contributed 0-38% and 25-58% of the trace metals in the
Guangzhou road dust and foliar dust, respectively (Table 5.8). Moreover, Zahran et al. (2013)
found that 1% increase in the amount of re-suspended soil resulted in a 0.39% increase in the

concentration of Pb in the atmosphere. Thus, re-suspension of soils in the forms of fine
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particles also contribute significantly to the metal cycling in urban environments.
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Figure 5.17 Scheme for trace metal sources and cycling in urban compartments including
surface soil, road dust, and foliar dust in the megacity Guangzhou. The arrows indicate the
transport of trace metals from sources, such as lithogenic sources, industrial emission/coal
combustion, traffic exhaust/industrial transport, orchard activity, atmospheric deposition,
particle re-suspension from surface soil and road dust, and other anthropogenic sources. The
numbers are the ranges of certain sources contributing to the trace metals in each terrestrial

urban compartment obtained using APCS-MLR modeling.

5.6 Summary

Trace metal contamination was found in urban soils, road dust, and foliar dust in Guangzhou

urban environment. The main results are shown below:

1. The hot spots of trace metals in urban soils were mainly related to industrial, traffic, and
orchard activities. The distribution of Cu and Ni in road dust was related to traffic activities,

with elevations corresponding to a dense population and concentrated traffic network in the
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city center. Hot spots for trace metals in tree leaves and foliar dust in industrial regions,

indicated the severe industrial influence.

2. Lead isotopic data and APCS-MLR analysis identified industrial and traffic emissions as
the major sources of trace metals in surface soil, road dust, and foliar dust in Guangzhou.
Spatial distribution patterns of EFs and source contributions implied that Cu in road dust was
a good indicator for traffic contamination, particularly influenced by traffic volume and
vehicle speed; Pb and Zn in foliar dust indicated the industrial contamination, which
decreased from the emission source (e.g., power plant and steel factory) to the surrounding

environment.

3. Pairwise correlations among surface soils, road dust, and foliar dust were found for Pb and
Zn, indicating the similar responses among various environmental compartments to the Pb
and Zn sources. The plots of 2°Pb/207Ph vs. 298Ph/207Ph implied the similar Ph sources of road
dust, foliar dust, and atmospheric particles (PMzs), and potential transports of Pb between
these compartments in urban environments. Re-suspended soil contributed to 0-38% and
25-58% of the trace metals in the road dust and foliar dust, respectively, indicating the

transport of the different terrestrial dust.

In conclusion, Chapter Four and Chapter Five provided a comprehensive knowledge of the
exact spatial contamination source contributed to urban environments, and the suitability of
soil, road dust, and foliar dust as indicators for describing urban contamination conditions in a
typical megacity. Moreover, the results indicated that the cycling of trace metals in urban
environment was primarily in the form of fine dust. Thus, more studies are needed to
characterize the metal distribution, chemical forms and bioaccessibility in different particle
size fractions of soil dust, in order to comprehensively investigate the environmental

associations of trace metals and evaluate the concomitant health risks in urban environments. .
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Chapter 6 Chemical Partitioning of Trace Metals in Various Particle Size

Fractions of Urban Soil Dust and Road Dust, and its Implication to Health

Risk Assessment

In this chapter, we collected soil dust samples from the loose part of surface soils in urban
environments of Hong Kong and Guangzhou. And the partitioning of soil particles and trace
metals in bulk soils and soil dust samples were compared. The distribution of trace metals in
various particle sizes of soil dust and road dust samples was characterized and factors
controlling the distribution process were investigated. Furthermore, the possible associations
between trace metals in soil dust and other dust samples (road dust and atmospheric
particulate matters) were explored. Finally, health risks resulting from trace metal

contamination in soil dust were comprehensively assessed.

Dust samples were divided into four size fractions in situ during the sampling in Guangzhou:
<50 pm, 50-99 um, 100-249 pum, and 250-1000 pm. During the sampling in Hong Kong, the
samples were divided into five size fractions in situ: <10 um, 10-49 pm, 50-99 um, 100-249
um, and 250-1000 um. Finally, we compared the dust results in Guangzhou and Hong Kong
considering the particle size distribution. The mass proportion of the finest particle fraction
(0-10 pm) accounted for only 0.004% to 0.15% of the bulk soil dust samples collected from
Hong Kong, with an average proportion of 0.02%. Therefore to make comparisons between
samples collected from Hong Kong and Guangzhou, the <10 pm fraction was included in the

<50 um fraction of Hong Kong soil dust if no specific description is given.
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6.1 General properties of bulk soil, soil dust and road dust

Figure 6.1 depicts the particle size distribution in soil dust and bulk surface soils of Hong
Kong and Guangzhou. The variations between different sampling sites were higher in soil
dust than those in dry-sieved soils. In soil dust, the particle size distribution varied greatly,
from 3 (100-249pm) to 23 (<50pm) times and 4 (100-249pum) to 21 (<50pm) times among
the different sampling sites in Hong Kong and Guangzhou, respectively. As compared to
dry-sieved soils, the mass proportions of fine particle size fractions (100-249 pm, 50-99 pm,
and <50 pm) were generally higher in soil dust. The particle partitioning of soils by ex-situ
sieving (dry sieving) was dependent on the original moisture content of the samples.
According to Choate et al. (2006), fine soil particles with a certain moisture content could
form large aggregates under the influence of the coagulation effect. However, it did not affect
in situ soil dust, because soil dust usually had very low moisture content during sampling.
Thus, the in situ sampling method was more recommended than ex situ methods at revealing

the situation with respect to particle size fractions.

The particle size distribution and TOC contents of soil dust collected from urban sites in
Hong Kong and Guangzhou are listed in Table 6.1. On average, the mass proportion of
different soil dust particle fractions in Hong Kong decreased with decreasing fraction size:
250-1000 pm (47%), 100-249 pm (32%), 50-99 pm (13%), and <50 pm (8%), which was
not observed in samples from Guangzhou. In Guangzhou, the particle size fraction of
100-249 pm was the most abundant (40%), followed by the fractions of 50-99 m (29%),
250-1000 pm (28%), and <50 pm (3%). This difference could be caused by the different
mineral compositions of soil dust samples collected from the two cities. The average TOC
contents of soil dust samples (Hong Kong: 28.5 mg/g; Guangzhou: 66.2 mg/g, Table 6.1)
were remarkably higher than those of urban soils (Hong Kong: 13.1 mg/g; Guangzhou: 27
mg/g, Table 4.1), probably due to the higher accumulation of plant debris in soil dust at the
uppermost soil layer. With respect to regional variability, TOC contents in both soil and soil
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dust of Hong Kong were much lower than those of Guangzhou. In Hong Kong soil dust, TOC
contents tended to be evenly distributed among the particle size fractions, whereas in
Guangzhou soil dust the TOC contents were higher in the fractions of 100-249 pm (77.4 ¢
Kg1) and 50-99pm (72.3 g Kg?) than those of 250-1000 pm (58.9 g Kgt) and <50 pm (56.3
g Kg?). The regional variability of TOC could be resulted from the different mineral

compositions and plant debris in soil dust of the two cities.

Base on XRD analysis (Figure 6.2), quartz, feldspars (K-feldspars and plagioclase), kaolinite,
illite, muscovite, and chlorite were identified in soil dust of Hong Kong. Mineral
compositions of soil dust samples from Guangzhou mainly included quartz, feldspars
(K-feldspars and plagioclase), kaolinite, muscovite, chlorite, and calcite (Figure 6.2). The
characterization based on scanning electron microscopy-energy dispersive X-ray (SEM-EDX)
analysis also showed that quartz and aluminosilicates (mainly composed of Si, Al oxides with
varying concentrations of K, Ca, Fe, Mg, and Na) dominated in the mineral compositions of
soil dust samples from the two cities. As seen in Figure 6.3, a large amount of rough-surfaced
tire debris was observed in soil dust of Hong Kong where C, O, Zn, Al, Si, Cl, K, and Ca
were recognized by SEM-EDX (Gunawardana et al., 2012). High concentrations of C were
also identified in spherical particles and irregular fragments in Guangzhou soil dust (Figure
6.4), and C, O, Al, Si and Ca were detected in these particles, which were likely to be caused

by fly ash emission from coal combustion (Bourliva et al., 2016; Goodarzi, 2006a).

In road dust, quartz, feldspars and kaolinite were identified by XRD and SEM-EDX (Figure
6.5-Figure 6.7), indicating that soil particles were present in road dust of the two cities. In
addition, calcite was another major component found in road dust, which could be attributed
to the debris from abrasion of concrete pavements and other construction materials
(Duzgoren-Aydin et al., 2007; Schauer et al., 2006). Tire-abrasion particles with distinct
irregular shapes were identified in road dust of the two cities by SEM analysis, similar to the

results from other studies (Gunawardana et al., 2012; Kreider et al., 2010). In comparison
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with Guangzhou, tire debris dominated the road dust in Hong Kong, suggesting the strong

influence of traffic on urban environment of Hong Kong.
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Table 6.1 Physicochemical properties and characteristic of soil dust samples from two cities.

Sampling region(number) Mass proportion (%) TOC (g Kg?)
1000-250 pm  249-100 pm = 99-50 pm <50 pm 1000-250 pm 249-100 pm 99-50 pm <50 pm - Average
Hong Kong (30) Mean 49 31 12 8 31.6 27.6 289 27.1 29.0
Range 12-79 16-45 2-28 1-23 1.27-137 2.74-103 11.1-88.2 4.26-65.3 1.27-137
Guangzhou (7) Mean 28 40 29 3 58.9 77.4 72.3 56.3 66.2
Range 4-60 14-51 8-72 0.5-10 6.84-96.4 11.4-121 41.8-99.2 35.2-84.8 6.84-121
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Figure 6.1 Particle size distribution in soil dust and bulk surface soils of Hong Kong (a, n=5)

and Guangzhou (b, n=7). The error bars represent 1 SD.
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Figure 6.2 The XRD pattern of selected soil dust samples collected from two cities.
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Guangzhou. a: K-feldspar; b: quartz; c, d: fly ash.
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Guangzhou. a and b: tire debris; c: soil particle.

6.2 Metal concentrations in soil dust, bulk soil, and road dust

6.2.1  Trace metal concentrations in bulk soil dust and soil

The average trace metal concentrations in each particle size fraction of soil dust, bulk soil dust,
surface soils, top soils, and road dust from Hong Kong and Guangzhou are summarized in

Table 6.2 and Table 6.3. Against the background benchmarks (Guangdong Geological Survey,
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2010; Zhang et al., 2007), the mean trace metal concentrations in bulk soil dust, surface and
top soils of Hong Kong and Guangzhou exceed the background concentrations, except for Co
in bulk soil dust of Hong Kong and Guangzhou as well as Co in surface and top soils of Hong
Kong. In both cities, the average concentrations of Co, Cr, Cu, Ni, and Pb in soil dust were
comparable to those in urban soils, whereas the average concentrations of Zn in soil dust were
much higher than those in urban soils (with significant difference in Hong Kong samples, p
<0.05) (Figure 6.8). Because soil dust was in the uppermost layer of urban soil, it was more
likely to be affected by exogenous inputs than the bulk soil. Traffic emissions from tire wear
produce a large amount of Zn into the urban environment (Harrison et al., 2012; Li et al.,
2001). As a result, higher Zn concentrations in soil dust (Hong Kong: 129 mg kg;
Guangzhou: 256 mg kg!) than those of bulk soils (Hong Kong: 93.2 mg kg?; Guangzhou:

212 mg kg) indicated that soil dust is more sensitive to traffic emissions than surface soils.

6.2.2  Trace metal concentrations in different particle size fractions of soil

dust

In the soil dust samples collected from both Hong Kong and Guangzhou, trace metal
concentrations were significantly different (p <0.05) among the various particle size fractions,
except for Co in soil dust from Guangzhou. As shown in Figure 6.9 and Figure 6.10, a
negative correlation was found between trace metal concentrations and particle sizes in the
two cities, indicating the preferential enrichment of trace metals in fine particles of soil dust.
Nonetheless, the enrichments were more distinctive in samples from Guangzhou than those
from Hong Kong. Trace metals from atmospheric depositions tend to accumulate in fine
particle forms in terrestrial compartments (Ajmone-Marsan et al., 2008; TomaSevi¢ et al.,
2005; Yu et al., 2016). Much heavier dry and wet depositions were found in Guangzhou urban
areas compared to Hong Kong urban areas by Lee (2007), as well as higher total suspended
particulates (TSP) (Deng et al., 2007; Lee et al., 2007). In the PRD region, industrial activities,

vehicles exhausts and power plants were the major contributors to local fine atmospheric
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particles (PM.s), accounting for 43.1%, 35.5% and 18.7%, respectively, of the total PM2s
emissions in the year of 2006 (Zheng et al., 2009). According to the annual reports from 2012,
energy consumption from coal combustion approximated to 1,961,154 terajoules in
Guangzhou (Guangzhou Bureau of Statistics, 2013), which was more than six times higher
than that in Hong Kong (305,268 terajoules) (Census and Statistics Department, 2013). The
total number of vehicles in Guangzhou (2,440,810) was over three times higher than that in
Hong Kong (718109). Furthermore, secondary production (including manufacturing,
construction, and supply of electricity, gas and water) accounted for 34.84% of GDP of
Guangzhou in 2012 (Guangzhou Bureau of Statistics, 2013), whereas most of the
labor-intensive manufacturing industries in Hong Kong moved to the Chinese mainland in the
1980s and early 1990s. Consequently, the higher potential emissions from coal combustion,
traffic exhausts, and industrial activities are likely to aggravate the accumulation of trace

metals in fine dust fractions in Guangzhou.

6.2.3  Trace metal concentrations in different particle size fractions of road

dust

Trace metal concentrations in road dust of Hong Kong were much higher than those of
Guangzhou (Table 6.2 and Table 6.3) and other cities in China (e.g., Beijing and Shanghai
(Tanner et al., 2008)). The higher traffic density and less re-suspended soil depositions on the
road surface are likely to result in the elevated trace metal concentrations in road dust of Hong
Kong. In road dust of Hong Kong, trace metals were negatively associated with particle size
(with significant differences for Co, Cu, and Ni, p <0.05) (Figure 6.11). As shown in Figure
6.6, road dust was dominated by tire tread, which was the major contributor of Zn.
Furthermore, the debris of yellow paint lines was found in all the fractions of road dust. The
Cr and Pb concentrations in measured yellow line samples ranged from 152-306 mg kg*and
2020-3170 mg kg%, much higher than Cr and Pb concentrations in road dust (102 mg kg* and

148 mg kg™). Therefore, the distribution of traffic contaminants (i.e., yellow line and tire
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debris) could be the major factors controlling Cr, Pb and Zn concentrations in the various

particle size fractions of road dust in Hong Kong.

In road dust of Guangzhou, trace metals were also negatively correlated with particle size (p
<0.05) (Figure 6.12), and this trend was more distinctive in road dust of Guangzhou when
compared to Hong Kong. According to the higher anthropogenic inputs and more serious
atmospheric depositions in Guangzhou compared to Hong Kong, the metal preferential
partitioning in the fine particle size fractions of road dust in Guangzhou could be ascribed to
the anthropogenically emitted metal-embedded particles from coal combustion, traffic

exhausts, and industrial activities.
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Table 6.2 Summary of trace metal concentrations (mg kg) in soil dust, urban soils, road dust, and backgrounds (mean =standard deviation) in Hong Kong.

Co Cr Cu Ni Pb Zn
Soil dust(n=30) 1000-250pum 2.441.53 19.3#3.9 27.7459.6 6.8545.71 59.8439.5 1354205
249-100pm 3.25+.36 26.6+18.2 32.7448.5 9.4547 .51 72.8443.3 1814207
99-50um 4.03+1.60 27.8+13.9 41.6453.0 12.649.50 85.0#45.4 2244224
<50um 4.28+1.65 32.6+17.1 48.2452.0 14.248.69 91.5#45.6 2474227
Bulk 2.97+1.51 23.5#15.9 31.6451.6 9.0247.62 69.0441.8 168+214
Surface soil(n=30) 3.17+#. 61 2494121 24.3126.7 10.144.74 62.4429.2 107482.5
Top s0il(n=30) 3.24+1.23 24.2+14.0 29.3439.6 9.6744.66 72.5435.9 1144934
Road dust(n=16) 1000-250um 4.3341.25 77.8447.7 174483.0 23.649.43 145457.1 17074709
249-100pm 5.394.10 121498.0 258+125 38.6422.3 153440.0 18494523
99-50um 5.40H.56 130491.8 3424170 46.9428.5 157450.4 17284619
<50pm 6.51+1.90 119461.0 4384250 62.0438.9 165448.3 15244525
Bulk 4.95+.05 102469.6 235491.5 34.2+15.6 148442.2 17304535
Backgrounds of Hong Kong? 3.88 15.7 10.2 4.86 26.7 63.4

a: Zhang et al. (2007).
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Table 6.3 Summary of trace metal concentrations (mg kg?) in soil dust, urban soils, road dust, and backgrounds (mean =standard deviation) in Guangzhou.

Co Cr Cu Ni Pb Zn
Soil dust(n=7) 1000-250pum 4431351 4478244 46.3428.6 15.948.13 49.7428.2 164493.2
249-100pum 4.7842.63 57.1426.3 58.4432.2 17.346.71 76.1436.2 2304121
99-50um 5.61+1.80 78.8+13.4 99.4434.1 21.844.38 98.6426.1 344469.3
<50um 4.27+41.85 77.2414.4 163#45.7 22.443.55 114433.6 366+69.8
Bulk 4.8242.51 61.9423.2 69.9430.7 18.246.20 77.9430.3 2564113
Surface soil(n=7) 6.88+1.50 50.3+16.6 67.2459.3 20.443.62 78.8453 212427
Top soil (n=7) 6.63+1.60 42.5418.5 70.4482.9 21.344.07 78.6472.9 173+112
Road dust (n=7) 1000-250um 1.6042.29 25.64+12.3 68.6471.6 6.9443.04 35.8426.7 147469.5
249-100pm 2.3140.713 66.4429.0 169+173 18.3+10.8 70.5438.7 313+150
99-50um 4.77H.42 112426.3 211497.6 28.549.22 125455.2 6024244
<50pm 4.45H .87 1424545 3624123 36.3+11.6 200+60.6 805256
Bulk 3.2842.10 86.5455.3 203+157 225442 108+77.2 4674318

Backgrounds of Guangzhou? 6.3 39 10.4 12.3 41 58

a: Guangdong Geological Survey (2010).
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Figure 6.8 Trace metal concentrations in bulk soil dust, surface soils and top soils of Hong
Kong (a, n=30) and Guangzhou (b, n=7). The bars were defined (from the bottom) as the 1%
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Figure 6.10 Metal distribution in different particle size fractions of soil dust in Guangzhou.
n=7; The bars were defined (from the bottom) as the 1t percentile, 5", percentile, 25
percentile, median, mean (the square), 75" percentile, 95" percentile and 99™ percentile.
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6.3 Lead isotopic compositions in soil dust and road dust

Lead isotopic compositions in soil dust and road dust in Hong Kong (Table 6.4 and Table 6.5)
and Guangzhou (Table 6.6) are tabulated. The plots of 2%Pb/20’Pb versus 2°°Pb/27Pb are
depicted in Figure 6.13 to explore the possible Pb sources in soil dust. The ranges of Pb
isotopic compositions (*°Pb/2°7Ph and 2°8Ph/29’Pb) of soil dust were similar to those of urban
soils. Significant linear correlation was found between 2%Ph/20’Ph and 2%®Pb/2°’Pb within soil
dust, backgrounds and Australian Pb ore (R?=0.95) in Hong Kong, suggesting a binary mixing
of lead sources from traffic and geogenic origins. Specifically, Pb isotopic compositions
(%°°Pb/?97Pb and 2°8Pb/?°’Ph) were negatively correlated with Pb concentrations and traffic
volumes, respectively. In highly contaminated sites, Pb isotopic compositions (*°Pb/?°’Pb and
208pp/207Ph) of soil dust and soils were lower than the current traffic sources (road dust),

indicating the historical contamination from leaded gasoline. As shown in Figure 6.13 b, the
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anthropogenic Pb in soil dust of Guangzhou was a mixed result of coal combustion, industrial

emissions, and traffic emissions, similar to it in urban soils.

The relationships between Pb compositions and particle sizes were illustrated in Figure 6.14
and Figure 6.15. In general, the Pb isotopic compositions (2°Pb/2°’Pb) decreased with particle
sizes among soil dust fractions, which was consistent with the occurrence of the small sizes of
the anthropogenic metal embedded particles (Adachi and Tainosho, 2004; Goodarzi, 2006b;
lijima et al., 2007; Li et al., 2017). The decreasing tendency of Pb isotopic compositions
(%°°Pb/?97Ph) with particle size were more distinctive in soil dust from Guangzhou, as
compared to soil dust of Hong Kong. This result was in line with the stronger preferential
enrichment of trace metals to fine particles of Guangzhou soil dust, confirming the great

influence of anthropogenic sources on trace metal accumulation in finer soil dust fractions.

As shown in Figure 6.16 and Figure 6.17, the Pb isotopic compositions (?°Pb/?°’Pb) of road
dust presented an inverse relationship with particle size, in contrary to the distribution of Pb
isotopic compositions (?°Pb/2°’Pb) of soil dust. Thus, the difference of the Pb isotopic
compositions (?°Pb/?7Pb) between soil dust and road dust declined with particle sizes,
indicating the overlapped sources of Pb and the interactive transport of Pb resulting from the

re-suspension of finer particles of soil dust and road dust.
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Table 6.4 The Pb isotopic compositions and Pb concentrations of soil dust in Hong Kong.

Sample NO Sample Particle size ~ Pb2%4/Pb%7  Ph2%6/Pp207  Ph208/Ph207  Pb (mg kg?)

ID
L1 YMSR  1000-250pm  0.0635 1.2172 2.5056 45.17
249-100pm 0.0635 1.2146 2.5008 72.64
99-50pm 0.0635 1.2129 2.4970 76.25
<50 pm 0.0635 1.2123 2.4942 82.32
L2 LRP 1000-250pm  0.0637 1.2087 2.5108 30.82
249-100pm 0.0636 1.2078 2.5086 34.44
99-50pm 0.0634 1.2025 2.5032 42.66
<50 pm 0.0635 1.2063 2.5067 46.85
M1 RJ 1000-250pm  0.0634 1.1934 2.4755 58.74
249-100pm 0.0634 1.1865 2.4730 87.08
99-50pm 0.0632 1.1849 2.4682 106.7
<50 pm 0.0633 1.1863 2.4712 98.25
M2 LWSP2  1000-250pm  0.0637 1.1955 2.4908 85.90
249-100pm 0.0637 1.1915 2.4894 78.73
99-50pm 0.0635 1.1944 2.4927 75.50
<50 pm 0.0635 1.1920 2.4845 82.49
H1 KTE 1000-250pm  0.0641 1.1513 2.4381 2135
249-100pm 0.0639 1.1513 2.4353 228.2
99-50pm 0.064 1.1532 2.4398 233.2
<50 pm 0.0638 1.1478 2.4304 230.9
H2 SKLR 1000-250pm  0.064 1.1539 2.4380 78.45
249-100pm 0.064 1.1424 2.4193 130.9
99-50pm 0.0641 1.1434 24271 192.0

<50 pm 0.0641 1.1416 2.4262 220.8
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Table 6.5 The Pb isotopic compositions and Pb concentrations of road dust in Hong Kong.

Sample NO Sample  Particle size (um) Pb?4/Pb207  Ph2%6/Pp207  PH208/ph207  Ph (mg kg?)

ID
L1 YMSR  1000-250pm 0.0638 1.1546 2.4369 193.2
249-100pm 0.0639 1.1528 2.4314 222.0
99-50pm 0.0640 1.1486 2.4281 261.9
<50 pm 0.0639 1.1492 2.4312 237.2
M1 RJ 1000-250pm 0.0635 1.1536 2.4381 154.0
249-100pm 0.0635 1.1564 2.4428 110.7
99-50pm 0.0635 1.1585 2.4440 108.2
<50 pm 0.0634 1.1646 2.4476 115.7
M2 LWSP2  1000-250pm 0.0640 1.1585 2.4466 161.6
249-100pm 0.0640 1.1576 2.4493 177.6
99-50pm 0.0639 1.1583 2.4471 202.3
<50 pm 0.0640 1.1599 2.4525 207.7
H1 KTE 1000-250pm 0.0639 1.1524 2.4395 279.3
249-100pm 0.0639 1.1570 2.4414 199.9
99-50pm 0.0640 1.1574 2.4398 186.7
<50 pm 0.0640 1.1551 2.4378 1911
H2 SKLR 1000-250pm 0.0641 1.1610 2.4502 151.8
249-100pm 0.0641 1.1604 2.4483 154.6
99-50pm 0.0642 1.1569 2.4401 125.4

<50 pm 0.0641 1.1559 2.4433 128.5

134



Table 6.6 The Pb isotopic compositions and Pb concentrations of soil dust and road dust in

Guangzhou.

Sample NO Sample  Particle size (um) Pb?4/Pb207  Ph2%6/Pp207  PH208/ph207  Ph (mg kg?)

ID

Soil dust

L1 LHH 250-1000 0.0638 1.1876 2.4709 36.35
100-249 0.0638 1.1671 2.4564 76.63
50-99 0.0634 1.1810 2.4670 74.88
<50 0.0636 1.1797 2.4632 69.35

M1 ZD 250-1000 0.0637 1.1879 2.4794 24.58
100-249 0.0638 1.1806 2.4807 51.71
50-99 0.0640 1.1783 2.4682 97.84
<50 0.0638 1.1792 2.4750 156.3

M2 GzZDS  250-1000 0.0637 1.1829 2.4746 35.20
100-249 0.0638 1.1804 2.4726 38.70
50-99 0.0639 1.1778 24713 52.32
<50 0.0638 1.1782 2.4656 115.7

H1 LXG 250-1000 0.0635 1.1835 2.4657 76.71
100-249 0.0635 1.1830 2.4639 75.70
50-99 0.0632 1.1813 2.4584 113.3
<50 0.0636 1.1789 2.4657 152.8

Road dust

L1 LHH 250-1000 0.0636 1.1733 2.4779 55.88
100-249 0.0639 1.1680 2.4591 108.5
50-99 0.0638 1.1680 2.4603 212.5
<50 0.0634 1.1740 2.4836 256.7

M1 ZJD 250-1000 0.0637 1.1812 2.4682 14.66
100-249 0.0636 1.1770 2.4804 29.50
50-99 0.0634 1.1864 2.4754 77.74
<50 0.0635 1.1917 2.4862 126.5

M2 GzZDS  250-1000 0.0639 1.1704 2.4684 82.45
100-249 0.0636 1.1627 2.4582 130.3
50-99 0.0638 1.1829 2.4702 192.1

<50 0.0636 1.1751 2.4843 223.8
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Figure 6.13 Lead isotopic compositions (2°%Pb/?°7Pb vs 208Pb/207Ph) in soil dust, soils, road
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Four.
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Figure 6.15 Distribution of Pb isotopic compositions (2°Pb/2’Pb) in different particle size

fractions of soil dust from selected sampling sites in Guangzhou. The error bars represent 1

SD.
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Figure 6.16 Distribution of Pb isotopic compositions (2°Pb/?’Pb) in different particle size
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6.4 Trace metal speciation in soil dust

6.4.1  Sequential extraction of trace metals in soil dust

Behaviors of trace metals identified through BCR sequential extraction are provided in Figure
6.18. Mean recoveries with respect to pseudototal values of Cu, Pb, and Zn were in the range
of 109 to 122%, which is acceptable given the intrinsic heterogeneity of urban soils (Mossop
and Davidson, 2003; Poggio et al., 2009). The percentage of trace metals released from
sequential extraction was quite similar between soil dust samples of the two cities, which
decreased with the pattern of reducible (step 2) >oxidisable (step 3) >exchangeable (step
1) >residual (step 4) (Cu), reducible >oxidisable >residual >exchangeable (Pb), and
exchangeable >reducible ~oxidisable >residual (Zn). 77 % to 84 % of the Cu and 92 % to 94 %
of the Pb in Hong Kong soil dust, and 68% to 84 % of the Cu and 80% to 90% of the Pb in
Guangzhou dust, were released in the reducible fraction and oxidizable fraction. Moreover,
Cu and Pb in these two fractions showed the highest correlations with total concentrations
(Table 6.7), and increased with decreasing particle sizes (Figure 6.19). Generally, metals
released from reducible fraction are mainly bound to hydrous oxides of Mn and Fe and metals
released from oxidizable fraction are principally associated with organic matter through
complexation or bioaccumulation processes (Ure et al., 1993). Therefore, the adsorption of
Mn/Fe oxides and organic complexes seemed to be an important transfer mechanism of Cu
and Pb from their sources to the soil environment (Acosta et al., 2014). The release of Zn
were comparable in the four fractions, with the highest proportion in the acid extractable
fraction. Acid extractable Zn, reducible Zn, and oxidisable Zn were significantly correlated
with the total concentration of Zn (p <0.01 in Hong Kong samples and p <0.05 in Guangzhou
samples, Table 6.7). In addition, inverse relationships were found between particle size and
Zn released from these fractions (Figure 6.19), implying that the Zn enrichments in fine

particles were mainly linked to ion-exchange processes/carbonates, oxides, and organic
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complexes (Hardy and Cornu, 2006; Qin et al., 2016). Furthermore, the affinity of Cu, Pb and
Zn for exchangeable, reducible and oxidisable fractions indicated their high mobility in soil

dust (Jayarathne et al., 2017).

6.4.2  Lead isotopic compositions of extracted Pb in soil dust

Lead isotopic compositions of different chemical fractions varied among different sampling
sites, with highest Pb isotopic compositions in residual fractions (Hong Kong: 2°Pb/27Ph:
1.1727-1.2587; 208pb/207Ph; 2.4645-2.5028; Guangzhou: 2%°Pb/?°7Pb: 1.1716-1.2323;
208pp/207pp: 2.4482-2.5078) and lower Phb isotopic compositions in the other three fractions
(Hong Kong: 2%%Pb/207Ph: 1.1444-1.1920; 2%8Pb/2%’Pb: 2.4274-2.4749; Guangzhou:
206pp/207ph;  1.1721-1.1824; 208Ph/207Ph: 2.4476-2.4639). The Pb isotopic compositions
(%%5Pb/?°7Pb) of residual fractions were similar to those from local backgrounds, indicating
that Pb in this fraction mainly originated from natural geological materials (Wong and Li,
2004). Lower Pb isotopic compositions (2°Pb/2°’Pb) of the other three fractions indicated an
anthropogenic Pb source in these fractions. The Pb isotopic compositions (2%6Ph/2°’Ph)
increased in the order of: exchangeable fraction <oxidizable fraction <reducible fraction
<residual faction at Site M1 of Hong Kong and Site M1 of Guangzhou; reducible fraction <
exchangeable fraction <oxidizable fraction <residual faction at Site H1 of Hong Kong and
Site H1 of Guangzhou (Figure 6.20). The lowest Pb isotopic compositions (2°Pb/?°7Ph) of
reducible fraction in the highly contaminated soils (Sites H1) suggested that
anthropogenically introduced Pb was mainly bound to Fe/Mn oxides (Acosta et al., 2014).
Generally, trace metals from anthropogenic sources were commonly precipitated on hydrous
oxides or adsorbed in the interior of the oxides (Alloway, 2013). Moreover, the Pb isotopic
compositions (?°Pb/?’7Pb) in the reducible fractions presented a weak trend toward lower
isotopic ratios as particle size decreased (Figure 6.20), suggesting the important role of
anthopogenic Pb in the form of Fe/Mn oxides on the preferential enrichment of Pb in fine

particles of soil dust.
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Table 6.7 Pearson correlation coefficients of total metal concentrations (mg kg?) in different
particle size fractions as related to the sequentially extracted fractions (mg kg™?) in soil dust

samples collected from Hong Kong (n=24) and Guangzhou (n=8).

Hong Kong Guangzhou
Cu Pb Zn Cu Pb Zn
Metal released from stepl .940** .502* .992**  -0.120 -0.330 0.877*
Metal released from step2 ~ .998**  ,992** 994**  0.937** 0.785* 0.831*
Metal released from step3 ~ .990**  .906** 992**  0.523 0.981** 0.763*
Metal released from step4 ~ .944**  483* .850**  0.621 0.738* 0.681

**p<0.01; *p<0.05.

/Z}step 10\

Cumulative (%)
Cumulative (%)

NS
\

99-50um cg

99-50um

1000-250um

1000-250pm

249-100pm
99-50,
1000-250,
249-100,
99-50,
249-100,

1000-;

Figure 6.18 Trace metal proportion (%) of different soil dust particle size fractions extracted

from BCR analysis in Hong Kong (a, n=24) and Guangzhou (b, n=8).
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Figure 6.19 Trace metal concentrations of different soil dust particle size fractions in Hong
Kong (a, n=24) and Guangzhou (b, n=8, Because only two groups of soil dust in Guangzhou
were selected for the BCR extraction, no error bar was available) extracted from BCR

analysis.
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Figure 6.20 Distribution of BCR extracted Pb isotopic compositions (2°Pb/2°’Pb) in different

particle size fractions of soil dust. The error bars represent the standard deviation.

6.5 Association of trace metals between soil dust and atmospheric

particulate matters

Once trace metals are emitted from their sources to the atmosphere, transport from
atmosphere to soils by dry and wet deposition is likely to happen (Cannon and Horton, 2009;
Wong et al., 2006; Wong et al., 2003). Atmospheric deposition of trace metals significantly

alters the trace metal distribution of urban soils, particularly for trace metal accumulation in
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finer soil particles (Ajmone-Marsan et al., 2008; Tomasevic et al., 2005; Yu et al., 2016). Fine
soil dust particles can be easily re-suspended by air turbulence generated by wind or
mechanical activity (Charlesworth et al., 2011; Laidlaw and Filippelli, 2008), which may
significantly contribute to the load of atmospheric particulate matters, such as PM1o (Laidlaw
et al., 2012; Luo et al., 2011; Young et al., 2002). Therefore, the transport of trace metals
between soils and atmospheric particulate matters is predominantly in the forms of fine
particulates. In order to investigate the environmental associations of trace metals, the
relationships of trace metals among soil dust and PMio were studied in the Hong Kong urban

area.

6.5.1 Trace metal accumulation in the finest soil dust particles (<10 pm)

and comparison with PM1o

Soil dust samples finer than 10 um were collected in Hong Kong. As shown in Figure 6.21,
the mean concentrations of Cu (55.7 mg kg™), Pb (129 mg kg?) and Zn (438 mg kg™?) in soil
dust finer than 10 um were dramatically higher than the corresponding concentrations in other
fractions (p <0.05). Table 6.8 summarized the trace metal concentrations in soil particles finer
than 10 pum and PMjg in Hong Kong. From 2000 to 2012, the concentrations of Cu, Pb, and
Zn in PMyo decreased 0.61, 0.66, 0.73 folds, respectively (Ho et al., 2003b; Jiang et al., 2015).
During the similar time period (2001 to 2013), the concentrations of Cu, Pb, and Zn in fine
soil particles (<10 pum) in the present study decreased 0.65, 0.79, 0.73 folds respectively,
compared to a study conducted by Ho et al. (2003a). However, the temporal variations of
trace metal concentrations in urban soils were much weaker than those of the finest soil
particle fraction (<10 pum). Copper, Pb, and Zn in urban soils decreased 0.23, 0.32, and 0.47
folds (from 24.8 mg kg%, 93.4 mg kg, and 168 mg kg (Li et al., 2001) to 19.1 mg kg!, 63.8
mg kg, and 88.6 mg kg), respectively. These results demonstrated that the decline of trace
metal concentrations in the finest soil particle fraction (<10um) is strongly related to the trace

metal variations of aerosols, and hence trace metal concentrations in PMyg is a crucial factor
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influencing the enrichment of trace metals in fine soil particles, particularly for the <10um

particle fraction.

6.5.2  Re-suspension of fine particles of soil dust

Fine soil dust particles can be easily re-suspended by air turbulence generated by wind or
mechanical activity (Charlesworth et al., 2011; Laidlaw and Filippelli, 2008). Suspended soil
particles finer than 10 um in the atmosphere are possible trace metal sources in PMyo (Hsu et
al., 2016; Laidlaw and Filippelli, 2008; Young et al., 2002). The soil particles (<10 pm)
yielded from soil dust (0 to 1000 um) ranged from 0.04 to 1.51 g kg%, with an average of 0.27
g kg1, comparable to the study by Young et al. (2002), and in that study, 0.169 to 0.869 g kg™
of soil particles (<10 pm) were found to re-suspend from dry soils in a chamber. Soil loss
during wind events was simulated by Fryrear et al. (1991), and the authors measured a
maximum soil mass transportable by wind over the field surface with 374 kg m. As the soil
moved over the field surface, the soil particles smaller than 10 um could be re-suspended.
Based on the transportable soil mass provided by Fryrear et al. (1991), in a 12 hour duration
with a 11 km/hour wind (the average wind velocity of Hong Kong) and a 6 m mixing height
(a conservative mixing level near the emission sources suggested by Young et al. (2002)), the
soil derived Cu, Pb, and Zn in PMyo in Hong Kong were 1.26 to 34.6 ng m=2, 2.6 to 77.5 ng
m3, and 10.7 to 246 ng m3, respectively (see Table 6.9). As compared to trace metal
concentrations in PMio (Cu =19 ng m3, Pb = 34 ng m=?, Zn = 110 ng m™®) (Jiang et al., 2015),
the average contribution of the soil-derived trace metals to Cu, Pb, and Zn in PMyg
approximated 34%, 46%, and 47%, respectively. Similarly in central Taiwan, soil dust and
crustal source contributed to 41.1-50.3% of trace metals in PMig (Hsu et al., 2016), and
Artifano et al. (2003) found that natural sources from soil re-suspension accounted, on the
average, for 40% of PMyo in Madrid. However, the actual emission rates from soil dust should
be lower in view of the field surface roughness, soil moisture, and the vegetative cover;

whereas, higher emission rates could result from strong windstorms or mechanical
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disturbance of the soils (Luo et al., 2011; Young et al., 2002). Additionally, the changes of
wind direction could also impact the soil re-suspension which was not considered in the

simulation.
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Table 6.8 Trace metal concentrations in soil particles finer than 10 um and PMy in Urban Hong Kong.

Sample (unit, collecting year) Cu Pb Zn reference

PM2s (ng m3, winter/2012) 23.6 47.4 146 Jiang et al. (2015)
PM2.5.10 (ng M3, winter/2012) 9.4 2.9 24.9

PMio (ng m3, winter/2012)? 19.34 34.05 109.67

PM1o (ng m™, winter/2000) 49.5 99.6 400 Ho et al. (2003b)
Metal concentration in soil particles <10 pum (mg kg1, 2012-2013) 55.7 129 438 This study

Metal concentration in soil particles <10 um (mg kg™, 2001) 161 619 1651 Ho et al. (2003a)

a: Data of PMyo were calculated from PM2s and PM2 .10, with an assumption that PM s accounts for 70% (the average proportion in urban PMyo obtained from Ho et

al. (2003b)) of PMo.

Table 6.9 Information of soil dust particles finer than 10 pm.

Particles <10 pm in bulk soil dust (g kg™) < 10um metal yield from bulk soil dust (mg kg™) Soil-derived metal in PMio (ng m)
Cu Pb Zn Cu Pb Zn
Average 0.27 0.03 0.03 0.11 6.41 15.6 51.1
Range 0.04-1.51 0.003-0.07 0.006-0.16 0.02-0.52 1.26-34.6 2.6-77.5 10.7-246

146



1800

350 >3 %

o~ Cu 300 Pb * 1600F /n

o 300 X x

A 540 bal 250 F " i 1400+ s¢

50 - * %

é v 200_)( 1200->< X

= 200 1000

o L

5 150t 150 800}

= -

£ 100- 100 000

51 o 4001

S S50F

o I L & el Tl T e Koo 200

o 0‘%-- % % miE Be B % == x|
=] [5] g =] £ £ = £ g g £ g £ £ g
g g & & & e & & = 2 g & & & &
& = 2 3 ¥ &= -2 ¥ ¥ 4 =2 SV
s 5 2 5 s .5 0 =

Figure 6.21 Trace metal distribution among different particle size fractions of soil dust
incorporating with the fractions of <10 um in Hong Kong. The dash lines indicated the

background concentrations of Hong Kong soil (Zhang et al., 2007).
6.6 Trace metal bioaccessibility and human health risks

6.6.1  Trace metal bioaccessibility

In Hong Kong, the average bioaccessible concentrations of Co, Cr, Cu, Ni, Pb, and Zn were
0.57 mg kg?, 0.73 mg kg?, 23.8 mg kg, 1.00 mg kg?, 56.3 mg kg, and 107 mg kg,
accounting for 14%, 6%, 59%, 8%, 62%, and 44% of the total concentrations, respectively. In
Guangzhou, the average bioaccessible concentrations of Co, Cr, Cu, Ni, Pb, and Zn were 0.75
mg kg, 2.52 mg kg?, 28.7 mg kg2, 3.15 mg kg, 44.7 mg kg, and 193 mg kg, accounting
for 11%, 4%, 32%, 16%, 50%, and 62% of the total concentrations, respectively. As shown in
Figure 6.22, the bioaccessible proportions of Co and Cr were comparable in soil dust of the
two cities, the bioaccessible proportions of Cu and Pb in Hong Kong soil dust were higher
than those in Guangzhou soil dust, contrary to that of Ni and Zn. Soil properties, such as pH,
organic matter, clay particles, and mineral composition, can influence the bioaccessibility of
trace metals in soils, due to the interactions of trace metals with soil constituents (Pelfré&e et
al., 2013; Ruby et al., 1999). The influence of soil properties on the bioaccessibility of trace

metals were investigated by multiple linear models, and in these models bioaccessible metal
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concentration was selected as dependent variable, and corresponding total metal concentration,
their forms determined by the BCR sequential extraction, soil pH, TOC, and particle size
fraction were selected as independent variables (Table 6.10). Relationships were established
between bioaccessible metal concentrations and variables related to the chemical form of the
metal estimated by the BCR method, such as metals bound to the reducible fraction (for Cu
and Pb), or exchangeable metals (for Zn), similar to the result of Mendoza et al. (2017). The
influence of particle size and residual metal concentration was also found for Pb, with a
negative effect on the Pb bioaccessibility. In soil dust, the bioaccessible concentrations and
bioaccessibility of trace metals generally increased with decreasing particle size (Figure 6.22).
It could be ascribed to the enrichments of hydrous oxides and organic matter in fine soil
particles, because metals adsorbed to organic phase or Fe/Mn oxides usually had high
bioaccessibility (Fujimori et al., 2018; Rasmussen et al., 2011). Furthermore, given that
anthropogenic trace metals were distributed predominantly in the earlier chemical fractions
(see section 6.4.2), anthropogenic trace metals appeared to have higher bioaccessibility
compared to those of geological origin (Luo et al., 2012a). Hence, the accumulation of the
anthropogenic trace metals in the fine soil particle fractions also aggravated the

bioaccessibility of fine soil dust.
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Figure 6.22 Bioaccessibility of trace metals among different particle size fractions in Hong
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Table 6.10 The stepwise linear regression models to estimate the bioaccessible metals (n=18).

Model* R?

COggre =0.49Co,,,,, — 0.295C0,, —0.522 0.972
Crygre = 0.09Cryq, +0.028Cr, o, —0.107 0.980
CUggre =1.548Cuy, —0.137Cuy,,, +2.345 0.989
Niggre = 0.151Niy,,,, —0.15INiyq, +0.02TOC —0.579pH +4.176 0.985
Pbggre =1.172Pb,, —0.098Pb;, ., —0.079Pb,, —3.583Pb,,, +13.073 0.992
N =1.9547n, ., —12.216 0.999

*: The data of particle size of samples with particle size of 100-250 pum, 50-99um, and <50

um, were assigned with 250, 100, and 50, respectively. Variables include total metal
concentration (Metal,,,, ). exchangeable metal concentration (Metal,.,), reducible metal

concentration ( Metal,,, ), Oxidisable metal concentration ( Metal,.., ).
concentration ( Metal,,, ), soil pH, TOC, and particle size( Metal,, ). Variables with a

BCR1

BCR2 residual metal

BCR4
significance level of p <0.05 were entered into the predictive models.

6.6.2 Human health risk assessment

6.6.2.1 Human health risk assessment of trace metals in soil dust

incorporating bioaccessibility

The exposure of trace metals for children through dust ingestion was used to evaluate the total
trace metal risks from soils to children, because it is the most important exposure pathway
among ingestion, inhalation and dermal contact (Ljung et al., 2007). The average daily intake
(ADI) of trace metals through unintentional dust ingestion was calculated as follows (USEPA,

1989; 1996):

_CxlnngEFxEDX

ing-nc — 1076
BW x AT,

ADI

where C is the total concentration or bioaccessible concentration of trace metals in each
particle size fraction; IngR is the ingestion rate of soil dust, which is assumed to be 200 mg
day! (USDOE, 2011); EF is the exposure frequency, which is assumed to be 350 days year?

(USDOE, 2011); ED is the exposure duration, namely six years; BW is the average body
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weight, set at 18 kg for pre-school children (MOHC, 2011); and AT is the averaging time,

equivalent to ED <365 days.

The hazard quotient (HQ) was subsequently calculated as follows:

ADI
HQ=—
Q RfD

where RfD is a reference dose for Co, Cr, Cu, Ni, Pb, and Zn (USDOE, 2011) (Table 6.11).
The HQ assumes that there is a level of exposure (RfD), below which it is unlikely for
sensitive populations to experience adverse health effects. If the exposure level exceeds this

threshold (HQ > 1), it suggests the probability of adverse health effects.

The mean HQ for children by total concentration were Pb (2.66E-01) >Co (1.28E-01) >Cr
(7.84E-02) >Cu (1.01E-02) >Zn (7.69E-03) >Ni (5.75E-03) in Hong Kong, which were
similar to those in Guangzhou Pb (2.83E-01) >Cr (2.46E-01) >Co (1.79E-01) >Cu
(2.63E-02) >Zn (1.1E-02) >Ni (1.07E-02). All the HQ levels were lower than 1, showing
negligible adverse health effects of soil dust posed by trace metals in both cities. In
comparison with other cities, the HQ levels for children in Hong Kong and Guangzhou were
higher than those in Nanjing (Wang et al., 2016b), Xiamen (HQ for multi-pathway exposure

(Luo et al., 2012c), and Madrid (lzquierdo et al., 2015).

The mean HQ for children incorporating bioaccessible Co, Cr, Cu, Ni, Pb, and Zn was
2.02E-02, 2.58E-03, 6.34E-03, 5.94E-04, 1.71E-01, and 3.80E-03 in Hong Kong, and
2.86E-02, 8.94E-03, 7.65E-03, 1.68E-03, 1.36E-01, and 6.84E-03 in Guangzhou, respectively
(Figure 6.23). The HQ values calculated from total concentrations were obviously higher than
those from bioaccessible concentrations. Compared with the total concentration, the
bioaccessible concentrations can produce more rational results in the exposure assessments
(Fendorf et al., 1997; Luo et al., 2012c; Ma et al., 2006). It was found that the bioaccessible

Pb from the gastric simulation had a higher correlation with the in vivo Pb relative
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bioavailability (Li et al., 2014; Ruby et al., 1996; Smith et al., 2011). The HQ levels were
comparable between the two cities. According to HQ levels of both total and bioaccecissible
metal concentrations, Pb in soil dust of the present study and in soils of some other studies
(Izquierdo et al., 2015; Luo et al., 2012c; Wang et al., 2016b) had the highest health risk for
children compared to other trace metals. It was also reported that blood Pb concentrations
were correlated significantly with concentrations of Pb in soils/ re-suspended soils (Bradham
et al., 2017; Zahran et al., 2013). Furthermore, Pb in excessive concentrations deteriorates
human memory abilities, prolongs reaction time and reduces the understanding abilities
(Levin et al., 2008). Thus, attention should be focused on the health risk of Pb through oral

ingestion for children.

HQ levels of trace metals estimated by the two methods elevated as soil particle size
decreased (Figure 6.23), indicating higher health risks from fine soil dust particles. Moreover,
soil particles involuntarily ingested by children are usually of smaller diameter than the
original soils (Acosta et al., 2009; Choate et al., 2006; Ljung et al., 2006; Siciliano et al.,
2009). Thus, health risks would be underestimated based on metal concentration in bulk soils.
The increased HQ level is also relevant in assessing children health risks from exposure to
contaminated soils in areas with frequent strong wind. Contaminated soil dust re-suspension
can be brought to the downwind areas through northerly winds during the winter monsoon
periods or oceanic winds from the south in Hong Kong and Guangzhou. Fine soil particles
with high Pb concentration can be entrained into the atmosphere by air turbulence generated
by wind or mechanical actions (Charlesworth et al., 2011; Laidlaw and Filippelli, 2008).
Zahran et al. (2013) found that 1% increase in the amount of re-suspended soil resulted in a
0.39% increase in the concentration of Pb in the atmosphere. Re-suspended soil particles are
closely related to elevated local blood Pb levels (Laidlaw and Filippelli, 2008). Due to the
greater relevance of fine particles for both inhalation and ingestion pathways, as well as the
enhanced HQ level, fine fractions of soil dust should be considered as an appropriate proxy
during the assessment of health risks.
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6.6.2.2 Human health risk assessment of trace metals in soil dust <10pm in

Hong Kong

The aforementioned analysis has indicated a greater relevance of fine particles for both
inhalation and ingestion pathways and higher health risks posed by trace metals. Therefore, in
this section, carcinogenic and non-carcinogenic risks posed by trace metals in the finest soil
dust fraction (< 10um) in Hong Kong via ingestion, inhalation and dermal contact to humans
were calculated according to the following equations (USDOE, 2011; USEPA, 1989; 1996).
Specifically, the noncarcinogenic risk from trace metal exposure to children and carcinogenic
risk for the lifetime exposure (adult) were calculated. The parameters used in the equations

were listed in Table 6.11.

Non-carcinogenic hazard (child):

_ CxIngRxEF xED

ing—nc Xlo_s
o BW x AT,

ADI

_ CxET xEF xED

ADI =
e T PEF x 24 x AT,

ADI :C><SA><AF><ABSd><EF><EDX

dermal —nc 1076
BW x AT,

where C is the total concentration of trace metals in soil dust < 10um; IngR is the ingestion
rate of soil dust, which is assumed to be 200 mg day* (USDOE, 2011); EF is the exposure
frequency, which is assumed to be 350 days year! (USDOE, 2011); ED is the exposure
duration, namely six years for children and 30 years for adult; BW is the average body weight,
set at 18 kg for pre-school children and 61.8 kg for adult (MOHC, 2011); and AT is the
averaging time, equivalent to ED x365 days; ET is the exposure time, which is assumed to be
24 hours day in residential area (USDOE, 2011); PEF is soil to air particulate emission
factor, assumed to 1.36x10° m® kg (USDOE, 2011); SA is skin surface area available for

exposure, assumed to 2800 cm? event? for child and 5700 cm? event? for adult (USDOE,
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2011); AF is soil to skin adherence factor, assumed to 0.2 mg cm2 for child and 0.07 mg cm
for adult (USDOE, 2011); ABSy is dermal absorption factor, assumed to 0.001 for these trace

metals (USEPA, 2011).

The hazard quotient (HQ) was subsequently calculated as follows:

ADI
HO = =/
Q RfD

where RfD is a reference dose for trace metals. And RfD =RfD,, x ABS, where

dermal

ABSg is gastrointestinal absorption factor.

Carcinogenic risk (adult):
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For carcinogens, the dose (Co, Cr, Ni, and Pb) was multiplied by the corresponding slope

factor to produce a level of excess lifetime cancer Risk as follows:

Risk = ADI_, x CSF

where CSF is chronic oral/dermal slope factor for trace metals. IUR (CSF for inhalation) is

the chronic inhalation unit risk.

And CsF

dermal

=CSF,

o X ABS, , Where ABSg; is gastrointestinal absorption factor.
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It can be assumed that all the metal risks are additive, although interactions between some
metals might result in their synergistic manner (Xu et al., 2011). Thus, it is possible to
calculate the cumulative non-carcinogenic hazard using Hazard Index (HI) and carcinogenic

risk expressed as the total cancer RISK, which were calculated as:

HI = ZHQ =HQ,,y + HQ;, + HQyerma

RISK =" Risk = Risk,,, + Riski, + RiSK oy
For noncarcinogenic risk, HQ > 1 suggests the probability of adverse health effects. Generally,
carcinogenic risks lower than 1 > 10 can be negligible, and risks lower than 1 < 10* are

considered to be acceptable (USEPA, 1989; 2011).

The non-carcinogenic hazards characterized for children were shown in Figure 6.24. Among
the different exposure pathways, HQ for combined metals decreased in the order of HQing
(0.95) >HQgermal (0.072) >HQinn (0.0016). 37% of the samples exhibited HQing level higher
than 1, indicating the probability of adverse health effects through ingestion. Among the
different trace metals, HQ of each metal for multi-pathways for all samples was lower than 1,
and Pb showed the highest values with an average of 0.41. Cumulatively, the range of HI was
0.46-1.78 with an average of 1.02. 53% of samples showed HI level higher than 1, indicating

the probability of noncarcinogenic hazards posed by trace metals in soil dust < 10um.

The carcinogenic risks to adults were shown in Figure 6.25. the risks posed by Cr through
ingestion and dermal contact, and Pb through dermal contact for all the samples were higher
than 1 <105, showing nonnegligible carcinogenic risks. Cumulatively, the range of RISK was
1.52E-5-1.58E-4 with an average of 7.3E-5, showing the nonnegligible carcinogenic risks.
Particularly, the RISK pose by soil dust < 10 um at an extremely contaminated site was higher
than 1 > 10, which should be paid attention due to its unacceptable carcinogenic risk.

However, it should be noted that both the noncarcinogenic risk and carcinogenic risk posed by
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the trace metals in soil dust < 10um were calculated by total concentration. Because the total

metal concentrations were not absolutely bioaccessible, the risk assessment based on total

concentrations would result in an overestimate of health risks.

Table 6.11 Parameters for risk assessment calculation (USDOE, 2011; USEPA, 2011).

Factor  RfDing ABSg  RfCinn CSFing IUR

(mg kg™ d-1) (mg m) (mg kg™ d)* (ng m)*
Co 3.00E-04 1 6.00E-06 9.00E-03
Cr 3.00E-03 0.013 1.20E-02
Cr(lll) 1.50E+00 0.013
Cr(VI) 3.00E-03 0.025 1.00E-04 5.00E-01
Cu 4.00E-02 1
Ni 2.00E-02 0.04 9.00E-05 2.60E-04
Pb 3.50E-03 1 8.50E-03 1.20E-05
Zn 3.00E-01 1
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Figure 6.23 Hazard Quotient (HQ) of metals incorporating bioaccessibilityin Hong Kong (a,

n=7) and Guangzhou (b, n=6). The bars were defined (from the bottom) as minimum, 25th

percentile, median, mean (the square), 75th percentile, and maximum.
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Figure 6.24 Hazard Quotient (HQ) and Hazard Index (HI) of trace metals in soil dust < 10um
in Hong Kong through various exposure pathways (ingestion, inhalation, dermal) for children.
(a) HQ of combined metals through the three pathways and the overall HI; (b) HQ of each
metal through ingestion; (c) HQ of each metal through inhalation; (d) HQ of each metal
through dermal contact. Data above the red line indicates the probability of adverse health
effects. The bars were defined (from the bottom) as minimum, 25" percentile, median, mean

(the square), 75™ percentile, and maximum.
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Figure 6.25 Carcinogenic risks of trace metals in soil dust < 10um in Hong Kong through
various exposure pathways (ingestion, inhalation, dermal) and the overall risks (RISK) for
adult. Data above the red line indicates unacceptable carcinogenic risk; data within the red
line and blue line indicates nonnegligible but acceptable carcinogenic risk; and data below the
blue line indicates negligible carcinogenic risk. The bars were defined (from the bottom) as

minimum, 25 percentile, median, mean (the square), 75" percentile, and maximum.

6.7 Summary

In this chapter, trace metal distribution, chemical speciation, and health effects of soil dust

were investigated in Guangzhou and Hong Kong. Detailed results are listed below:

1. Similar distribution patterns of trace metals in urban soil dust were found in the two cities,
with more trace metals associated with smaller particle sizes. However, the metal preferential
partitioning in fine particles of soil dust was more distinctive in Guangzhou. The interregional
comparison of Pb isotopic compositions (*°°Pb/2°’Pb), atmospheric deposition, and the

emission inventories revealed the importance of anthropogenic metal-embedded particle from
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atmospheric deposition on metal accumulation in fine particles of soil dust. The results of
BCR extraction showed that the adsorption of Mn/Fe oxides and organic complexes was

crucial for the metal enrichments in the fine particle size fractions.

2. Temporal declines of trace metals were observed in finest soil particles (<10 pm),
atmospheric particulate matters (PM1o), and bulk soils in Hong Kong. The comparison of the
three media showed that trace metal concentrations in the finest soil particle fraction (<10 um)
were strongly related to the trace metal variations of aerosols. In turn, the average
contribution of the soil-derived trace metals to Cu, Pb, and Zn in PMyo approximated to 349%,

46%, and 47%, respectively in Hong Kong.

3. The bioaccessibility of trace metals generally increased with decreasing particle sizes, due
to the high mobility of metal species held by the fine particles. Based on the HQ levels, Pb in
soil dust had the highest health risk for children. The HQ levels of trace metals estimated by
both bioaccessibility and total concentrations elevated with decreasing soil particle sizes,
indicating higher health risks from fine soil dust particles. In the soil dust <10 pm in Hong
Kong, 53% of the samples showed HI levels higher than 1 and all the samples exhibited RISK
levels higher than 1 > 10, indicating the probability of noncarcinogenic hazards and the

nonnegligible carcinogenic risks posed by trace metals in soil dust < 10pm.

Conclusively, Chapter Four, Chapter Five, together with Chapter Six, provided a
comprehensive knowledge of the trace metal contamination and processes affecting the urban
environments, which facilitates our understanding of the suitability using environmental
compartments on explaining the trace metal contamination status, the trace metal transports,

and the possible health risks in urban environments.
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Chapter 7 Conclusions and Recommendation

7.1 Summary of major scientific findings

A multi-compartmental environmental surveillance of trace metal contamination was
conducted in urban environments of Hong Kong and Guangzhou. The major findings are as

follows:

1. Vertical distribution of trace metals in top soil layers (0—15cm) can be used to reflect the
temporal changes of trace metal contamination caused by specific urbanization and
industrialization of a city. For Hong Kong, a temporally decrease of trace metal
concentrations including Cu, Pb, and Zn was found in urban soils, indicating a decline of trace
metal inputs over the last twenty years. The decreasing anthropogenic inputs and possible
vertical transport of metals resulted in negative surface accumulation factors (SAFs, -10.7 to
-3.1). For Guangzhou urban soils, trace metals displayed a generally increasing pattern over
the last twenty years with an exception of Pb due to the vast industrial developments and the

increasing number of vehicles, resulting in positive SAFs of Guangzhou soils (0.7 to 23.4).

2. The distribution patterns and links between historical development and trace metal
concentrations in Hong Kong and Guangzhou indicated that urban soil was a useful tool to
record development history of a city. The remarkable hotspots of trace metals in both surface
and top soils in Hong Kong were in close vicinity of past industrial buildings with heavy
traffic, indicating the predominant response of past pollutant emissions for the metal
contamination in such soils and that it may continue to influence local soils for a long time. In
surface soils of Guangzhou, hot spots were attributed to industry and heavy traffic, while hot

spot in top soils was in a district with the longest development history..
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3. A multi-compartmental investigation was then conducted in the urban environment of
Guangzhou to address the suitability of urban soil, road dust, and foliar dust as indicators for
describing urban contamination conditions. Lead isotopic data and APCS-MLR analysis
identified industrial and traffic emissions as the major sources of trace metals in surface soils,
road dust, and foliar dust in Guangzhou. Spatial distribution patterns of EFs and source
contributions implied that Cu in road dust was a good indicator for traffic contamination,
particularly influenced by traffic volume and vehicle speed; Pb and Zn in foliar dust indicated
the industrial contamination, which decreased from the emission source (e.g., power plant and

steel factory) to the surrounding environment.

4. Soil dust was collected and divided into different size fractions in situ, to study the
environmental associations of trace metals in urban environments. Similar distribution
patterns of trace metals in urban soil dust were found in the two cities, with more trace metals
associated with finer particle sizes. The interregional comparison of Pb isotopic compositions
(%°6Pb/297Ph), atmospheric deposition, and the emission inventories, revealed the importance
of anthropogenic metal-embedded particles from atmospheric deposition on metal
accumulation in fine particles of soil dust. The results of chemical speciation of trace metals
showed that the adsorption of Mn/Fe oxides and organic complexes were crucial for the metal

enrichments in the fine particle size fractions.

5. The transport of trace metals between soil dust and road dust was found in the form of fine
particulates, as indicated by the distribution of Pb isotopic compositions (?°Pb/?°’Pb).
Temporal decrease of trace metals in the finest soil particle fraction (<10pum) was strongly
related to aerosols in Hong Kong, indicating that PM3o was a crucial factor of the enrichment
of trace metals in fine soil particles. In turn, the average contribution of the soil-derived trace

metals to Cu, Pb, and Zn in PM1o approximated to 34%, 46%, and 47%, respectively.

6. The bioaccessibility of trace metals generally increased with decreasing particle sizes,

probably due to the high mobility of metal species held by the fine particles. Based on the HQ
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levels, Pb in soil dust had the highest health risk for children. HQ levels of trace metals
elevated with decreasing particle sizes, indicating higher health risks from fine soil dust
particles. In the soil dust <10 pm in Hong Kong, 53% of the samples showed HI levels higher
than 1 and all the samples exhibited RISK levels higher than 1 x 10, indicating the
probability of noncarcinogenic hazards and the nonnegligible carcinogenic risks posed by
trace metals in soil dust < 10um. Thus, the re-suspension of soil dust should be paid more

attention to control health risks caused by trace metal contamination in urban environments.

7.2 Limitations and future research

The Pb isotope technique was used to assess the sources and transport of Pb in urban
environments. However, sometimes the Pb signatures of the known sources are too close to
distinguish. More precise analytical instruments, such as MC-ICP-MS, are required to
increase the accuracy of Pb isotopic signature in environmental materials. Moreover, the Pb
isotopic signatures of Pb source are insufficient. The major Pb sources, such as coal
combustion and vehicle exhaust, are spatially dependent. Thus, more Pb isotopic composition
of Pb sources, particularly local sources, should be determined to identify the exact major
sources and their contribution to Pb in urban environments. Furthermore, other isotopic
fingerprints, such as Cu and Zn, should be explored, as they presented higher contamination

levels in urban soils conducted by this study.

Fine soil dust particles, particularly for particles smaller than 10 um or 2.5um, are crucial for
trace metal transport in terrestrial environments, and influence human health. The metal
speciation and bioaccessibility in fine soil dust are related to subsequent health effects and
hence, are needed further investigation. In order to provide sufficient material to be used for
speciation and bioaccessibility analysis, extraction of a sufficient quantity of in situ fine soil
dust particles is urgently required. In addition to the traditional chemical methods, metal

speciation can be achieved by spectroscopic techniques such as X-ray absorption
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spectroscopy (XAS) and X-ray fluorescence microscopy. Spectroscopic techniques are able to
examine specific metal speciation and association in complex environmental media due to
their high resolution and their selectivity in terms of studied element. Hence, the application
of spectroscopic techniques are required to better investigate the metal sources, speciation,
and behavior in soil dust in future work. Furthermore, bioaccessibility of trace metals in not
only gastrointestinal system but also respiratory system should be examined, because fine soil

particles can enter into the respiratory tissue or even lung tissues causing toxic effect.

Exchanges of contaminants take place among different environmental compartments, and thus,
monitoring of multi-contaminants in related sources and receptors (environmental
compartments in the forms of fine particulates) should be carried out. It is crucial to
understand the exchanges, partition, and transport pathways of contaminants in urban
environments. The application and development of transport models for trace metals are
needed to be further explored, for prediction and management of trace metal contamination in

urban environments.
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