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Abstract

Pine needle samples were collected from Korea, Mexico, and the United States (total 9 sites) to compare the

concentrations and sources of polycyclic aromatic hydrocarbons (PAHs). Total PAH concentrations ranged from 31 to

563 ng g�1 (wet wt.) and showed clear differences between rural (clean) and urban/industrialized (contaminated) sites.

The lowest and highest concentrations were found in samples from a rural site in Korea and northern part of Mexico

City, respectively. The PAH distribution patterns and the ratio of the sum of combustion specific PAHs (
P

COMB) to

total PAHs (
P

PAHs) in samples from Korea and United States were similar, implying similar sources. At these sites,

three-ring PAHs accounted for 63–73% of the total PAHs and phenanthrene was the predominant compound. Samples

from Mexico City, however, had different PAH patterns and much higher
P

COMB/
P

PAHs ratios (0.70 and 0.73).

Four-ring PAHs were dominant (B50%) and pyrene was the most abundant compound. Phenanthrene to anthracene

and fluoranthene to pyrene ratios may provide an additional indication of different sources. The ratios of

methylphenanthrene to phenanthrene suggest that the contribution of diesel-operated vehicles to the signature of PAHs

is more significant in samples from Mexico City than other sites. Enriched high molecular weight PAHs and the ratios

of some selected compounds found in Mexico City samples may be the results of more extensive combustion activities

and a higher proportion of non-catalyst-equipped vehicles. This study confirms the usefulness of pine needles for source

characterization as well as atmospheric organic contaminants monitoring on large spatial scales (e.g., national or

global).

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiqui-

tous in our environment and arise mainly from

incomplete combustion of fossil fuels, organic materials,

and wood (pyrogenic). PAHs are also found in

petroleum (petrogenic) (NRC, 1983). The mechanism

of PAH formation is complex, but PAHs are apparently

formed through pyrolysis and pyrosynthesis (Baird,

1995; Mastral and Callen, 2000). On heating, organic

compounds are partially cracked to smaller and unstable

fragments (pyrolysis). These fragments are highly

reactive free radicals with a very short lifetime and are

converted to more stable PAHs through pyrosynthesis.

While pyrogenic PAHs produced by incomplete com-

bustion at high temperature have 2–6 rings and less

alkylated substitution, petrogenic PAHs, which are
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produced at relatively low temperature, have preferen-

tially 2–3 rings and a predominance of alkylated PAHs

(NRC, 1983; Masclet et al., 1987). Emissions from

incomplete combustion can be categorized as mobile

(e.g., gasoline and diesel engine exhausts) and stationary

(e.g., coal-fired power plant, residential heating) sources.

PAH emission from stationary sources has been

decreasing since the 1950s due to change in fuel usage

from coal to petroleum and enhanced emission control

(Latimer and Quinn, 1996; US EPA, 2000). Mobile

sources, however, are increasing especially in urban

areas. The increasing vehicle traffic associated with

population growth in metropolitan areas can be

responsible for increasing PAH concentrations and

consequent degradation of air, soil and watershed

quality (Van Metre et al., 2000). PAHs are a major

health concerns in most urban areas due to their high

concentrations, and carcinogenic and mutagenic proper-

ties (IARC, 1983).

The epicuticular waxy layer in pine needles accumu-

lates organic contaminants from surrounding air.

Therefore, pine needles have been used as passive

samplers to assess ambient atmospheric concentrations

of persistent organic contaminants, such as PAHs,

PCBs, organochlorine pesticides, and polychlorinated

dibenzo-p-dioxins on regional/global scales (Safe et al.,

1992; Strachan et al., 1994; Tremolada et al., 1996). Pine

needles can be easily collected and are less expensive

than operating air sampling stations. Gaseous diffusion

from the air to the waxy layer in plant leaves has been

shown to be a major uptake process for these lipophilic

organic contaminants (McLachlan et al., 1995) and

hence the concentrations of target compounds measured

in pine needles represent the integrated concentrations

of those chemicals in surrounding air over time. The

concentration of persistent organic compounds in pine

needles is a function of atmospheric concentration and

physicochemical properties (e.g., hydrophobicity, vapor

pressure) of the compound as well as ambient tempera-

ture (Bacci et al., 1990; Simonich and Hites, 1994; K .omp

and McLachlan, 1997).

In this study, we investigated atmospheric PAH

concentration found in lipid layer of pine needles from

three countries (total 9 sites). Sampling sites were chosen

to compare different kinds and degrees of human

activities. The purpose of this research was to examine

differences between rural and urban/industrial areas and

to assess sources of PAHs.

2. Methods

2.1. Study sites and sample collection

Pine needle samples were collected from three

countries (9 sites). Site information and sampling time

are given in Table 1. The youngest pine needles at the

end of branches (1–2 years) were collected from the

ground, wrapped in combusted aluminum foil, and

placed in zip-lock bag. Samples were stored frozen

(�20�C) until chemical analysis was performed.

2.2. Sample analysis

The PAH analysis method was slightly modified from

Lauenstein and Cantillo (1998). About 10 g of wet pine

needle samples were extracted for 4 h with dichloro-

methane in open-top glass column. Deuterated surro-

gate standards (naphthalene-d8, acenanaphthene-d10,

phenanthrene-d10, crysene-d12, and perylene-d10) were

Table 1

Sampling sites

Location Study area Species Collection time Possible major PAH sources

Site 1 Yeoju, Korea Rural P. densiflora May, 1998 Diffusion from high

concentration area

Site 2 Cheju Island, Korea Rural P. thunbergii May, 1999 Diffusion from high

concentration area

Site 3 Seoul, Korea Urban/residential P. densiflora May, 1998 Vehicle emission

Site 4 Mexico City,

Mexico

Urban/residential P. maximartinezii April, 1999 Vehicle emission

Site 5 Mexico City,

Mexico

Urban/industiral P. maximartinezii April, 1999 Vehicle and industrial

emissions

Site 6 Conroe, TX, USA Rural P. taeda June, 1998 Diffusion from high

concentration area

Site 7 College Station,

TX, USA

Semiurban/

residential

P. taeda June, 1998 Vehicle emission

Site 8 College Station,

TX, USA

Semiurban/

residential

P. taeda June, 1998 Vehicle emission

Site 9 Houston, TX, USA Urban/residential P. taeda May, 1999 Vehicle emission
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added before extraction for quantification. Extracts

were cleaned by silica/alumina column chromatography

and further purified by gel-permeation HPLC. In order

to determine recovery rate, deuterated internal stan-

dards (fluorene-d10 and benzo[a]pyrene-d12) were added

after final concentration to 1ml. PAHs were separated

and analyzed with a HP 6890 gas chromatography

equipped with a 30m� 0.25mm DB-5MS fused silica

capillary column with 0.25mm film thickness and a HP

5973 mass selective detector (MSD). The MSD was

operated in the electron impact ionization (EI) mode

and in the selected ion monitoring (SIM) mode (70 eV).

Quantification was performed using the molecular ion

(mass-to-charge ratio). Peaks were confirmed based on

retention time and secondary ions. The oven tempera-

ture was programmed to start initially at 60�C,

increased to 150�C at 15�Cmin�1, increased to 220�C

at 5�Cmin�1, increased to 300�C at 10�Cmin�1, and

held for 10min.

3. Results and discussion

The concentrations (in ng g�1 of wet sample) of

polycyclic aromatic hydrocarbons in pine needles are

given in Table 2. Total PAH concentrations (
P

PAHs)

vary from 31 to 563 ng g�1. Clear differences between

urban/industrial and rural areas can be recognized byP
PAHs. Total PAH burdens in samples from site 5

(563 ng g�1) and site 3 (192 ng g�1) were 18 and 6 times,

respectively, higher than in sample from site 1

(31 ng g�1), which can be characterized as a background

site.

Total PAH concentrations from other studies are

summarized in Table 3 to compare with this study.

Because the concentrations of this study are on a wet

weight basis, the concentrations obtained by this study

were divided by 0.5 (50%) in order to compare with

other studies. According to other studies, uncertainty

caused by relating concentrations determined on either

wet or dry weight basis is not significant. Strachan et al.

(1994) found fairly constant moisture contents (44–51%)

in 1–5 years old pine needles (Scotch pine, Pinus

sylvestris) collected along a transect running from

western Germany to northern Sweden. Lang et al.

(2000) reported similar moisture contents (51–55%) in

pine needles (white pine) collected from both urban and

mountain sites from April to December. Hwang et al.

(2002) also found constant moisture contents (50–55%)

in pine needles from Houston, TX, USA. In spite of the

differences in total number of PAHs measured and in

analytical procedures, relatively lower concentrations

Table 2

Concentrations of individual PAH compound (ng g�1 wet wt.) and selected PAH ratios

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9

Acenaphthylene 1.67 5.90 6.14 3.84 8.33 1.23 1.10 2.33 1.43

Acenaphthene 0.59 1.01 1.39 0.75 1.68 0.65 1.84 1.40 5.07

Fluorene 3.16 8.54 9.62 2.87 15.8 15.3 4.78 19.4 28.9

Phenanthrene 11.0 15.2 91.5 10.3 84.8 25.7 42.1 43.3 49.2

Methylphenanthrene 3.86 4.81 22.3 7.85 41.7 8.96 14.5 14.2 11.3

Anthracene 0.41 0.98 4.81 0.26 2.39 0.89 2.46 1.62 3.21

Dibenzothiophene 1.09 1.20 5.50 1.54 12.6 2.72 3.20 4.23 2.54

Fluoranthene 2.55 5.02 20.0 12.0 66.9 8.92 8.78 14.9 20.1

Pyrene 1.65 3.51 13.7 19.3 118 3.09 3.50 5.64 11.3

Benz(a)anthracene 0.39 0.54 1.37 2.56 11.6 1.73 3.28 2.76 0.97

Chrysene 1.10 4.36 7.58 18.3 49.8 7.16 11.8 10.7 4.53

Benzo(b)fluoranthene 0.79 2.25 2.90 7.66 40.0 2.52 4.12 4.05 2.61

Benzo(k)fluoranthene 0.37 0.71 0.75 2.30 7.24 0.58 1.41 1.30 0.67

Benzo(e)pyrene 0.51 1.01 1.45 3.57 24.9 0.89 1.91 1.59 1.25

Benzo(a)pyrene 0.55 0.73 0.69 1.47 9.15 0.83 1.15 1.08 1.22

Indeno(1,2,3-c,d)pyrene 0.65 0.90 1.21 3.45 28.2 0.98 2.52 1.63 1.04

Benzo(g,h,i)perylene 0.64 1.04 1.32 3.87 39.7 0.94 2.82 1.67 1.12

Total PAHs 31 58 192 102 563 83 111 132 146

Total COMB 9 20 51 75 396 28 41 45 45

Ratios

Ph/An 27 16 19 40 35 29 17 27 15

Fl/Py 1.55 1.43 1.46 0.62 0.57 2.89 2.51 2.64 1.79

COMB/PAHs 0.30 0.35 0.27 0.73 0.70 0.33 0.37 0.34 0.31

MPh/Ph 0.35 0.32 0.24 0.76 0.49 0.35 0.34 0.33 0.23
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(o200 ng g�1 dry wt), in general, were found in rural/

remote areas. However, Tremolada et al. (1996)

reported a wide range of concentrations (19–3090 ng g�1

dry wt) in samples from rural/remote areas in the UK.

This was due to unusually high concentrations of

phenanthrene (50–80% of the total PAHs) compared

to other PAH compounds. In urban/industrial areas,

total PAH concentrations varied between 400 and

8325 ng g�1 (dry wt).

Gaseous diffusion from the air to the waxy layer in

plant leaves has been shown to be a major uptake

process for lipophilic organic contaminants (McLachlan

et al., 1995) and therefore air–vegetation partitioning

can be estimated by octanol–air partition coefficients.

Some studies (Morosini et al., 1993; McLachlan et al.,

1995; Tremolada et al., 1996) have calculated the

atmospheric concentrations of semivolatile organic

compounds using octanol–air partition coefficients

(Koa). Tremolada et al. (1996) calculated air concentra-

tions of PAHs using the air to pine needle bioconcen-

tration factors, which were calculated from Koa; and

then compared with measured air concentrations. They

found that only fluorene and phenanthrene air concen-

trations can be well predicted reasonably using Koa;
while compounds having logKoa values higher than 8

had lower measured concentrations up to 100 times than

estimated air concentrations possibly due to much

longer time to reach equilibrium and/or additional

major bioconcentration pathways like particle deposi-

tion (McLachlan et al., 1995). So in this study, atmo-

spheric concentrations of only 3-ring PAHs (log Koao8)

were calculated (Table 4). Average temperatures during

sample collection dates were around 18�C (sites 1–5)

and 25�C (sites 6–9) (NCDC, 2002). The estimated

phenanthrene concentrations in pine needles from sites 3

(Seoul) and 9 (Houston) are similar to the measured

annual average vapor phase concentrations (Park et al.,

2001, 2002).

The PAH distribution patterns (3–6 ring PAHs) are

shown in Fig. 1. Three- and four-ring PAHs are

dominant at all sites and account for 74–96% of the

total PAHs. The obvious difference in PAH distribution

patterns between Mexico City and other sites clearly

indicate different sources of PAHs. Four-ring PAHs are

found as the most abundant compounds in the two

Mexico City samples and three-ring PAHs at other sites.

Pyrene (4-ring PAH) is the predominant compound in

Mexico City samples. Phenanthrene (3-ring PAH)

predominance and similar PAH distribution patterns

found in non-Mexico City sites indicate similar combus-

tion activity in those areas. Bae et al. (2002) reported

that PAHs from gasoline-operated vehicles were more

prominent than diesel-operated vehicles in Seoul.

Enrichment of 4-ring PAHs, especially fluoranthene

and pyrene, in samples from Mexico City (sites 4 and 5)

indicate more diesel fuel consumption than other study

sites. Actually, diesel consumption accounts for 26% of

the total fuel use for transportation in Mexico City

(Rafael-Morales and Gortar, 2002). Sj .ogren et al. (1996)

showed that emission rates of the sum of fluoranthene

and pyrene were up to 15 times higher than those of

phenanthrene in heavy-duty engines using 10 different

diesel fuels. Marr et al. (1999) reported higher concen-

trations of fluoranthene and pyrene in emissions from

heavy-duty diesel vehicles by a factor of 6–7 compared

to light-duty vehicles. Fraser et al. (1998b), however,

Table 3

Concentrations of PAHs in pine needles

Concentrations

(ng g�1 dry wt.)

Study area No. of

PAHs

Site Reference

22–140 Forest 11 Lake Gardsjon, Sweden Brorstr .om-Lunden

and L .ofgren (1998)

62 Rural 17 Korea This study

64–141 Forest 10 Spring Valley, ID, USA Lang et al. (2000)

166 Rural 17 Lake Conroe, TX, USA This study

19–3090 Rural 17 UK Tremolada et al. (1996)

243 Semiurban 17 College Station, TX, USA This study

384 Urban 17 Seoul, Korea This study

204 Suburban (Residential) 17 Mexico City, Mexico This study

498–859 Semiurban

(downtown)

10 Moscow, Idaho, USA Lang et al. (2000)

600–1600 Semiurban

(downtown)

10 Bloomington, IN, USA Simonich and Hites

(1994)

1126 Urban/industrial 17 Mexico City, Mexico This study

202–2226 Urban/suburban 23 Houston, TX, USA Hwang et al. (2002)

1000–6100 Urban/industrial 25 Sweden Kylin (1993)

8325 Industrial 16 Sokolov, Czech Holoubek et al. (2000)
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found that emission rate of phenanthrene was 3 times

higher than the sum of fluoranthene and pyrene in

roadway tunnel emission, which is dominated by

catalyst-equipped automobile.

Samples from two Mexico City sites exhibit signifi-

cantly higher fraction of high molecular weight PAHs

(4- to 6-ring PAHs; 70% and 73%) compared to other

sites (3274%). While a large proportion of high

molecular weight parent PAHs is typical characteristic

of a combustion origin (pyrogenic), the enrichment of

low molecular weight PAHs (parent and alkylated) is

common in fresh fuels (petrogenic) (Masclet et al., 1987;

Budzenski et al., 1997). Typical combustion origin

PAHs can be represented by the sum of major

combustion specific compounds (
P

COMB) which are

fluoranthene, pyrene, benzo(a)anthracene, chrysene,

benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)-

pyrene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene and

benzo(g,h,i)perylene (Prahl and Carpenter, 1983). The

ratio of
P

COMB to
P

PAHs (
P

COMB/
P

PAHs) was

Table 4

Physico-chemical properties of 3-ring PAHs and their atmospheric concentrations estimated from the PAH concentrations in pine

needles

Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene

LogKow
a 4.07 4.03 4.47 4.50 4.46

Hb (at 18�C) 7.46 10.9 5.96 2.65 3.50

LogKoa
c (at 18�C) 6.58 6.38 7.08 7.46 7.30

Hb (at 25�C) 12.7 18.5 9.81 4.29 5.64

LogKoa
c (at 25�C) 6.36 6.16 6.87 7.26 7.10

Concentrationd

Site 1 1.64 0.74 1.73 3.83 0.17

Site 2 5.81 1.27 4.67 5.28 0.41

Site 3 6.05 1.74 5.26 31.8 2.02

Site 4 3.78 0.94 1.57 3.57 0.11

Site 5 8.20 2.11 8.62 29.5 1.01

Site 6 1.57 1.06 10.7 11.3 0.47

Site 7 1.41 2.99 3.33 18.5 1.31

Site 8 2.98 2.28 13.5 19.1 0.86

Site 9 1.83 8.25 20.2 21.7 1.70

aOctanol/water partition coefficient (Mackay et al., 1992).
bHenry’s law constant (Pam3mol�1) (Bamford et al., 1999).
cOctanol/air partition coefficient (calculated using the equation given by K .omp and McLachlan (1997)).
dEstimated atmospheric concentrations (ngm�3) (calculated using the equations given by Bacci et al. (1990) and Paterson et al.

(1991)).

Fig. 1. PAH (3–6 rings) distribution patterns.
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higher in samples from Mexico City by a factor of

1.9–2.7, indicating that there are more extensive

combustion activities in Mexico City than other sites.

Less efficient emission control system in the Mexican

vehicle fleet may also account for this high
P

COMB/P
PAHs ratios in the two Mexico City samples.

Approximately 60% of the vehicles in Mexico City were

not equipped with a catalytic converter until the late

1990s (Faiz et al., 1996; Schifter et al., 2000). According

to Rogge et al. (1993), non-catalyst vehicles emit

27 times more PAHs, especially high molecular weight

PAHs, than catalyst-equipped vehicles.

The concentrations of selected marker compounds

(e.g., retene, coronene and 4,5-dimethyl phenanthrene)

and PAH ratios (e.g., Ph/An, Fl/Py, and MPh/Ph) have

been developed and used for the source identification of

PAHs (Gschwend and Hites, 1981; Ramdahl, 1983;

Yunker et al., 2002). Due to overlap of characteristic

PAH patterns from each source and selective decay of

more labile compounds, single ratio may not be enough

to determine sources. Thus, instead of using single ratio,

coupling of two or more indicators is helpful to compare

different sources. Plotting phenanthrene to anthracene

(Ph/An) ratio against fluoranthene to pyrene (Fl/Py)

ratio can be a valuable way to investigate sources. A Ph/

An ratio of less than 10 and Fl/Py ratio of greater than 1

have been used to indicate pyrogenic origins of PAHs

(Baumard et al., 1998). However, unlike sediment

samples in which PAH distribution patterns are well

preserved, air samples, especially vapor phase, which are

exposed to sunlight and reactive gases (e.g., NOx, and

SOx), may show different ratios compared to the sources

due to selective decay of more labile compounds.

According to many laboratory and field studies, for

example, anthracene always degrades faster than phe-

nanthrene in vapor and particle phases (Behymer and

Hites, 1988; Masclet et al., 1986). Thus, in aged air or

pine needle samples far from point sources, much higher

Ph/An ratios have been found compared to sediment or

freshly emitted exhaust samples. Fraser et al. (1998b)

and Schauer et al. (1999) reported for Ph/An ratio

around 7 in the vapor phase in roadway tunnel exhaust

and tailpipe emissions. Lang et al. (2000) found higher

Ph/An ratios (10–23) in pine needles from a mountain

site than in samples from a downtown site (4–11). These

findings indicate preferential decay of anthracene

compared to phenanthrene as vehicle emission is the

primary source of PAHs for both sites. Using time series

samples, Simcik et al. (1999) and Fraser et al.

(1998a) showed progressive relative depletion of anthra-

cene compared to phenanthrene by photochemical

reactions.

Ph/An ratios obtained from this study were plotted

against Fl/Py ratios (Fig 2). Kylin (1993) and Brorstr-
.om-Lunden and L .ofgren (1998) obtained similar Ph/An

ratios in pine needle samples from various regions to

those of this study. High Ph/An ratios (25–850) were

reported by Tremolada et al. (1996) in pine needle

samples from rural/remote areas in the UK. The results

obtained in this and other studies demonstrate that

relative decay rates of PAHs should be considered when

assessing possible sources in air and vegetation samples.

For example, high Ph/An ratios of 27 (sites 8 and 1) and

29 (site 6) from this study may indicate strong PAH

input from petrogenic sources. However, other ratios

(e.g., Fl/Py and MPh/Ph) suggest that these high Ph/An

ratios are not likely due to dominant contribution of

petrogenic sources but likely due to faster decay of

photolabile anthracene than relatively stable phenan-

threne in pine needles.
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Fig. 2. Plot of phenanthrene to anthracene (Ph/An) ratios against fluoranthene to pyrene (Fl/Py) ratios.
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Ph/An ratios from two Mexico City samples (35 and

40) are higher than those in samples from other sites

(2176). The differences of Fl/Py ratios are apparent in

samples from each country (Fig. 2), indicating different

sources although different atmospheric decay could also

be a contributing factor. Different ratios are likely due

to the differences in fuel consumption pattern, fuel

composition and exhaustion system of vehicle. Site 5 is

near a highway, which runs through an industrial area,

and thus PAH sources are likely a combination of

industrial and vehicular fuel combustions and unburned

fuels. Ph/An and Fl/Py ratios found in pine needles from

sites 4 and 5 indicate more petrogenic sources than other

sites and match to those (31 and 0.5, Fig. 2) for vapor

samples collected from metropolitan industrialized area

adjacent to southern Chesapeake Bay, USA (Liu and

Dickhut, 1997). Because of the differences in physico-

chemical properties (e.g., volatility), PAH ratios are

generally restricted to PAHs having the same and/or

similar molecular weight, volatility, hydrophobicity, etc.

Therefore, the comparison of PAH ratios in different

sample matrix like vapor phase in the air and pine

needles may not cause significant differences.

As an additional indicator of PAH sources, the ratio

of the sum of methylphenanthrene isomers to phenan-

threne (MPh/Ph) has been applied. Pyrolytic PAHs are

characterized by a high abundance of parent compounds

but petrogenic PAHs are dominated by alkylated

compounds. Therefore, the typical values of MPh/Ph

for petrogenic origin range 2–6, while MPh/Ph is

generally less than 1 for pyrogenic origin (Garrigues

et al., 1995; Budzenski et al., 1997). In case of vehicle

emission, PAHs may come from both pyrosynthesis

(pyrogenic) and unburned fuel (petrogenic), which

survived combustion. Because combustion temperature

of diesel engines are lower than gasoline engines and

diesel fuel contains relatively higher concentrations of

alkylated PAHs compared to gasoline (Nielsen, 1996),

more fuel may survive combustion in diesel engine and

higher MPh/Ph ratios are likely in diesel emission. The

ratios of MPh/Ph in particles emitted from diesel engine

were reported from 1.73 to 8.17 and lower ratios (0.7)

for gasoline emission (Takada et al., 1990; Schauer et al.,

1999). In Baltimore Harbor tunnel study, Benner et al.

(1989) found that the MPh/Ph ratios of 1.1 and 1.6 in

vapor phase and particulate phase samples that had

significant diesel sources. Schauer et al. (1999) also

reported MPh/Ph ratios higher than 1.0 in vapor phase

(1.2) and in particulate phase (2.2) in diesel truck

exhaust. In recent roadway tunnel study by Fraser et al.

(1998b), the MPh/Ph ratio was found as 0.3 in vapor

phase. It’s likely due to the predominance of the

catalyst-equipped automobile and catalyst-equipped

light-duty vehicles (e.g., vans) in the traffic.

The MPh/Ph ratios obtained in this study range from

0.23 to 0.76 (Table 2). The lower MPh/Ph ratios

(0.2370.76) in samples from Korea and the United

States represent strong PAH input from gasoline

combustion and/or less unburned fuels. The higher

MPh/Ph ratios (0.49 and 0.76) in the two Mexico City

samples indicate that the contribution of diesel operated

vehicles to PAHs is more significant in Mexico City than

for the other sites. The MPh/Ph ratios can be used to

estimate the proportion of some stable PAH compounds

(e.g., B[e]P) from diesel exhaust (Nielsen, 1996). Since

fuels have been reformulated and vehicle exhaustion

techniques have advanced, fuel compositions and

exhaustion system of each study mentioned above are

not the same, and hence, instead of values used by

Nielsen (1996), different MPh/Ph ratios (1.21 for diesel,

0.23 for gasoline) were used in calculation. The

estimated contribution of diesel emission to B[e]P is 26

and 54% for Mexico City and less than 11% for the

other sites. This estimation also indicates that the

contribution of diesel-operated vehicles to the signature

of PAHs in samples from Mexico City is higher than the

other study sites.

4. Conclusion

Different PAH distribution in pine needles between

urban/industrial and rural areas are observed. The

obvious differences in PAH distribution patterns be-

tween Mexico City and other sites clearly indicate

different PAH sources. A large proportion of high

molecular weight PAHs in Mexico City samples is

characteristic of combustion sources and was confirmed

by high ratio of
P

COMB to
P

PAHs. Compound ratios

indicated the mixture of pyrogenic and petrogenic

sources of PAHs in all samples. Plot of Ph/An ratio

against Fl/Py ratio showed differences in fuel consump-

tion pattern, fuel compositions, and exhaustion system

of vehicles. The results obtained in this and other studies

demonstrate that relatively different decay rates of

PAHs complicate assessing possible sources in air and

vegetation samples.
P

MPh/Ph ratios indicated the

predominance of gasoline sources of PAHs in samples

from Korea and the United States and PAHs from diesel

are higher in Mexico City compared to the other sites.

This study confirms that pine needles are useful tool to

assess regional or global atmospheric contamination

from PAHs and provide indication of sources of those

compounds.
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