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Abstract Street dust and surface soil samples in urban

areas of Dalian, a coastal city in Liaoning Province, China,

were collected and analyzed for 25 polycyclic aromatic

hydrocarbons (PAHs). The concentrations, distribution, and

sources of PAHs in dust and soil were determined. The

concentrations of total PAHs in street dust ranged between

1890 and 17,070 ng/g (dry weight), with an average of

7460 ng/g, whereas the concentrations of total PAHs in

surface soil varied greatly, from 650 to 28,900 ng/g, with a

mean value of 6440 ng/g. Statistical paired t-test confirmed

that total PAH concentrations have no significant difference

between street dust and surface soil. Mean PAH concen-

trations in two type samples were much higher at industrial

sites than at business/residential or garden sites. PAHs were

dominated by higher molecular weight PAH (4- to 6-ring)

homologues, which accounted for about 73% and 72% of

total PAHs in street dust and surface soil, respectively.

Principal component analysis was used in source appor-

tionment of PAHs in dust and soil. Pyrogenic and

petrogenic sources contributed 70% and 22.4% of total

PAHs in street dusts, and fossil fuel (coal and petroleum)

and biomass combustion accounted for 64.4% and 5.6% of

total PAHs in pyrogenic sources, respectively. In surface

soil, total PAHs were dominated by pyrogenic sources. The

diagnostic ratios of benz[a]anthracene/chrysene confirmed

that PAHs in street dust and surface soil of a Dalian urban

zone might come mostly from the emission of local sources.

Polycyclic aromatic hydrocarbons (PAHs) are organic

chemicals composed of fused benzene rings, which are

highly persistent, toxic, and widespread environmental

contaminants. Natural and anthropogenic processes gen-

erate PAHs during the incomplete combustion of all types

of organic matters. PAHs are emitted to ambient air as

particles and gases. Atmospheric PAHs that escape pho-

tolysis and radical oxidative degradation in the air are

accumulated to land surfaces through dry and wet deposi-

tion. Once deposited, PAHs tend to accumulate in soil or to

become roof and street dust in the urban environment for a

long period of time (Ockenden et al. 2003). Atmospheric

deposition is a major source for PAHs in surface soil and

street dust (Takada H et al. 1990; Wild and Jones 1995;

Murakami et al. 2005). In addition, surface soil and street

dust PAHs will go back to the atmosphere by wind raise

and volatilization (Manoli et al. 2002, 2004). Moreover,

street dust and surface soil contained PAHs are carried into

the drainage network by storm runoff and are eventually

transported to aquatic environments during rain season

(Mai et al. 2003; Boonyatumanond et al. 2006). Therefore,

soil and dust are natural sinks and environmental reservoirs

for PAHs in the urban environment. Accumulation of

PAHs in dust and soil may lead to contamination of veg-

etables and food chains, leading to direct or indirect human

exposure (Kipopoulou et al. 1999; Tao et al. 2004; Zohair

et al. 2006; Cai et al. 2007). Thus understanding of the fate

of PAHs deposited to the street dust and surface soil is very

important to evaluate the risk of human exposure and

environmental contamination.
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Soil as a repository of all types of chemical inputs, is

important to the sources and pools of PAHs on the regional

scale (Wild and Jones 1995). A number of studies have

been conducted on the levels, distributions and sources of

PAHs in urban soil (Zhang et al. 2006; Morillo et al. 2007;

Wilcke 2007; Zuo et al. 2007). The mean PAH levels

varied largely in different cities and the pyrogenic origins,

especially motor vehicle exhausts, are the major sources of

PAHs in urban soils (Zhang et al. 2006; Morillo et al.

2007).

Apart from the widely investigated PAHs in urban sur-

face soil, a few studies have reported PAHs in street dusts

previously (Takada et al. 1990; Boonyatumanond et al.

2007; Liu et al. 2007). Street dust is chemically similar to

the primary portion of atmospheric aerosol in some

respects and indeed bears a dynamic relationship to

atmospheric aerosol through resuspension into and rede-

position from the atmosphere (Rogge et al. 1993).

Multiple-source materials contribute to PAHs in street dust,

and street dust PAHs mainly came from the mixing of

pyrogenic and petrogenic sources. Street dust is a complex

mixture of petrogenic and pyrogenic PAHs and is an

important nonpoint source (Takada et al. 1990; Boonya-

tumanond et al. 2007; Liu et al. 2007).

A number of studies have been conducted on the pol-

lution of PAHs in surface soil and street dusts. However,

relatively few studies have explored the PAH contamina-

tion relationship in soil versus dust. It is necessary to

investigate the contamination of PAHs in surface soil and

street dust and to identify the pattern of PAH profiles in

urban areas. The main objectives of this study were (1) to

determine the distribution and concentrations of PAHs in

soil and dust of urban areas, (2) to compare the PAH

concentrations in street dust and surface soil, and (3) to

identify and compare the sources of PAHs in street dust

and surface soil. Dalian, as a typical coastal city situated in

the northeastern monsoonal area of China (E120�580–
123�310, N38�430–40�100), was selected as the urban area

for this study.

Materials and Methods

Sampling

The concurrent sampling of surface soil and street dust was

performed in the urban areas of Dalian (Fig. 1) during July

2007. In total, 13 surface soil and street dust samples were

collected in pairs, using a metal tool. These sampling sites

include four industrial sites (I1, I2, I3, and I4), seven

business/residential sites (B/R1, B/R2, B/R3, B/R4, B/R5,

B/R6, and B/R7), and two garden sites (G1 and G2). In soil

sampling places a field of about 100 9 100 m2 was

selected and samples were collected at the four corners and

the center of sampling fields. An approximately 0.5-kg soil

sample was taken from the top 5 cm of the soil after

removal of the large stones and pieces of vegetation. In the

immediate vicinity of each soil sampling site, a street was

selected as the street dust sampling place. The distances of

soil and dust sampling sites ranged from 100 to 1000 m,

with an average of about 500 m. Street dust samples were

collected by sweeping the street surface with a brush and

collecting the dust on a piece of aluminum foil. Each soil

and dust sample consisted of five subsamples collected

from the surroundings of each site. Samples were packed in

a solvent-rinsed glass bottle with a Teflon-lined cap, sent to

the laboratory, and stored at -20�C until required for

extraction.

Dust and Soil Characterization

Five grams of soil was isolated for percentage moisture and

total organic carbon (TOC) determination. Dust and soil

moisture contents were determined by drying at 105�C to a

constant weight. After determination of moisture contents,

these soils were put into a muffle furnace for TOC deter-

mination by measuring their loss upon ignition at 550�C.

The moisture contents ranged from 4.93% to 4.98% for

dust and from 3.19% to 10.99% for soil, respectively. TOC

contents varied between 3.31% and 11.36% for dust and

between 1.42% and 12.88% for soil.

Extraction and Analysis

Samples were treated, extracted, and analyzed according to

the methods established at the National Laboratory for

Environmental Testing (NLET), Environment Canada. All

solvents used were of pesticide-grade purity (J.T. Baker,

USA). Twenty-five PAH standards were purchased from

Fig. 1 Map of the surface soil and street dust sampling sites in

Dalian. The distances of soil and dust sampling sites ranged from 100

to 1000 m, with an average of about 500 m
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Supelco, Inc. (USA). Two-ring PAHs are indene

(Ind), tetrahydronaphthalene (ThN), naphthalene (Nap),

2-methynaphthalene (2-MN), and 1-methynaphthalene

(1-MN). Three-ring PAHs are acenaphthylene (Acy), ace-

naphthene (Ace), fluorene (Fl), phenanthrene (Phe),

anthracene (Ant), dibenzothiopene (Dib), and retene (Ret).

Four-ring PAHs are fluoranthene (Flu), pyrene (Pyr),

benz[a]anthracene(BaA), and chrysene(Chr). Five-ring

PAHs are benzo[b]fluoranthene (BbF), benzo[k]fluoranth-

ene (BkF), benzo[e]Pyrene (BeP), benzo[a]pyrene (BaP),

perylene (Per), and dibenz[a,h]anthracene (DaA). Six-ring

PAHs are indeno[1,2,3-cd]pyrene (InP) and benzo[g,h,i]-

perylene (BghiP). Twenty grams of each soil sample was

accurately measured into a precleaned extraction thimble

and spiked with a recovery standard containing a surrogate

standard mixture (naphthalene-d10, fluorene-d10, pyrene-

d10, and perylene-D12). To all the extracts, an appropriate

volume of PAH surrogate standard mixture was added.

The soil and dust samples were then Soxhlet extracted

for 24 h with a 100-ml mix of solvent (n-hexane/acetone;

1:1, v/v). The extract was filtered through a funnel filled

with anhydrous sodium sulfate, then rotary-evaporated to

1 mL. The extract was passed through a 10-g silica gel

column (Silica 60; Merck, Germany), eluted with a 60-mL

mix of hexane and dichloromethane (1:1, v/v). The elution

was rotary-evaporated to 2 mL and then reduced to 1 mL

under a gentle nitrogen gas flow. All PAHs were identified

and quantified by GC-MS (Finnigan PolarisQ). The mass

spectrometer was operated in electron impact mode

(70 eV). Helium gas was used as a carrier. The GC column

was an HP-5MS fused silica column (60 m 9 0.25-mm

i.d., 0.25-lm film thickness). The column oven temperature

was programmed at a rate of 25�C/min from an initial

temperature of 60�C to a temperature of 180�C (1-min

hold), then at 3�C/min to 280�C (30-min hold). Injector,

transfer line, and ion source temperatures were 280, 250,

and 250�C, respectively. PAHs were monitored in selected

ion monitoring (SIM) mode. Figure 2 presents the GC-MS

chromatogram for the mixture of the 25 PAHs and 4

deuterated PAHs.

Quality Assurance/Quality Control

All samples were spiked with a labeled recovery standard

(naphthalene-d10, fluorene-d10, pyrene-d10, and perylene-

d12) prior to extraction. The average surrogate standard

recoveries ranged between 75% for naphthalene-D10 and

94% for perylene-D12 in all samples. Spike samples were

included at a rate of one for every 10 soils extracted, and

the recoveries of all 25 PAHs varied from 78% to 110%.

The method detection limit (MDL) for the 25 PAHs ranges

from 0.063 to 7.991 ng/g dw (dry weight), with a mean

value of 1.362 ng/g dw.

Results and Discussion

General PAH Concentration Trends

Concentrations of total PAHs in street dust and surface soil

for the 13 sites are shown in Fig. 3. In general, the con-

centrations of total PAHs in street dust ranged between

1894 and 17,074 ng/g dw, with an average of 7458 ng/g,

whereas the concentrations of total PAHs in surface soil

varied greatly, from 649 to 28,904 ng/g, with a mean value

of 6,439 ng/g. The lowest and the highest concentrations in

dust samples were found at Sites G1 and I3, which are a

garden site and an industrial site, respectively. The PAH

congeners in street dusts exhibited a rather uniform dis-

tribution of concentrations, with less than one order of

magnitude of variation. For surface soil, the lowest and the

highest concentrations were measured in samples from
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Sites B/R4 and I3, which are a business/residence site and

an industrial site, respectively. In comparison to the dust

samples, the total PAH levels in soil varied more and the

variation was more than one order of magnitude.

Variations of PAH concentrations in dust and soil were

also observed in different areas within Dalian. Table 1

reports the concentrations of total PAHs in three regions:

industrial area, business/residential area, and gardens. In

street dust, the highest mean concentration (12,266 ng/g)

appeared at industrial sites, followed by business/residence

(5830 ng/g) and garden (3540 ng/g) sites. In surface soil, the

concentration order was industrial sites (13,068 ng/g) [
garden sites (4391 ng/g) [ business/residence sites (3237

ng/g). It is not unexpected that concentrations of PAHs were

much higher at industrial sites than at business/residential or

garden sites for both soil and dust samples due to the sig-

nificant contributions of industrial production to PAH

contamination.

It is commonly observed that PAH concentrations in

environmental media are affected by TOC content, with

higher concentrations accompanied by high TOCs (Wilcke

2000). Relationships between PAH concentrations and

TOC contents of soil and dust were examined by correla-

tion analysis (Fig. 4). There was a strongly significant

positive correlation (R = 0.82, p \ 0.001) between total

PAH concentrations and TOC content in soil, whereas no

correlation (R = 0.31, p = 0.30) was found for total PAHs

in dust. It is evident that the TOC influenced the distribu-

tion of PAHs in surface soil but did not influence the

distribution of PAHs in street dust. The possible reason is

that soil and dust have different physical and chemical

components, which induce different organic matter distri-

butions. The main organic matters in soil are humic

substances and they are homogeneous (Senesi 1992). Dust

is a mixture of atmospheric aerosol, sands, asphalt, tire, and

soil participles and the origins of organic matters are

complex (Takada et al. 1990). Therefore, organic matters

in dust are less homogeneous than in soil, suggesting that

TOC has less influence on PAH distribution in dust than in

soil.

Relationship of PAH Concentrations in Samples of

Street Dust versus Surface Soil

Total PAH levels in surface soil samples (CS) were com-

pared with those in street dust samples (CD) to evaluate

their relationship and the result is shown in Fig. 5. The

correlation coefficient between the two sets of concentra-

tions is 0.76 (p \ 0.05). Average concentrations for each

PAH congener among all 13 street dust samples were

calculated and compared with those among all 13 surface

soil samples (Fig. 5), and shows a strongly positive cor-

relation (R = 0.96, p \ 0.001). This suggests that PAHs in

surface soil and street dust have the same or similar sources

in urban areas. Figure 6 shows that the top three PAH

congeners found in all dust and soil samples were Flu, Pyr,

and Phe, which account for 38% for dust samples and 34%

for soil samples of all PAH concentrations, respectively.

This result was consistent with a previous report that these

PAHs
Concentration
(Unit: ng/g dw)

10000 ng/g

Street dust Surface soil

B/R1

G1

B/R5

G2

B/R6
B/R3

B/R2

B/R4

I1 I2 I3 I4

Dalian Bay
Yellow SeaB/R7

N
Fig. 3 Concentration levels of

total PAHs in surface soil and

street dust for the 13 sampling

sites in the city of Dalian

Table 1 Concentrations of

RPAHs (total, 25 PAHs) in

street dust and surface soil from

different areas of Dalian

Sampling area Sample no. RPAHs (ng/g) in street dust RPAHs (ng/g) in surface soil

Mean Range Mean Range

Garden 2 3,540 ± 2,327 1,894–5,185 4,391 ± 4,370 1,301–7,481

Business/residence 7 5,830 ± 2,583 1,970–10,117 3,237 ± 2,735 649–8,541

Industry 4 12,266 ± 5,434 5,071–17,074 13,068 ± 12,521 2,751–28,904

All 13 7,458 ± 4,794 1,894–17,074 6,439 ± 8,115 649–28,904
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three compounds accounted for about 40% of the total

PAH content in three European cities (Morillo et al. 2007).

Figure 6 also shows that PAHs in street dust and surface

soil were dominated by higher molecular weight PAH

(HMW-PAH) homologues (with four or more four rings).

HMW-PAH accounted for about 73% and 72% of RPAHs

in street dust and surface soil samples, respectively. Low

molecular weight PAHs (LMW-PAHs) were the minority,

which was dominated by Nap, 1-MN, 2-MN, and Acy. This

was relevant to their source and physicochemical charac-

teristics. These LMW-PAHs mainly came from oil leaks

and were easier to volatilize and degrade (Wang et al.

1999a). Nap, 1-MN, and 2-MN contributed more to the

LMW-PAHs in street dust and surface soil because these

three congeners have higher percentages than other LMW

congeners in oil.

Statistical paired t-test was performed to analyze the

similarity between compositions of PAH congeners in

street dust and surface soil samples. The null hypothesis

was that there is no difference between CD and CS, i.e., H0 :

CD = CS. K-S one-sample test verified whether a popula-

tion was normally distributed. It was found both CD and CS

are normally distributed. The t-test statistic was calculated

to be t = 0.63. The sample number n = 13, thus at a 0.05

level of significance (p), the critical t-test value is 2.18. As

*t* \ 2.18, the null hypothesis, H0, cannot be rejected at

p = 0.05. That is, there is no strong evidence to prove that

CD differs from CS. Thus total PAHs exhibit similar con-

centrations in street dust and surface soil.

Sources of PAHs in Street Dust and Surface Soil

To assess and reduce the environmental risk caused by

PAHs through source control, quantitative understanding

the sources of PAHs is necessary. PAHs have natural and

anthropogenic sources, and anthropogenic sources were the

main ones in urban areas (Wilcke 2007). Anthropogenic

sources of PAHs can be categorized into pyrogenic and

petrogenic groups (Wang et al. 1999a; Yunker and

Macdonald 2003). With pyrogenic sources, PAHs are gen-

erated by combustion of fossil fuel (coal and petroleum) and

biomass. Another important primary source of PAHs con-

tained in crude oil and petroleum products is petrogenic.

Diagnostic ratio is one widely used technique to apportion

the origins of PAHs presented in different environmental

media (Yunker et al. 2002; Bucheli et al. 2004). For exam-

ple, BaA/(BaA + Chr) ratio values of B0.35 (diesel oil or

kerosene = 0.35, crude oil = 0.12) suggest a petrogenic

origin, those [0.40 (wood or grasses = 0.46, gaso-

line = 0.36, diesel oil = 0.38, brown coal = 0.44) indicate

a pyrogenic origin, and results between these two critical

values imply mixed origins. The ratio of Ant/(Ant + Phe)

can also be used to identify petroleum- or combustion-origin

PAHs. Ratio values \ 0.10 (diesel oil = 0.09, kero-

sene = 0.04, crude oil = 0.07) are indicative of a petroleum

origin, and those [0.10 (wood = 0.19, grasses = 0.17,

gasoline or diesel oil = 0.11) are indicative of a pyrogenic

origin (Yunker et al. 2002).

Figure 7 presents the ratios of BaA/(BaA + Chr) and

Ant/(Ant + Phe) in street dust and surface soil samples
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from Dalian. The values of the BaA/(BaA + Chr) ratio

ranged between 0.40 and 0.55 in soil, and from 0.35 to 0.50

in dust, suggesting that PAHs in soil were of pyrogenic

origin, and the major portion of PAHs in dust was derived

largely from pyrogenic sources such as soil. There were

small portion of PAHs from Sites B/R4, I3, and I4 which

had both pyrogenic and petrogenic origins. It is interesting

to note that Sites I3 and I4 are petroleum industrial areas.

Figure 7 also shows that ratios of Ant/(Ant + Phe) in all

soil samples were [0.15, indicating that pyrogenic com-

bustion may be the major origin of PAHs in soil. The ratios

of all dust samples except the one from Site I4 were[0.10,

indicating a pyrogenic origin. It is not surprising that PAHs

in I4 had a petroleum source as indicated by the two ratios

since I4 is a petroleum company.

In general, the major sources in street dust and surface

soil are similar; PAHs are dominated by pyrogenic origins.

The source difference between dust and soil is that petro-

genic sources exist in street dust but not in soil. The reason

for this difference is well understood and may be related to

differences in location characteristics of dust and soil.

Street dust is always located at the surface of the street and

has more chance than surface soil to contact unburned or

leaked fuel from automobiles in the street. It can therefore

be concluded that the location difference between street

dust and surface soil induces the different sources of PAHs

in the two environmental media.

Principal component analysis (PCA) has been used to

apportion the sources of PAHs in street dust and surface

soil. PCA is a multivariate statistical technique that can be

used in complex residue analysis to reveal relationships

and patterns within datasets, which has been widely applied

to discriminate the different origins of environmental pol-

lutants (Zuo et al. 2007). Three principal components

(PC1, PC2, and PC3) were extracted, with eigenvalues[1,

and PC1, PC2, and PC3 explained 64.4%, 22.%, and 5.6%

(92.9% in total) of the total variance in dust and for 85.8%,

6.0%, and 4.5% (96.3% in total) of the total variance in

soil.

Figure 8 presents the results of PC1 and PC2 for PAHs

in street dust and surface soil samples, and as shown, PC1

and PC2 can explain most of the variation in dust (87.3%)

and soil (91.8%). It can be seen in Fig. 8 that HMW-PAHs

(4–6 rings) constituted PC1 in street dust, and PC2 was

dominated by LMW-PAHs (2–3 rings). HMW-PAHs are

caused by pyrogenic sources (fossil fuel [coal and petro-

leum] combustion), because of a strongly positive

correlation between HMW-PAHs and high-temperature

combustion (Wang et al. 1999a, b; Soclo et al. 2000). On

the contrary, LMW-PAHs (2–3 rings) can be attributed to

petrogenic sources, which come from volatilization and

leak of crude oil and petroleum products (Wang et al.

1999a, b; Soclo et al. 2000). A plot of PC1 and PC3 for

street dust (not shown) suggests that PC3 is mostly asso-

ciated with Ret and Thn, Ret being a molecular marker of

biomass combustion (Ramdahl 1983; Simcik et al. 1999;

Larsen and Baker 2003). Thus, in street dust, PC1,

accounting for 64.4% of the total variance, can be con-

sidered representative of pyrogenic sources; PC2 (29.9%),

of petrogenic sources; and PC3 (5.6%), of biomass
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combustion sources (which also are pyrogenic sources).

That is, pyrogenic sources collectively accounted for

70.0% of the total PAHs in street dust. These results are

consistent with a previous study showing that the PAH

contribution percentages of pyrogenic and petrogenic

sources in road dust of Shanghai were 71.0% and 11.4% in

winter, and 64.9% and 14.1 in summer, respectively (Liu

et al. 2007).

PAH profiles in surface soil were quite different. PC1

accounts for larger than loading of PC1 in street dust.

Figure 8 shows that PC1, with 85.8% of the total variance,

is highly loaded by all the PAHs except Ret and Pyr. This

probably implies that the sources of PAHs in soil are

pyrogenic because PAHs are dominated mainly by HMW-

PAHs. PC2 is mainly associated with Pyr, which might be

related to gasoline engine emission (Christensen and

Bzdusek 2005). Similar to PAHs in dust, PC3 is also

associated with Ret, and biomass combustion accounts for

4.5% of the total variance in soil. These results indicate

that PAHs in soil all come from pyrogenic sources and no

petrogenic sources are found in soil of Dalian, which is

consistent with a previous study (Wang et al. 2007).

Although urban PAH concentrations can be influenced

by local and long-distance transport sources, local con-

tributors, such as industrials and automobiles, are the major

sources (Zheng and Fang 2000; Hou et al. 2006; Tamam-

ura et al. 2007). To estimate the distance of potential

sources, the ratio of BaA/Chr was adopted as a diagnostic

indicator. The ratio of BaA/Chr was used to evaluate the

origin of PAHs. A lower BaA/Chr ratio implies a longer

distance of transport, while a higher ratio suggests that

those PAHs might be mostly from emission of local

sources (Mai et al. 2003). Since BaA is photodegraded and

oxidize degraded more easily than its isomer Chr during

their atmospheric travel (Kamens et al. 1988; Fraser et al.

1998; Esteve et al. 2004), the BaA/Chr ratio can be used as

a tracer for the degree of photodegradation and oxidized

degradation, in addition to being used as a source dis-

criminator. If the ratio is low, the sources may be far away

from the urban areas because of the photodegradation and

oxidized degradation of most BaA, while a high ratio is

referred to a local source. Mai et al. (2003) found that the

BaA/Chr ratios of Macao street dust were in the range of

0.2–0.3 and suggested that Macao street dust might be

transported from distant areas. On the contrary, Liu et al.

(2007) reported that the BaA/Chr ratio range of Shanghai

road dust was 0.6–1.4, which meant that Shanghai might be

close to its potential sources of dusts. BaA/Chr values are

in the range of 0.6–0.9 in street dust and 0.7–1.0 in surface

soil of Dalian, and this range is close to the range of

Shanghai road dusts, which suggests that PAHs in street

dust and surface soil in Dalian come mostly from emission

of local sources.

Conclusion

Concentrations of PAHs in street dust and surface soil in

the city of Dalian in 2007 have been studied, and the results

show that PAHs exhibit similar concentrations in street

dust and surface soil. Mean PAH concentrations in both

dust and soil were much higher at industrial sites than at

business/residential or garden sites. PAHs were dominated

by higher molecular weight PAH (4- to 6-ring) homo-

logues, which accounted for about 73% and 72% of total

PAHs in street dust and surface soil, respectively. No

apparent correlations were found between the concentra-

tions of PAHs in street dust and TOC contents, whereas the

concentrations of PAHs in surface soil showed a strong

correlation with the TOC content of soil. Pyrogenic and

petrogenic sources contributed 70% and 22.4% of the total

PAHs in street dust, in which fossil fuel (coal and petro-

leum) and biomass combustion accounted for 64.4% and

5.6% of the total PAHs from pyrogenic sources, respec-

tively. In surface soil, the total PAHs were dominated by

pyrogenic sources. PAHs in dust and soil may come mainly

from local sources on the basis of the diagnostic ratios of

BaA/Chr.

Acknowledgments This work was funded by Dalian Maritime

University, Teaching and Research Award Program for Outstanding

Young Teachers (DLMU-ZL-200704), and Key Laboratory of Marine

Spill Oil Identification and Damage Assessment Technology.

References

Boonyatumanond R, Wattayakorn G, Togo A, Takada H (2006)

Distribution and origins of polycyclic aromatic hydrocarbons

(PAHs) in riverine, estuarine, and marine sediments in Thailand.

Mar Pollut Bull 52:942–956 doi: 10.1016/j.marpolbul.2005.

12.015

Boonyatumanond R, Murakami M, Wattayakorn G, Togo A, Takada

H (2007) Sources of polycyclic aromatic hydrocarbons (PAHs)

in street dust in a tropical Asian mega-city, Bangkok, Thailand.

Sci Total Environ 384:420–432 doi:10.1016/j.scitotenv.2007.

06.046

Bucheli TD, Blum F, Desaules A, Gustafsson O (2004) Polycyclic

aromatic hydrocarbons, black carbon, and molecular markers in

soils of Switzerland. Chemosphere 56:1061–1076 doi: 10.1016/j.

chemosphere.2004.06.002

Cai Q-Y, Mo C-H, Li Y-H, Zeng Q-Y, Katsoyiannis A, Wu Q-T,

Ferard J-F (2007) Occurrence and assessment of polycyclic

aromatic hydrocarbons in soils from vegetable fields of the Pearl

River Delta, South China. Chemosphere 68:159–168 doi:

10.1016/j.chemosphere.2006.12.015

Christensen ER, Bzdusek PA (2005) PAHs in sediments of the Black

River and the Ashtabula River, Ohio: source apportionment by

factor analysis. Water Res 39: 511–524 doi: 10.1016/j.watres.

2004.11.016

Esteve W, Budzinski H, Villenave E (2004) Relative rate constants

for the heterogeneous reactions of OH, NO2 and NO radicals

with polycyclic aromatic hydrocarbons adsorbed on carbona-

ceous particles. Part 1: PAHs adsorbed on 1–2 mm calibrated

Arch Environ Contam Toxicol (2009) 56:173–180 179

123

http://dx.doi.org/10.1016/j.marpolbul.2005.12.015
http://dx.doi.org/10.1016/j.marpolbul.2005.12.015
http://dx.doi.org/10.1016/j.scitotenv.2007.06.046
http://dx.doi.org/10.1016/j.scitotenv.2007.06.046
http://dx.doi.org/10.1016/j.chemosphere.2004.06.002
http://dx.doi.org/10.1016/j.chemosphere.2004.06.002
http://dx.doi.org/10.1016/j.chemosphere.2006.12.015
http://dx.doi.org/10.1016/j.watres.2004.11.016
http://dx.doi.org/10.1016/j.watres.2004.11.016


graphite particles. Atmos Environ 38:6063–6072 doi: 10.1016/j.

atmosenv.2004.05.059

Fraser MP, Cass GR, Simoneit BRT, Rasmussen RA (1998) Air

quality model evaluation data for organics. 5. C6–C22 nonpolar

and semipolar aromatic compounds. Environ Sci Technol

32:1760–1770 doi: 10.1021/es970349v

Hou XM, Zhuang GS, Sun YL, An ZS (2006) Characteristics and

sources of polycyclic aromatic hydrocarbons and fatty acids in

PM2.5 aerosols in dust season in China. Atmos Environ

40:3251–3262 doi: 10.1016/j.atmosenv.2006.02.003

Kamens RM, Guo Z, Fulcher JN, Bell D (1988) The influence of

humidity, sunlight, and temperature on the daytime decay of

polyaromatic hydrocarbons on atmospheric soot particles. Envi-

ron Sci Technol 22:103–108 doi: 10.1021/es00166a012

Kipopoulou AM, Manoli E, Samara C (1999) Bioconcentration of

polycyclic aromatic hydrocarbons in vegetables grown in an

industrial area. Environ Pollut 106:369–380 doi: 10.1016/S0269-

7491(99)00107-4

Larsen RK, Baker JE (2003) Source apportionment of polycyclic

aromatic hydrocarbons in the urban atmosphere: a comparison of

three methods. Environ Sci Technol 37:1873–1881 doi: 10.1021/

es0206184

Liu M, Cheng SB, Ou DN, Hou LJ, Gao L, Wang LL, Xie YS, Yang

Y, Xu SY (2007) Characterization, identification of road dust

PAHs in central Shanghai areas, China. Atmos Environ 41:

8785–8795 doi: 10.1016/j.atmosenv.2007.07.059

Mai BX, Qi SH, Zeng EY, Yang QS, Zhang G, Fu JM, Sheng GY, Peng

PA, Wang ZS (2003) Distribution of polycyclic aromatic hydro-

carbons in the coastal region off Macao, China: assessment of

input sources and transport pathways using compositional anal-

ysis. Environ Sci Technol 37:4855–4863 doi: 10.1021/es034514k

Manoli E, Voutsa D, Samara C (2002) Chemical characterization and

source identification/apportionment of fine and coarse air

particles in Thessaloniki, Greece. Atmos Environ 36:949–961

doi: 10.1016/S1352-2310(01)00486-1

Manoli E, Kouras A, Samara C (2004) Profile analysis of ambient and

source emitted particle-bound polycyclic aromatic hydrocarbons

from three sites in northern Greece. Chemosphere 56:867–878

doi: 10.1016/j.chemosphere.2004.03.013

Morillo E, Romero AS, Maqueda C, Madrid L, Ajmone-Marsan F,

Grcman H, Davidson CM, Hursthouse AS, Villaverde J (2007)

Soil pollution by PAHs in urban soils: a comparison of three

European cities. J Environ Monit 9:1001–1008 doi: 10.1039/

b705955h

Murakami M, Nakajima F, Furumai H (2005) Size- and density-

distributions and sources of polycyclic aromatic hydrocarbons in

urban road dust. Chemosphere 61:783–791 doi: 10.1016/j.

chemosphere.2005.04.003

Ockenden W, Breivik K, Meijer S, Steinnes E, Sweetman A, Jones K

(2003) The global re-cycling of persistent organic pollutants is

strongly retarded by soils. Environ Pollut 121:75–80 doi: 10.1016/

S0269-7491(02)00204-X

Ramdahl T (1983) Retene—a molecular marker of wood combustion

in ambient air. Nature 306:580–582 doi: 10.1038/306580a0

Rogge WF, Hildemann LM, Mazurek MA, Cass GR, Simoneit BRT

(1993) Sources of fine organic aerosol. 3. Road dust, tire debris,

and organometallic brake lining dust: roads as sources and sinks.

Environ Sci Technol 27:1892–1904 doi: 10.1021/es00046a019

Senesi N (1992) Binding mechanisms of pesticides to humic soil

substances. Sci Total Environ 123–124:63–76 doi: 10.1016/0048-

9697(92)90133-D

Simcik MF, Eisenreich SJ, Lioy PJ (1999) Source apportionment and

source/sink relationships of PAHs in the coastal atmosphere of

Chicago and Lake Michigan. Atmos Environ 33:5071–5079 doi:

10.1016/S1352-2310(99)00233-2

Soclo HH, Garrigues P, Ewald M (2000) Origin of polycyclic

aromatic hydrocarbons (PAHs) in coastal marine sediments: case

studies in Cotonou (Benin) and Aquitaine (France) areas. Mar

Pollut Bull 40:387–396 doi: 10.1016/S0025-326X(99)00200-3

Takada H, Onda T, Ogura N (1990) Determination of polycyclic

aromatic hydrocarbons in urban street dusts and their source

materials by capillary gas chromatography. Environ Sci Technol

24:1179–1186 doi: 10.1021/es00078a005

Tamamura S, Sato T, Ota Y, Wang X, Tang N, Hayakawa K (2007)

Long-range transport of polycyclic aromatic hydrocarbons

(PAHs) from the eastern Asian continent to Kanazawa, Japan,

with Asian dust. Atmos Environ 41:2580–2593 doi: 10.1016/j.

atmosenv.2006.11.021

Tao S, Cui YH, Xu FL, Li BG, Cao J, Liu WX, Schmitt G, Wang XJ,

Shen WR, Qing BP, Sun R (2004) Polycyclic aromatic hydrocar-

bons (PAHs) in agricultural soil and vegetables from Tianjin. Sci

Total Environ 320:11–24 doi: 10.1016/S0048-9697(03)00453-4

Wang Z, Fingas M, Page DS (1999a) Oil spill identification. J

Chromatogr A 843:369–411 doi: 10.1016/S0021-9673(99)

00120-X

Wang Z, Fingas M, Shu YY, Sigouin L, Landriault M, Lambert P,

Turpin R, Campagna P, Mullin J (1999b) Quantitative charac-

terization of PAHs in burn residue and soot samples and

differentiation of pyrogenic PAHs from petrogenic PAHs—the

1994 mobile burn study. Environ Sci Technol 33:3100–3109 doi:

10.1021/es990031y

Wang Z, Chen J, Qiao X, Yang P, Tian F, Huang L (2007) Distribution

and sources of polycyclic aromatic hydrocarbons from urban to

rural soils: a case study in Dalian, China. Chemosphere 68:965–

971 doi: 10.1016/j.chemosphere.2007.01.017

Wilcke W (2000) Polycyclic aromatic hydrocarbons (PAHs) in soil: a

review. J Plant Nutr Soil Sci 163:229–248 doi: 10.1002/1522-2624

(200006)163:3 B 229::AID-JPLN229 C 3.0.CO;2-6

Wilcke W (2007) Global patterns of polycyclic aromatic hydrocar-

bons (PAHs) in soil. Geoderma 141:157–166 doi: 10.1016/j.

geoderma.2007.07.007

Wild SR, Jones KC (1995) Polynuclear aromatic hydrocarbons in the

United Kingdom environment: a preliminary source inventory

and budget. Environ Pollut 88:91–108 doi: 10.1016/0269-

7491(95)91052-M

Yunker MB, Macdonald RW (2003) Alkane and PAH depositional

history, sources and fluxes in sediments from the Fraser River

Basin and Strait of Georgia, Canada. Org Geochem 34:1429–

1454 doi: 10.1016/S0146-6380(03)00136-0

Yunker MB, Macdonald RW, Vingarzan R, Mitchell RH, Goyette D,

Sylvestre S (2002) PAHs in the Fraser River basin: a critical

appraisal of PAH ratios as indicators of PAH source and

composition. Org Geochem 33:489–515 doi: 10.1016/

S0146-6380(02)00002-5

Zhang HB, Luo YM, Wong MH, Zhao QG, Zhang GL (2006)

Distributions and concentrations of PAHs in Hong Kong soils.

Environ Pollut 141:107–114 doi: 10.1016/j.envpol.2005.08.031

Zheng M, Fang M (2000) Particle-associated polycyclic aromatic

hydrocarbons in the atmosphere of Hong Kong. Water Air Soil

Pollut 117:175–189 doi: 10.1023/A:1005169718072

Zohair A, Salim A-B, Soyibo AA, Beck AJ (2006) Residues of

polycyclic aromatic hydrocarbons (PAHs), polychlorinated

biphenyls (PCBs) and organochlorine pesticides in organically-

farmed vegetables. Chemosphere 63:541–553 doi: 10.1016/j.

chemosphere.2005.09.012

Zuo Q, Duan YH, Yang Y, Wang XJ, Tao S (2007) Source

apportionment of polycyclic aromatic hydrocarbons in surface

soil in Tianjin, China. Environ Pollut 147:303–310 doi: 10.1016/j.

envpol.2006.05.029

180 Arch Environ Contam Toxicol (2009) 56:173–180

123

http://dx.doi.org/10.1016/j.atmosenv.2004.05.059
http://dx.doi.org/10.1016/j.atmosenv.2004.05.059
http://dx.doi.org/10.1021/es970349v
http://dx.doi.org/10.1016/j.atmosenv.2006.02.003
http://dx.doi.org/10.1021/es00166a012
http://dx.doi.org/10.1016/S0269-7491(99)00107-4
http://dx.doi.org/10.1016/S0269-7491(99)00107-4
http://dx.doi.org/10.1021/es0206184
http://dx.doi.org/10.1021/es0206184
http://dx.doi.org/10.1016/j.atmosenv.2007.07.059
http://dx.doi.org/10.1021/es034514k
http://dx.doi.org/10.1016/S1352-2310(01)00486-1
http://dx.doi.org/10.1016/j.chemosphere.2004.03.013
http://dx.doi.org/10.1039/b705955h
http://dx.doi.org/10.1039/b705955h
http://dx.doi.org/10.1016/j.chemosphere.2005.04.003
http://dx.doi.org/10.1016/j.chemosphere.2005.04.003
http://dx.doi.org/10.1016/S0269-7491(02)00204-X
http://dx.doi.org/10.1016/S0269-7491(02)00204-X
http://dx.doi.org/10.1038/306580a0
http://dx.doi.org/10.1021/es00046a019
http://dx.doi.org/10.1016/0048-9697(92)90133-D
http://dx.doi.org/10.1016/0048-9697(92)90133-D
http://dx.doi.org/10.1016/S1352-2310(99)00233-2
http://dx.doi.org/10.1016/S0025-326X(99)00200-3
http://dx.doi.org/10.1021/es00078a005
http://dx.doi.org/10.1016/j.atmosenv.2006.11.021
http://dx.doi.org/10.1016/j.atmosenv.2006.11.021
http://dx.doi.org/10.1016/S0048-9697(03)00453-4
http://dx.doi.org/10.1016/S0021-9673(99)00120-X
http://dx.doi.org/10.1016/S0021-9673(99)00120-X
http://dx.doi.org/10.1021/es990031y
http://dx.doi.org/10.1016/j.chemosphere.2007.01.017
http://dx.doi.org/10.1002/1522-2624(200006)163:3&nbsp;&le;&nbsp;229::AID-JPLN229&nbsp;&ge;&nbsp;3.0.CO;2-6
http://dx.doi.org/10.1002/1522-2624(200006)163:3&nbsp;&le;&nbsp;229::AID-JPLN229&nbsp;&ge;&nbsp;3.0.CO;2-6
http://dx.doi.org/10.1002/1522-2624(200006)163:3&nbsp;&le;&nbsp;229::AID-JPLN229&nbsp;&ge;&nbsp;3.0.CO;2-6
http://dx.doi.org/10.1002/1522-2624(200006)163:3&nbsp;&le;&nbsp;229::AID-JPLN229&nbsp;&ge;&nbsp;3.0.CO;2-6
http://dx.doi.org/10.1002/1522-2624(200006)163:3&nbsp;&le;&nbsp;229::AID-JPLN229&nbsp;&ge;&nbsp;3.0.CO;2-6
http://dx.doi.org/10.1002/1522-2624(200006)163:3&nbsp;&le;&nbsp;229::AID-JPLN229&nbsp;&ge;&nbsp;3.0.CO;2-6
http://dx.doi.org/10.1016/j.geoderma.2007.07.007
http://dx.doi.org/10.1016/j.geoderma.2007.07.007
http://dx.doi.org/10.1016/0269-7491(95)91052-M
http://dx.doi.org/10.1016/0269-7491(95)91052-M
http://dx.doi.org/10.1016/S0146-6380(03)00136-0
http://dx.doi.org/10.1016/S0146-6380(02)00002-5
http://dx.doi.org/10.1016/S0146-6380(02)00002-5
http://dx.doi.org/10.1016/j.envpol.2005.08.031
http://dx.doi.org/10.1023/A:1005169718072
http://dx.doi.org/10.1016/j.chemosphere.2005.09.012
http://dx.doi.org/10.1016/j.chemosphere.2005.09.012
http://dx.doi.org/10.1016/j.envpol.2006.05.029
http://dx.doi.org/10.1016/j.envpol.2006.05.029

	Polycyclic Aromatic Hydrocarbons in Urban Street Dust �and Surface Soil: Comparisons of Concentration, Profile, �and Source
	Abstract
	Materials and Methods
	Sampling
	Dust and Soil Characterization
	Extraction and Analysis
	Quality Assurance/Quality Control

	Results and Discussion
	General PAH Concentration Trends

	Relationship of PAH Concentrations in Samples of Street Dust versus Surface Soil
	Sources of PAHs in Street Dust and Surface Soil

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


