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Abstract  21 

    Trace metal contamination prevails in various compartments of the urban 22 

environment. Understanding the roles of various anthropogenic sources in urban trace 23 

metal contamination is critical for pollution control and city development. In this study, 24 

the source contribution from various contamination sources to trace metal 25 

contamination (e.g., Cu, Pb, Zn, Co, Cr and Ni) in different environmental 26 

compartments in a typical megacity, Guangzhou, southern China, was investigated 27 

using the receptor model (Absolute Principal Component Scores-Multiple Linear 28 

Regression, APCS-MLR) coupled with the Kriging technique. Lead isotopic data and 29 

APCS-MLR analysis identified industrial and traffic emissions as the major sources of 30 

trace metals in surface soil, road dust, and foliar dust in Guangzhou. Lead isotopic 31 

compositions of road dust and foliar dust exhibited similar ranges, implying their 32 

similar sources and potential metal exchange between them. Re-suspended soil 33 

contributed to 0–38% and 25-58% of the trace metals in the road dust and foliar dust, 34 

respectively, indicating the transport of the different terrestrial dust. Spatial distribution 35 

patterns implied that Cu in the road dust was a good indicator of traffic contamination, 36 

particularly with traffic volume and vehicle speed. Lead and Zn in foliar dust indicated 37 

mainly industrial contamination, which decreased from the emission source (e.g., a 38 

power plant and steel factory) to the surrounding environment. The spatial influence of 39 

industry and traffic on the contamination status of road dust/foliar dust was successfully 40 

separated from that of other anthropogenic sources. This study demonstrated that 41 

anthropogenic inputs of trace metals in various environmental compartments (e.g., 42 

urban soil, road dust, and foliar dust) can be evaluated using a combined APCS-MLR 43 

receptor model and geostatistical analysis at a megacity scale. The coupled use of 44 

APCS-MLR analysis, geostatistics, and Pb isotopes successfully deciphered the spatial 45 

influence of the contamination sources in the urban environment matrix, providing 46 

some important information for further land remediation and health risk assessment. 47 

Keywords: Trace metals, Urban soil, Dust, Spatial distribution, Source appointment48 
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1. Introduction 49 

During recent decades, rapid urban development for modern human life requires 50 

various anthropogenic activities including industrial operations, municipal processes, 51 

construction activities, and traffic emissions [1, 2]. Subsequently, these anthropogenic 52 

activities have released considerable trace metals in various urban environmental 53 

compartments, including urban soil [3-5], road dust [6-8], and foliar dust [9, 10], which 54 

consequently have affected ecosystems and human health [11]. 55 

Trace metals in urban compartments are generally derived from multiple sources, 56 

such as the lithogenic matrix, atmospheric deposition, industrial activities, coal 57 

combustion, and traffic emissions [1, 4, 12, 13]. The various complex sources in urban 58 

areas contribute to the complexity of the contamination conditions. Urban soils are 59 

characterised by significant spatial heterogeneity from exogenous materials and 60 

geogenic matrix [3-5]. Road dust is primarily affected by road materials, traffic sources, 61 

and nearby industrial emissions [14]. As another environmental compartment, foliar 62 

dust includes falling particles from typical urban aerosols and other dust re-suspension 63 

[10, 15]. These urban compartments represent different sources for contaminants, and 64 

deciphering the quantitative contributions of contamination sources to the urban 65 

environment matrix is critical for their corresponding regulation and remediation.  66 

To quantitatively identify metal input and separate the effect of a specific source, 67 

Pb isotopic signatures have been widely used to distinguish various Pb sources in urban 68 

environments [12, 16, 17] because of identical fingerprinting. Nevertheless, it is 69 

difficult to identify the exact contribution from complicated sources to other trace 70 

metals including Cu, Zn, etc. only using this method. The Absolute Principal 71 

Component Scores-Multiple Linear Regression (APCS-MLR) receptor model has been 72 

widely used to evaluate the source contribution of trace metals in fine particulate matter 73 

in air [18] and recently in urban soil [5, 19]. The APCS-MLR model enables source 74 

apportionment at each sampling location and the quantitative contributions of a 75 
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contaminant to each source group [20]. Elucidating the specific source for trace metal 76 

contamination at a city scale is critical for urban environmental management. However, 77 

elucidation of such a spatial pattern of anthropogenic contributions to trace metals in 78 

various environmental compartments, particularly in a megacity, remains unclear. 79 

Furthermore, whether there is any difference or acceptable suitability using different 80 

environmental compartments to explain trace metal contamination status in an urban 81 

area continues to need more evaluation. Therefore, based on previous studies [5, 18-82 

20], we aimed to resolve the main contamination sources in an urban environment, and 83 

compare the suitability of soil, road dust, and foliar dust to describe urban 84 

contamination conditions in a typical megacity.  85 

    Guangzhou is a megacity in southern China, where industrial/traffic/agricultural 86 

activities have resulted in trace metal contamination in urban soil, road dust, plants, and 87 

aerosols to various extents [6, 21-25]. The objectives of the present study were to (1) 88 

investigate the trace metal concentration and distribution in the surface soil (0–3 cm), 89 

road dust, and foliar dust in Guangzhou and (2) spatially quantify the natural or 90 

anthropogenic contributions of trace metals using the APCS-MLR model, Kriging 91 

technique, and Pb isotopes. Clear spatial distribution of the prevailing contaminants 92 

(e.g., traffic and industrial emissions) in urban environments can facilitate our 93 

understanding of the transport of metal pollutants among different environmental media. 94 

2. Materials and methods 95 

2.1. Study area and sample collection 96 

    Samples were collected in the city center of Guangzhou, China (22°26′–23°56′N, 97 

112°57′–114°03′E) during November 2012. The sampling area covers approximately 98 

200 km2 and consists of typical industrial, commercial, and residential districts (Figure 99 

S1). The whole area was divided into 200 cells 1 km × 1 km in size, in which surface 100 

soil (0–3 cm, n=180), top soil (0–15 cm, n=180), road dust (n=178), and tree leaves 101 

(n=160) were collected. Generally, surface soil (e.g., 0–3 cm) represents the soil 102 
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contamination status and affects oral ingestion and inhalation because it can be easily 103 

re-suspended [26]. Top soil at depths of 0–10 or 0–15 represents the mixed soil layers 104 

and is often used for assessing health risk [27]. In the present study, soil samples at each 105 

location were collected at 0–3 cm (surface soil) and at 0–15 cm (top soil) using a 106 

stainless-steel trowel. Each of the soil samples consisted of nine sub-samples obtained 107 

in a 2 m × 2 m grid. Road dust samples were obtained at a roadside near the soil 108 

sampling sites using a brush and dustpan. Tree leaves were collected from banyan trees 109 

(Ficus microcarpa), which can be found throughout Guangzhou. To maintain the 110 

consistency of the leaf samples, the heights of the sampled tree leaves ranged from 1.5 111 

to 2 m. All of the samples were placed in polyethylene bags for transport and storage. 112 

2.2. Sample preparation and analysis 113 

Soil and road dust samples were dried in an oven at 60ºC for 3 days. Thereafter, 114 

they were crushed and sieved through a 2-mm polyethylene sieve to remove stones, 115 

coarse materials, and other debris. Leaf samples were divided into two batches: one 116 

washed by deionised water to eliminate foliar dust and one that was unwashed. Both 117 

the washed and unwashed leaf samples were dried in an oven at 60°C for 3 days. All 118 

the plant samples were ground into powder using a clean stainless-steel coffee grinder 119 

before analysis [22]. No contamination in the samples was observed from the grinder. 120 

The prepared samples (0.20 g of soil, 0.10 g of road dust, and 1.00 g of tree leaves) 121 

were treated using a pseudo-total digestion method [3, 28]. Briefly, the samples were 122 

digested with concentrated HNO3 and HClO4 (4:1 (v/v) for soils and dust; 8:1 (v/v) for 123 

plants) in an aluminum heating block until dry, and then leached with 10 ml of 5% (v/v) 124 

HNO3 at 70 oC for 1 h. Finally, the total concentrations of metals were determined using 125 

inductively coupled plasma-atomic emission spectrometry (ICP-AES, Perkin Elmer 126 

Optima 3300DV). Quality assurance and quality control (QA/QC) were confirmed 127 

using standard reference materials including NIST SRM 2709a and ERM-CC141 128 

(matrix for soil and road dust) and NIST SRM 1515 and 1573a (matrix for tree leaves), 129 

reagent blanks, and 10% replicates of the total samples. The recovery rates of the 130 



6 
 

majority elements for NIST SRM 2709a, ERM-CC141, NIST SRM 1515, and NIST 131 

SRM 1573a were approximately 80-118% except for some elements including Pb, Al, 132 

Cr, and Ni in some reference materials (Table S1), probably because of their low 133 

concentration and the absence of HF in the digestion process. The duplicate samples 134 

showed the bias was less than 5%.  135 

2.3. Pb isotopic composition analysis     136 

The Pb isotopic compositions of the selected soil, road dust, and tree leaves were 137 

measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 138 

Technologies 7700 series). An international standard reference material (NIST SRM 139 

981, common lead) was used for sample calibration and QA/QC. The relative standard 140 

deviation (RSD) of the 100 replicates was generally less than 0.6%. The measured 141 

204Pb/207Pb, 206Pb/207Pb, and 208Pb/207Pb ratios of NIST SRM 981 were 0.0646±0.0001, 142 

1.0933±0.0017, and 2.3720±0.0018, respectively, which were in close agreement with 143 

the standard reference values of 0.0645, 1.0933, and 2.3704, respectively. 144 

2.4. Calculation of trace metal concentrations in foliar dust 145 

Trace metal concentrations in foliar dust can be estimated by the following 146 

equations: 147 

( ) ( ) (1)dust dust leaf leaf leaf leaf total totalC S C S C Massρ ρ⋅ ⋅ + ⋅ ⋅ = ⋅   148 

(2)total dust leaf leaf leafMass S Sρ ρ= ⋅ + ⋅ ⋅  149 

Where dustC , totalC , leafC  are metal concentration in foliar dust, unwashed tree leaves, 150 

and washed tree leaves, respectively; totalMass  is the mass of unwashed tree leaves; 151 

leafS  is the area of leaf surface; leafρ  is leaf mass per unit area of leaf surface and was 152 

measured in the lab which approximated to 60.00 g·m-2; dustρ  is foliar dust mass per 153 

unit area of leaf surface. dustρ  is approximated to 1.16 g·m-2, the average maximum 154 
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dust-retention amount (g·m-2) on the same type of tree leaves (Ficus microcarpa) in 155 

commercial/traffic areas in Guangzhou [29]. Only one data was assigned to dustρ  156 

regardless the land use types, because almost all the samples were collected at roadsides, 157 

and variation from the land use types could be reduced during storage and transportation. 158 

It is important to note that the mass density of foliar dust under real-world conditions 159 

could be varied depending on the land use types. The calculated concentrations of Co, 160 

Cr, Cu, Ni, Pb, and Zn were 72%, 109%, 111%, 99%, 93%, and 73% of the 161 

corresponding metal concentrations of foliar dust measured by Zheng et al. [30] in 162 

Guangzhou. 163 

2.5. Data analysis 164 

    An enrichment factor (EF), defined as the ratio of trace metal concentration in 165 

samples to the corresponding background concentration in Guangzhou [31], was used 166 

to estimate the anthropogenic influence on trace metal contamination in the soil and 167 

road dust [32]. An EF value less than 1 indicates that the source of trace metal is mainly 168 

of crustal origin or from natural weathering, while trace metals may originate from 169 

anthropogenic sources if the EF is greater than 1.  170 

    All the statistical analyses were conducted using PASW Statistic Version 18.0. 171 

Data were logarithm transformed to reduce the influence of high values prior to 172 

statistical analysis with details provided in the Supporting Information (SI). Principal 173 

component analysis (PCA) was conducted for source identification. The data set of 174 

surface soil, road dust, and foliar dust in the study was suitable for PCA with Bartlett 175 

test (p <0.01) and Kaiser-Meyer-Olkin (KMO) data ranging from 0.749 to 0.882, 176 

showing the data is suitable for Factor Analysis [33]. The receptor model APCS-MLR 177 

[19, 20] was used to estimate the contributions (%) of various anthropogenic sources to 178 

each metal in the urban soil, road dust, and foliar dust. The details of the receptor model 179 

(APCS-MLR) can be found in the SI.  180 

2.6. Geostatistical analysis 181 
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    The EFs of the trace metals in the surface soil and road dust, trace metals in foliar 182 

dust, factor scores from PCA, and source contributions (%) obtained from APCS-MLR 183 

were interpolated. The Kriging interpolation is the principal geostatistical technique to 184 

predict attribute values at un-sampled locations using information related to one or 185 

several attributes through capitalizing on the spatial correlation between the 186 

observations [34]. Semi-variogram (e.g., spherical, Gaussian, and exponential model) 187 

was used in the interpolation to quantify the spatial variability between two points as a 188 

function of their distance. The selection of experimental variogram model and Kriging 189 

interpolation were conducted using ArcGIS 10.2 (ESRI Inc., USA). 190 

3. Results and discussion  191 

3.1. Trace metal concentrations in surface soil, road dust, and foliar dust 192 

The concentrations of trace metals in the surface soil, road dust, and foliar dust are 193 

shown in Table 1. For the surface soil (0-3 cm), trace metals generally exhibited a 194 

significant correlation to that of the top soil (0–15 cm) (p <0.01, Table S2), showing 195 

their similar roles in identification of urban soil contamination. Because surface soil is 196 

more easily suspended into the air than topsoil for human inhalation and health risk [26, 197 

35], only surface soil was discussed in the present study. Of the surface soils, a large 198 

number of samples exceeded the background values of the detected trace metals, 199 

including Co (76%), Cr (74%), Cu (97%), Ni (93%), Pb (69%), and Zn (93%), 200 

indicating a wide range of urban soil contamination in Guangzhou. Compared to other 201 

cities in China (Table S3), the metal concentrations in the urban soil in Guangzhou were 202 

generally lower than those in Shanghai [7] and Hong Kong [2], but higher than those in 203 

Beijing [36]. Compared to foreign countries, the concentration levels were lower than 204 

Athens (Greece) [37], but higher than Berlin (Germany) and Madrid (Spain) [38]. In 205 

comparison to metal concentrations in Denver (USA) [38] and Melbourne (Australia) 206 

[39], the concentrations of Pb and Zn were lower but the concentrations of Cr, Cu, and 207 

Ni were higher in Guangzhou.   208 



9 
 

The concentrations of Co, Cr, Cu, Ni, Pb, and Zn in different land use areas in 209 

Guangzhou are shown in Figure 1. Approximately 70–100% of the suburban samples, 210 

73–97% of the institution/park samples, 67–96% of the residential samples, 54–96% of 211 

the commercial samples, 85–100% of the industrial samples, and 100% of the orchard 212 

samples exceeded the background value of Guangzhou. Specifically, trace metal 213 

concentrations from industrial and orchard areas were significantly (p <0.05) higher 214 

than those from other land use areas (Figure 1), showing severe trace metal 215 

contamination from anthropogenic activities in the urban environment, which need 216 

remediation before further land reuse. The results indicated that because of rapid 217 

urbanisation, the Guangzhou urban soil has been contaminated to a different extent 218 

depending on the land use, as is often the case for industrial and urban development in 219 

many regions such as Hong Kong [2], Shanghai [7], Beijing [36], Melbourne [39], 220 

Athens [40], and New York [41]. 221 

Trace metal concentrations in road dust are shown in Table 1. Comparing to the 222 

nearby corresponding soil samples, most of the road dust showed higher trace metal 223 

concentrations, particularly for Cu, Zn, and Pb (Table 1), consistent with a previous 224 

publication [7]. After transforming metal concentrations to EF values compared to the 225 

background value (Table S4), we observed much higher EF values of Cu (median value 226 

at 7.7) and Zn (median value at 6.3) in road dust, suggesting their specific traffic origin, 227 

probably from brake abrasion and tire wear [2, 11, 42]. The road dust samples generally 228 

showed a black colour, suggesting brake abrasion and tire debris products. Various 229 

traffic conditions including traffic volume and speed considerably affect trace metal 230 

concentration levels if considering the traffic source as the primary contribution source 231 

[14]. By grouping the samples based on traffic volume and speed [43], it was found that 232 

the concentrations of Cu and Zn in road dust slightly increased with the increasing 233 

traffic volume (Figure S2). Some studies have reported that a high occurrence of 234 

braking on a road, particularly during heavily congested traffic periods, produces more 235 

Cu/Zn/Pb contamination in road dust [44, 45]. The effect of traffic speed on trace metal 236 

variation was not obvious (Figure S3). Interestingly for the Pb concentration in road 237 
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dust, no significant effect was observed by traffic volume and speed possibly because 238 

of the use of lead-free petrol in Guangzhou since 1997. Therefore, considering the 239 

relation of Cu/Zn to traffic conditions, Cu/Zn levels may be considered as an 240 

environmental marker for traffic sources during recent years rather than Pb. 241 

In addition to traffic factors, we observed increasing concentrations of trace metals 242 

including Cr, Cu, Pb, and Zn in road dust in the industrial area, suggesting considerable 243 

influence of industrial sources on road dust (Figure 1). Other factors such as urban 244 

waste during transportation; city construction and building restoration; the use of 245 

pesticides, fertilisers, and medical devices; plant fragments from nearby vegetation; and 246 

soil-originated deposits may also result in contamination to road dust, making the 247 

contamination sources more complex [8, 42, 46]. 248 

Trace metal concentrations in tree leaves and foliar dust are shown in Table 1. For 249 

tree leaves, trace metal concentrations in the washed samples showed significant 250 

differences (p <0.05) in comparison to those of the unwashed samples, suggesting 251 

deposited trace metals on the leaf surface from suspended soil particles and atmospheric 252 

particular matter [9]. Foliar dust in the industrial region showed relatively higher 253 

concentrations of trace metals than those from the other land use areas (Figure 1) with 254 

significance for Pb (p <0.05), showing deposition of atmospheric particles from 255 

industrial sources. Correspondingly, trace metals in the foliar dust decreased with 256 

increasing distance from the emission source (e.g., a power plant and steel factory), as 257 

identified by Pb and Zn with significant difference (p <0.05, Figure 2).  258 

3.2. Spatial distribution of trace metals in surface soil, road dust, and foliar dust 259 

A distribution map was developed for each trace metal in each environmental 260 

compartment (Figure 3 for Cu, Pb, Zn; and Figure S4 for Co, Cr, Ni). In the surface 261 

soils, high concentrations of trace metals were observed near a steel factory (southwest 262 

Guangzhou, Figure 3 a-c) and around the orchards (south Guangzhou, Figure 3 a-c). 263 

Trace metal contamination at similar sites has been reported in previous studies [22, 264 
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47]. The high concentrations around the power plant were possibly caused by coal 265 

combustion, and other typical urban emissions, such as traffic sources [11, 48].  266 

    In the road dust, the trace metal distribution patterns are shown in Figure 3 d-f (Cu, 267 

Pb, and Zn) and Figure S4 d-f (Co, Cr, and Ni) with clear spatial heterogeneity. High 268 

concentrations of Cu, Zn, Ni, and Pb were found in the area with high density of major 269 

roads and heavily congested traffic (shown with high traffic volumes (Figure S5) and 270 

low vehicular speed (Figure S6)). Hot spots of Pb, Zn, Cr, and Co were also found in 271 

areas near the industrial sites, such as the steel factory to the southwest, brickyard, and 272 

some chemical industrial sites to the northeast, suggesting industrial influence on the 273 

road dust. In addition, the intensive traffic volume for industrial transport and the 274 

frequent brake abrasion and stop-start maneuvers during loading/unloading often 275 

produce a high amount of trace metals in industrial regions [6, 14]. It was demonstrated 276 

that driving conditions, such as heavy load applied on the tire surface and harsh braking, 277 

could increase the emission of tire wear particles which contained a large amount of 278 

trace metals, particularly Zn [49]. 279 

   Foliar dust generally showed similar distribution patterns of trace metals to those of 280 

surface soil (Figure 3 g-i for Cu, Pb, Zn; and Figure S4 g-i for Co, Cr, Ni), with hot 281 

spots around the power plant and the southwest and northeast areas where industrial 282 

activities prevail. Consistently, Liu et al. [29] found the highest dust accumulation on 283 

leaves collected in the industrial areas of Guangzhou and a significant accumulation of 284 

dust deposits on leaves was also found in industrial regions of a city in Italy [10]. It has 285 

been reported that gravity or wind impacts contribute to atmospheric dust deposits on 286 

leaves [10, 15]; therefore, foliar dust can reflect nearby contamination sources. Trace 287 

metal concentrations (mg kg-1) in foliar dust varied with a decreasing order of Zn (744) > 288 

Cu (223) > Pb (216) > Cr (129) > Ni (40.8) > Co (8.09). This decreasing trend among 289 

metals of foliar dust was similar to that of the Guangzhou atmospheric dry depositional 290 

fluxes (mg/m2/yr, Zn (54.1) > Cu (9.77) > Cr (6.53) > Ni (3.01) > Co (0.48)) [50], 291 

indicating that trace metal concentrations in foliar dust were close associated with 292 
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atmospheric dry deposition. 293 

3.3. Source identification using Pb isotopic compositions 294 

Lead isotopes were analyzed to identify the potential sources of trace metals, 295 

particularly Pb, in surface soil, road dust, and foliar dust (Figure 4). Generally, surface 296 

soil showed much higher 206Pb/207Pb and 208Pb/207Pb ratios compared to those in road 297 

dust, foliar dust, and PM2.5 [51]. Similar scopes of Pb isotopic compositions were found 298 

in road dust, foliar dust, and PM2.5, showing similar Pb sources and possible transport 299 

between each other.  300 

Lead isotopic compositions in surface soils were 1.1699–1.2039 for the 206Pb/207Pb 301 

ratio and 2.4506–2.4934 for the 208Pb/207Pb ratio (Table 2 and Figure 4). The Pb isotopic 302 

compositions fell within a range of local traffic/industrial/coal sources and background 303 

values in Guangzhou (Table S5-S6) [16, 24, 52-56], showing mixing sources 304 

contributed to Pb contamination in urban soils. The higher Pb concentrations in soil 305 

were linked to the lower 206Pb/207Pb and 208Pb/207Pb ratios (Figure S7), and thus the 306 

heavier contaminated soils had Pb isotopic compositions (206Pb/207Pb and 208Pb/207Pb) 307 

closer to the vehicular and industrial emission sources. Specifically, the industrial sites 308 

contributed to the nearby surface soil, with a decreasing pattern of Pb isotopic ratios 309 

(206Pb/207Pb and 208Pb/207Pb) in some samples from industrial sites.  310 

For road dust, the Pb isotopic compositions (206Pb/207Pb and 208Pb/207Pb) were in 311 

the region between the unleaded gasoline, leaded gasoline, industrial sources, and urban 312 

soils (Figure 4, Table S5-S6). Historically used gasoline with Pb additives significantly 313 

contributed to Pb in the Guangzhou road dust before the phase-out of leaded gasoline 314 

and even several years thereafter [57]. Nevertheless, in the present study, a significant 315 

linear correlation between 206Pb/207Pb and 208Pb/207Pb (R2=0.96) was found in road dust 316 

samples and unleaded gasoline used in Chinese cities (Figure 4). Additionally, an 317 

overlap of Pb isotopic compositions (206Pb/207Pb and 208Pb/207Pb) was observed 318 

between road dust samples and unleaded gasoline samples (Figure 4). As shown in 319 

Figure S7, the Pb isotopic ratios (206Pb/207Pb and 208Pb/207Pb) of road dust were higher 320 
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than those of soils with significant difference (p <0.05 for 206Pb/207Pb; p <0.01 for 321 

208Pb/207Pb), demonstrating the different sources of Pb between road dust and urban 322 

soils. Furthermore, the level of Pb contamination of road dust was negatively linked to 323 

the Pb isotopic ratios (206Pb/207Pb and 208Pb/207Pb) (Figure S7). Because a small amount 324 

of Pb (60–280 μg/L) remains in unleaded gasoline in China [17], this negative 325 

correlation highlighted the significance of unleaded gasoline (with lower Pb isotopic 326 

ratios) on Pb contamination in the road dust. Similarly, vehicle exhaust from unleaded 327 

gasoline and diesel fuels has been reported as a major source of Chinese road dust after 328 

the prohibition of leaded gasoline in Beijing [4] and Nanjing [12]. The combined results 329 

indicated that the major Pb sources of road dust were from unleaded gasoline. In the 330 

industrial regions with heavier Pb contamination of road dust, the Pb isotopic 331 

compositions of the road dust differed from those of the industrial sources but were near 332 

those of unleaded gasoline. Intensive vehicular traffic for industrial transport could 333 

cause an increase in the Pb concentration in industrial road dust [6, 14]. Our results 334 

indicated that heavy-duty vehicles for industrial transport instead of direct industrial 335 

emissions could largely contribute to the Pb contamination of road dust in industrial 336 

regions.   337 

For tree leaves (Figure 4 and Table 2), the unwashed leaves showed values of 338 

1.1677–1.1738 for the 206Pb/207Pb ratio and 2.4416–2.4633 for the 208Pb/207Pb ratio; the 339 

corresponding washed leaves showed values of 1.1670–1.1762 for the 206Pb/207Pb ratio 340 

and 2.4357-2.4645 for the 208Pb/207Pb ratio. The Pb isotopic compositions of the washed 341 

leaves generally fell within the range between unwashed leaves/PM2.5 and soils, but 342 

were much nearer unwashed leaves/PM2.5, in line with studies conducted in Shanghai 343 

[58], Nanjing [59], the North Pennines of the United Kingdom [60], and Biesbosch 344 

National Park in the Netherlands [61]. The Pb isotopic ratios (206Pb/207Pb and 345 

208Pb/207Pb) of the leaves were obviously less than those of the soils, probably because 346 

1) the mobile/bioavailable/bioaccessible fractions of the soil had Pb isotopic ratios 347 

(206Pb/207Pb and 208Pb/207Pb) nearer those of anthropogenic sources [27, 62, 63] and 348 

thus the plants preferentially took up more labile anthropogenic Pb forms [64], and 2) 349 
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Pb in the plant leaves was primarily a function of foliar uptake from atmospheric 350 

deposition [58, 60] as supported by the similarity of the Pb isotopic compositions in the 351 

unwashed leaves/PM2.5 and leaves. Based on the calculation process of trace metal 352 

concentrations (section 2.4), it was estimated that the Pb isotopic compositions 353 

(206Pb/207Pb and 208Pb/207Pb) in the unwashed leaves were the mixed results from those 354 

in the corresponding foliar dust and washed leaves. By comparing the Pb isotopic 355 

compositions (206Pb/207Pb and 208Pb/207Pb) between the washed and the corresponding 356 

unwashed leaf samples in Table S6, the possible Pb isotopic compositions (206Pb/207Pb 357 

and 208Pb/207Pb) of foliar dust were estimated and circled in red in Figure 4, which were 358 

similar to those of the Guangzhou PM2.5 particles, and within the range of the industrial 359 

sources and traffic exhaust. The comparison results indicated air particle deposition on 360 

tree leaves from nearby contamination sources. Furthermore, the unwashed leaf 361 

samples from the industrial contaminated regions showed a Pb isotopic composition 362 

encircling the industrial sources, showing the industrial influence on nearby foliar dust. 363 

It should be noted that the Pb isotopic compositions of an unwashed leaf sample from 364 

a construction site showed different Pb isotopic compositions. Thus, construction 365 

activities may also alter the Pb isotopic signatures of the foliar dust.  366 

3.4. Source apportionment using APCS-MLR and its spatial variation 367 

The aforementioned analysis indicated that there were primarily two sources 368 

contributing to the urban soil contamination: industry and traffic. Nevertheless, the 369 

exact contribution extent of various contamination sources to these trace metals in each 370 

urban compartment is not clear, which is critical for further environmental assessment 371 

and remediation. Therefore, statistical PCA (Table S7) and APCS-MLR (Table S8) were 372 

employed to identify the composite contribution to the urban environmental matrix. 373 

Compared to geogenic influences, the anthropogenic contributions accounted for a 374 

much higher percentage of trace metals, particularly for Cu, Pb, and Zn in all the 375 

compartments (Table S8).  376 

PCA analysis indicated three components, accounting for 69–89% of the total 377 
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variance of the data (Table S7). The factor scores of each component were interpolated 378 

for source identification according to previous studies [65, 66] as shown in Figure S8. 379 

In the surface soil, the first component (PC1) was composed of Cr, Mn, and Ni and the 380 

second component (PC2) Cu, Pb, and Zn. Approximately 65–97% of these elements in 381 

these PCs (PC1 and PC2) showed EF values higher than 1. PC1 exhibited two hot spots 382 

around a steel factory and orchards, and high loadings of PC2 were mainly located in 383 

the industrial areas, around the power plant, and at roadsides with high traffic volumes 384 

(Figure S8 a-b), indicating their anthropogenic industrial, traffic, and agricultural 385 

sources. Quantitative analysis using APCS-MLR indicated that anthropogenic sources 386 

(PC1 and PC2) accounted for 80% of the Cu, 58% of the Pb, and 78% of the Zn 387 

contamination in surface soils. The average anthropogenic contribution (PC1 and PC2) 388 

of Cu, Pb, and Zn in the urban soils decreased in the order of industrial sites (70–389 

85%) >high traffic sites (61–81%) >low traffic sites (57–79%) (Table S9). In particular, 390 

the anthropogenic contribution to Cu, Pb and Zn in urban soils of industrial sites showed 391 

significant difference (p <0.05) with those of other sites. The results were generally in 392 

line with the Pb isotopic analysis, indicating that the Cu, Pb, and Zn contamination in 393 

the Guangzhou urban environment is mainly caused by anthropogenic influence and 394 

urban soil was a good indicator of the development a city. The third component (PC3) 395 

was associated with Co, Al, and Fe with low EFs (0.2–1.4) and should be classified as 396 

background lithogenic sources [65]. 397 

In the road dust, PC1 was composed of Co, Cr, Fe, Mn, Pb, and Zn with EF values 398 

of 1.1–6.9, showing hot spots in industrial areas and some major roads with high traffic 399 

volumes (Figure S8 d), which contributed as the major sources in road dust. The APCS-400 

MLR model indicated that 71±12% of the Pb and 48±14% of the Zn was derived from 401 

industrial activities and heavy traffic (PC1) all over the urban area (Table S8). PC2 402 

included Cu and Ni, with extremely high Cu (10.3) and Ni (2.0) EF values. The major 403 

hot spot (Figure S8 e) was coincided with high traffic volumes (Figure S5), major road 404 

systems, and heavily congested traffic as indicated by the low vehicular speed (Figure 405 

S6). Other high factor loadings of PC2 were also overlapped with high traffic volumes 406 
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shown in Figure S5. These results indicated the major contribution of traffic emissions 407 

to PC2, which is consistent given that Cu and Ni mainly originate from exhaust 408 

emissions and brake abrasion [3, 14, 67]. The direct traffic sources (PC2) (Figure 5) 409 

contributed to 100% of the Cu, 40–50% of the Pb, and 50–60% of the Zn in road dust 410 

in the area with highest population density [43] and dense traffic network (Figure S6). 411 

This was in line with the concentration levels that trace metals, particularly Cu, 412 

increased because of heavily congested traffic. Thus, the spatial distribution of the 413 

traffic impacts was clearly represented by PC2 in the road dust and Cu may be a possible 414 

indicator of road dust contamination. PC3 in the road dust included only Al with a low 415 

EF value (0.1–0.7), suggesting a source of soil matrix to road dust.  416 

In foliar dust, Al, Fe, and Pb together constituted PC1 and were attributed to local 417 

coal combustion and other industrial emissions [68], as supported by the overlap 418 

between the hot spots and known industrial activities (Figure S8 g). The contribution 419 

of industrial sources (PC1) to trace metals in foliar dust increased in the hot spots 420 

around the power plant and industrial districts (Figure 5). As shown by the Pb and Zn 421 

concentrations in Figure 2, significant influence from such emissions was highest near 422 

the emission sources and gradually decreased as the plume dispersed [69] (p <0.05). 423 

Thus, the spatial industrial influence was clearly exhibited by the distribution of PC1 in 424 

the foliar dust. PC2 was composed of Cu, Zn and Cr, with hot spots located at roadside 425 

sites under overpasses (Figure S8 h), indicating the traffic contribution of PC2. The 426 

gravity and wind impacts could contribute to traffic dust from overpasses deposited on 427 

plant leaves. Traffic contributions (PC2) contributed to more than 40% of the Cu and 428 

Zn, and 16-56% of the Pb in foliar dust next to overpasses (Figure S11 d-f). Cobalt and 429 

Ni comprised PC3, and were attributed mainly to soil re-suspension, according to the 430 

similar concentrations of Co between surface soils and foliar dust (Table 1). Chromium 431 

and Ni revealed similar moderate loadings on different PCs (Table S7), indicating the 432 

multiple source influence on their distribution.  433 

3.5 Implications on trace metal cycling, contamination indicators, and health risk 434 
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assessment in urban environment 435 

Trace metals in a megacity spread from various anthropogenic sources to 436 

environmental compartments, and there is exchange between them (Figure 6). Pairwise 437 

correlations among surface soil, road dust, and foliar dust were found for Pb and Zn 438 

(Table S2), reflecting the similar responses among these environmental compartments 439 

to Pb and Zn sources. Industrial emissions were identified as a major source for trace 440 

metal contamination in the Guangzhou urban environment. At a citywide scale (Figure 441 

5) and zooming in on industrial regions (Figure 2), our study showed the spatial 442 

industrial influence on foliar dust with an affecting distance of approximately 3 to 4 km, 443 

similar to studies conducted of soils [70-72]. However, soil metals were not negatively 444 

correlated with the distance from the sources in our study probably because of more 445 

varied sources in the urban soils [71]. As another important source of trace metals, the 446 

traffic influence on road dust decreased along with the distance from the city center at 447 

a city scale (Figure 5). Studies [73-75] reported that the traffic influence on soil metals 448 

was generally limited from 3 to 250 m, although it was not clearly shown in our study 449 

using a 1 km × 1 km sampling density. The compartmental comparisons demonstrated 450 

the different suitability of soil, road dust, and foliar dust in describing different types of 451 

urban contamination sources. This may facilitate the selection of a contamination 452 

indicator for environmental assessment before performing a specific land remediation 453 

and creating informed guidelines for pollution control. 454 

In urban environments, trace metals are transported from these sources to 455 

terrestrial compartments via dry and wet deposition, while the resuspension of 456 

terrestrial dust also contributes considerable trace metals to nearby compartments [46]. 457 

For example, re-suspended soil contributed 0–38% and 25-58% of the trace metals in 458 

the Guangzhou road dust and foliar dust, respectively (Table S8). Our previous work 459 

[24] also demonstrated that finer-grained particles of soil dust were more sensitive to 460 

anthropogenic Pb sources and had a higher resuspension ability as compared to bulk 461 

soil. Therefore, the health risk from terrestrial dust, such as soil dust and road dust, 462 
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should be considered around industrial areas and some sensitive regions such as 463 

orchards, where children playing should be avoided and workers should be protected 464 

from inhalation by a mask while working.  465 

Conclusion 466 

Our systematic geochemical survey of soil, road dust, and foliar dust in the megacity 467 

Guangzhou showed that trace metal contamination was mainly affected by local 468 

industrial and traffic activities. An industrial influence was clearly exhibited by the Pb 469 

and Zn in foliar dust, and the Cu content in road dust was a good indicator of traffic 470 

contamination. Re-suspended soil contributed 0–38% and 25-58% of the trace metals 471 

in the Guangzhou road dust and foliar dust, respectively, indicating the transport of the 472 

different terrestrial dust. The plots of the 206Pb/207Pb vs. 208Pb/207Pb ratios implied 473 

similar Pb sources for road dust and foliar dust, and potential transport of Pb between 474 

these environmental compartments in the urban environment. Using combined APCS-475 

MLR analysis, geostatistics, and Pb isotopes, we successfully deciphered the spatial 476 

influence of contamination sources in the urban environment matrix, providing 477 

important information for further land remediation and health risk assessment. 478 
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Table 1 Metal concentrations (mg kg-1) in different environmental compartments, and background values. 671 

Sample (n) 
 

Co Cr Cu Ni Pb Zn Al Fe Mn 
Surface soils 
(180) 

Mean±SD 8.60±3.34 54.8±29.5 44.1±32.9 24.2±17.4 57.4±30.4 153±99.4 39277±1531
5 

22759±6286 347±306 

 
Median 7.94 48.7 35.2 20.2 49.4 126 37880 22039 296  
Range 2.75-18.2 17.0-283 4.90-209 7.86-201 14.5-212 31.9-671 5708-85865 6917-42107 8-3405 

Road dust 
(178) 

Mean±SD 6.90±1.76 64.3±49.9 102±78.6 23.6±11.2 84.1±41.2 384±164 12055±5506 21184±8459 411±482 

 
Median 6.67 55.4 80.1 20.8 76.2 361 10669 19257 299  
Range 3.77-14.0 15.1-498 20.5-438 9.20-88.8 25.6-280 87.9-992 5458-40355 11607-

82703 
126-4907 

Foliar dust 
(160) a 

Mean±SD 8.09±3.97 129±77.1 225±126 40.8±25.4 216±277 744±731 13125±9293 15401±9725  

 
Median 7.51 115 201 34.8 165 563 10568 12554   
Range 1.21-21.7 7.66-541 47.2-895 3.73-192 33.6-3024 72-7533 2253-66826 2999-53151  

Washed 
leaves (160) 

Mean±SD 0.16±0.03 1.04±0.47 6.9±1.71 0.70±0.26 2.37±2.83 20.8±5.92 246±176 289±184  

 
Median 0.16 0.98 6.68 0.65 1.68 19.9 198 235   
Range 0.09-0.28 0.11-3.10 3.83-13.3 0.26-2.24 0.24-26.7 11.3-45.9 41-1260 55-1000  

Guangzhou 
background 
soil b 

 6.3 39 10.4 12.3 41 58 

56153 15737 235 
a: Mn concentrations were not shown because most of the Mn concentration of tree leaves were below the detection limit; b: Guangdong Geological Survey [31]. 
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Table 2 Summary of Pb isotopic compositions (mean (minimum-maximum)) of the samples. 674 

Sample (n=40) 204Pb/207 Pb 206Pb/207 Pb 208Pb/207 Pb 

Surface soil (n=10) 0.0636 (0.0633-0.0639) 1.1815 (1.1678-1.2016) 2.4675 (2.4506-2.4897) 

Road dust (n=10) 0.0638 (0.0636-0.0640) 1.1672 (1.1521-1.1755) 2.4527 (2.4381-2.4627) 

Unwashed leaf (n=10) 0.0639 (0.0637-0.0641) 1.1704 (1.1677-1.1738) 2.4493 (2.4416-2.4633) 

Washed leaf (n=10) 0.0639 (0.0636-0.0643) 1.1710 (1.1670-1.1762) 2.4462 (2.4357-2.4645) 

675 
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Figure captions 676 

Figure 1 Trace metal concentrations of environmental compartments in different land 677 

use areas including the sample numbers listed below the x-axis. The box represents the 678 

data between the 25th and 75th percentiles. The small square and horizontal line within 679 

the box indicates the mean and median data, respectively. The whiskers (error bars) 680 

above and below the box indicate the 95th and 5th percentiles, respectively. The asterisks 681 

indicate the 1st and 99th percentile. 682 

Figure 2 Impact of the steel factory (a-b) and power plant (c-d) on the Pb and Zn 683 

concentrations in the foliar dust. The x-axis indicates increasing distance from the 684 

industrial source. Pearson's r and p values were listed in the figures. 685 

Figure 3 Distribution of Cu, Pb, and Zn concentrations (mg kg-1) in the surface soil (a-686 

c), road dust (d-f), and foliar dust (g-i). The area with highest population density [43] 687 

and dense traffic network (Figure S6) was circled in red in (d). 688 

Figure 4 Lead isotopic compositions (206Pb/207Pb vs. 208Pb/207Pb) of different urban 689 

compartments. Data for possible Pb sources [16, 24, 51-56] were included in (a) for 690 

comparison. All data in the dashed rectangle in (a) are enlarged in (b) and Pb isotopic 691 

compositions of coals and traffic sources are aggregated in (b). The red line in (b) was 692 

obtained from the linear regression of road dust samples of this study and unleaded 693 

samples from literatures [16, 52-54] with R2=0.96. Detailed information is listed in 694 

Tables S5 and S6.  695 

Figure 5 Spatial variation in traffic contributions (PC2, a–c) and industrial 696 

contributions (PC3, d–f) to Cu, Pb, and Zn in road dust and foliar dust, respectively. 697 

The area with highest population density [43] and dense traffic network (Figure S6) 698 

was circled in red in a (Cu). In the road dust, PC2 was the single independent variable 699 

in the APCS-MLR model for Cu, indicating the predominant source of Cu in road dust 700 

from traffic activities. 701 

Figure 6 Scheme for trace metal sources and cycling in urban compartments including 702 
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surface soil, road dust, and foliar dust in the megacity Guangzhou. The arrows indicate 703 

the transport of trace metals from sources, such as lithogenic sources, industrial 704 

emission/coal combustion, traffic exhaust/industrial transport, orchard activity, 705 

atmospheric deposition, particle resuspension from surface soil and road dust, and other 706 

anthropogenic sources. The numbers are the ranges of certain sources contributing to 707 

the trace metals in each terrestrial urban compartment obtained using APCS-MLR 708 

modeling.709 
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Figure 4 722 
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