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The coastal region off Macao is a known depositional
zone for persistent organic pollutants (POPs) in the Pearl
River Delta and Estuary of southern China and an important
gateway for the regional contributions of contamination
to the globe. This paper presents a comprehensive assessment
of the input sources and transport pathways of polycyclic
aromatic hydrocarbons (PAHs) found in the coastal
sediments of Macao, based on measurements of 48 2-7
ring PAHs and 7 sulfur/oxygenated (S/O) PAH derivatives
in 45 sediment, 13 street dust, and 68 aerosol samples.
Total sediment PAHs concentrations ranged from 294 to
12 741 ng/g, categorized as moderate contamination compared
to other regions of Asia and the world. In addition, the
PAH compounds appeared to be bound more strongly to
aromatics-rich soot particles than to natural organic matter,
implying a prevailing atmospheric transport route for
PAHs to Macao’s coast. Compositional analysis and principal
component analysis (PCA) suggested that different
classes of PAHs in the coastal sediments of Macao may
have been derived from different input sources via various
transport pathways. For example, alkylated and S/O
PAHs were likely derived from fossil fuel leakage and
transported to sediments by both aerosols particles and
street runoff. High-molecular-weight parent PAHs were
predominantly originated from automobile exhausts and
distributed by direct and indirect atmospheric deposition. Low-
molecular-weight parent PAHs, on the other hand, may
have stemmed from lower temperature combustion and
fossil fuel (such as diesel) spillage from ships and boats and

were transported to sediments by river runoff or direct
discharge as well as by air-water exchange.

Introduction
In recent years scientists have become increasingly concerned
about the distribution and fate of POPs in the tropical and
subtropical regions of Asia (1-4), because the tropical mild
to high temperatures and heavy rainfalls are able to rapidly
dissipate POPs into the atmosphere and aquatic systems from
points of usage or discharge. The “global distillation/
fractionation” hypothesis (5, 6) suggests that semivolatile
and persistent organic compounds may be distilled or
fractionated by differential temperatures around the globe.
As a result, these chemicals tend to redistribute from tropical
point sources to high-latitude areas via single-hop pathway
(6) or multihop pathway (5) based on their volatility and
ambient temperatures (7). The role of oceans in dictating
the global transport and fate of POPs was also addressed (8).

The widespread distribution of sedimentary PAHs, an
important class of POPs and culprits of carcinogenicity and
mutagenicity, has been well documented in industrialized
countries, and a vast number of publications are available
in the literature. By contrast, only limited sedimentary PAH
data have been acquired in recent years from a small range
of tropical/subtropical regions in Asia, mostly in southern
China (3, 9-18). Because most tropical/subtropical regions
in Asia are highly populated and generally under rapid
economic development and urbanization, a large amount of
PAHs generated in these regions may potentially move into
other relatively colder regions and therefore contribute
significantly to the global pollution problem.

Macao is located at the southern end of the Pearl River
Delta, a tropical/subtropical region (21°50′-23°25′N/112°33′-
114°10′E) in southern China (Figure 1a). The Delta is subject
to typical Asian monsoon climates, i.e., hot and humid in
summer with strong southeastern monsoon breezes from
the South China Sea, mild with frequent but light rainfalls
in spring, and relatively cool and dry in autumn and winter
influenced by northeastern monsoon winds from northern
China. Average ambient temperature ranges from 19 to 28
°C all year around and an annual volume of rainfall ranges
from 1300 to 2280 mm (19). The coastal areas off Macao, to
some degree, serve as a trap for fluvial suspended particles
from the western part of the delta water network (mainly
Xijiang River) through one of the major outlets, Modaomen
(Figure 1b,c). Suspended solids (especially fine particles) from
the eastern and northern parts of the delta water network
(Zhujiang, Beijiang, and Dongjiang Rivers) discharged through
four other major outlets (Humen, Jiaomen, Honqilimen, and
Hengmen) may deposit in Macao’s coastal region. Local
sources such as municipal sewage disposal, industrial and
agricultural discharge, and urban runoff also impact the
coastal environment.

A recent sampling of surface and core sediments from 17
locations around the Pearl River Delta indicated that the
sediment samples from Macao Harbor had the highest
concentrations of chlorinated pesticides, polychlorinated
biphenyls, and PAHs (4, 16, 18, 20). However, that survey
collected and analyzed only three samples from the coast of
Macao, and the data were insufficient to evaluate contami-
nant distribution patterns, input sources, and transport
pathways.

The objectives of the present study were to (1) examine
the distribution of sediment PAHs in the coast of Macao; (2)
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elucidate potential input sources of PAHs; and (3) assess the
transport pathways for PAHs to reach the region. To
accomplish these objectives, we collected and analyzed
sediments from the coastal areas off Macao, street dusts
within the city of Macao, and aerosols around Macao and
adjacent areas in the Pearl River Delta. PAH compositional
indices and principal component analysis (PCA) were
employed for data assessment. Sediment PAH data from a
previous study (18) were also included for comparison.

Experimental Section
Study Site. The coast of Macao locates at the western side
of the Pearl River Estuary (Figure 1b), one of the largest

estuaries in the world, covering an area of ∼2100 km2 and
connecting the continent with the South China Sea. Each
year approximately 3.26 × 1011 m3 of freshwater containing
7.07 × 108 tons of suspended particles flow into the estuary
via eight major outlets (21). Within the estuary, a south-
westward coastal current (called the South China coastal
current), originating from the counterclockwise Corelis force
in the Northern Hemisphere and the prevailing westward
wind in the region, tends to transport freshly discharged
materials from north and east to southwest (21). The
southwest part of the estuary is characterized by high saline
gradients and dissipative energy, which allows coagulation
and deposition of fluvial fine suspended particles. As a

FIGURE 1. (a) Schematic showing the geographical locality of the Pearl River Delta in China. (b) Map of the general study area and aerosol
sampling sites (9) around the Pearl River Delta and Estuary with the numbers 1-8 indicating the eight major runoff outlets: 1 - Humen;
2 - Jiaomen; 3 - Honqilimen; 4 - Hengmen; 5 - Modaomen; 6 - Jitimen; 7 - Hutiaomen; and 8 - Yamen. (c) Sediment sampling locations
around the coast of Macao: A - Jiuzhou Port; B - Port Exterior; C - East of Colaone Island; D - Southeast of Colaone Island; E - Shizhimen
Waterway; F - Nam Van Estuary; G - Port Interior; H - lower Qianshan Waterway; I - upper Qianshan Waterway; and J - Maliuzhou
Waterway.
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comparison, the sedimentation rate in the west coast of the
estuary is 1.52-3.85 cm/yr, higher than that (0.86 cm/yr) in
the east coast (4).

Aerosol samples were collected from three locations
representing three levels of anthropogenic pollution around
the Pearl River Delta (Figure 1b). In addition to a sampling
site in Macao representing the direct atmospheric input
source to the coast of Macao, two other sites were also chosen
for sampling. The first site was in the City of Nanhai, located
at the center of the delta and representative of mid-level of
anthropogenic pollution in the region. The second site was
on the Dinhu Mountain at the west side of the delta and
adjacent to Xijiang River. This location was chosen as a
background reference of atmospheric pollution, because
atmospheric particles carried by prevailing westward winds
are blocked by a cluster of mountains and hills in the west
of the delta.

Sample Collection. Forty-five sediment samples were
collected around the coast of Macao (Figure 1c) between
October 14 and 17, 1999, using a stainless steel grab sampler.
The sampling stations were selected as such to cover the
entire coastal region with various urban, suburban, rural,
and estuarine areas. Top 20-cm sediments were scooped
using a precleaned stainless steel scoop into solvent-rinsed
aluminum jars. A previous study obtained the sediment
accumulation rate of 1.87 cm/year for a sediment core (ZJ-9)
in Nam Van Estuary (4); hence a 0-20 cm layer of sediments
represented approximately 10 years of deposition. Thirteen
street dust samples were collected using a straw brush from
13 heavily trafficked streets of Macao Island in November
1998 and were stored in solvent-rinsed tight-sealed amber
vials. A number of aerosol samples were collected in 1998
and 1999 from Macao, Nanhai, and Dinhu Mountain using
high-volume air samplers described previously (22). Sample
volumes ranged from 681 to 1584 m3. Glass-fiber filters
containing aerosol particles were wrapped in aluminum foil.
All the samples were transported on ice to a laboratory where
they were stored at -20 °C until analyzed. Detailed descrip-
tions of the sample characteristics are provided in Table S1
of Supporting Information (“S” designates tables or figures
in Supporting Information thereafter).

Chemical Analysis. The analytical procedure used for
extraction, separation, and measurement of PAHs in sedi-
ment, aerosol, and street dust samples was detailed elsewhere
(18, 22), and only a brief description is given here. A mixture
of deuterated PAH compounds (naphthalene-d8, acenaph-
thene-d10, phenanthrene-d10, chrysene-d12, and perylene-
d12) as recovery surrogate standards was added to all the
samples prior to extraction. Freeze-dried sediment samples
were Soxhlet-extracted with methylene chloride. Street dust
and aerosol samples were ultrasonically extracted with
methylene chloride in aluminum foil lined amber belchers.
The extracts were concentrated, solvent-exchanged to hex-
ane, and purified using a 1:2 alumina:silica column chro-
matography. The first fraction, containing aliphatic hydro-
carbons, was eluted with 15 mL of hexane. The second
fraction containing PAHs was collected by eluting 5 mL of
hexane and 70 mL of methylene chloride:hexane (30:70). The
PAH fraction was concentrated to 0.4 mL under a gentle N2

stream. A known amount of internal standard (hexameth-
ylbenzene) was added to the extract prior to instrumental
analysis.

Concentrations of PAHs, including 30 parent components,
18 alkylated homologues, and 7 S/O PAH derivatives (Tables
S2-S4), were determined with a Hewlett-Packard 5890 series
gas chromatograph/5972 mass spectrometer in the selective
ion monitoring mode, and chromatographic separation was
provided by a 50 m × 0.32 mm-i.d. (0.17 µm film thickness)
DB-5MS capillary column (J&W Scientific, Folsom, CA).
Detailed instrumental conditions were described previously

(18). Quantitation was done using the internal calibration
method (five-point calibration). Final PAH concentrations
were corrected from the recoveries of the surrogate standards.
Surrogate recoveries were 58 ( 12% for naphthalene-d8, 75
( 10% for acenaphthene-d10, 93 ( 8% for phenanthrene-d10,
94 ( 10% for chrysene-d12, and 90 ( 9% for perylene-d12 with
sediment samples (n ) 45) and were 45 ( 25% for
naphthalene-d8, 65 ( 23% for acenaphthene-d10, 91 ( 18%
for phenanthrene-d10, 92 ( 19% for chrysene-d12, and 89 (
17% for perylene-d12 with aerosol and dust samples (n ) 81).

For each batch of 20 field samples, a procedural blank
(solvent with a clean GF/F filter), a spiked blank (16 PAH
standards spiked into solvent with a clean GF/F filter), a
matrix spiked sample (16 PAH standards spiked into pre-
extracted sediment, dust or aerosol), a matrix spiked du-
plicate, a sample duplicate (only for sediment and dust
samples), and a National Institute of Standards and Tech-
nology (NIST; Gaithersburg, MD) 1941 reference sample were
processed. Field blank (clean GF/F filters exposed to air during
aerosol sampling) and procedural blank samples contained
no detectable amounts of the target analytes except that
naphthalene was detected in the field blanks; hence, data
were blank corrected. The relative percent difference for
individual PAHs identified in paired duplicate samples (n )
4) was all < 15%. Recoveries of all the PAHs in the NIST 1941
sample were between 80 and 120% of the certified values.
Nominal detection limits for individual PAH compounds
ranged from 0.2 to 2 ng/g (dry wt) for 10 g of sediment, 2-20
ng/g (dry wt) for 1 g of street dust, and 0.008-0.08 ng/m3 for
500 m3 of aerosol, respectively. Actual reporting limits were
adjusted based on the sample sizes used.

Measurements of Sediment Organic Carbon and Black
Carbon. Five grams of freeze-dried sediment was treated
with 10% HCl solution to remove inorganic carbon and dried
overnight at 60 °C. An aliquot of the sample was used to
determine organic carbon (OC) and total nitrogen (TN)
concentrations. Soot carbon content was measured by a
modified method of Gustafsson et al. (23). Subsamples upon
acidification were further oxidized thermally in a muffle
furnace at 375 °C for 24 h under oxygen-saturated air. The
samples were reweighed after cooling in a desiccator for mass
balance calculation and then used for black carbon (BC)
determination. OC, TN, and BC were quantified with a CHN-O
RAPID elemental analyzer (Heraus, Germany). Acetanilide
was used as external standard (instrument detection limit )
10 ( 0.2 µg/g for carbon). All values were normalized to the
initial mass of the sample prior to any treatment.

Measurements of Sediment Minerals. X-ray diffraction
techniques were used to measure the concentrations of
quartz, plagioclase, kaolinite, illite, montmorillonite, and
chlorite in the sediment samples. Only total clay mineral
contents (sum of kaolinite, illite, montmorillonite, and
chlorite) are reported here.

Data Analysis. Data analysis included calculating indi-
vidual and total PAH concentrations, summarizing PAH
compositional indices or ratios, correlating various concen-
tration and composition related parameters, and performing
PCA. Two total PAH concentrations were calculated. The
first one (tPAH1) was the sum of the concentrations of all
PAH compounds (Table S2) except for perylene. The second
one (tPAH2) was the sum of the concentrations of phen-
anthrene, anthracene, methylphenanthrenes (1-,2-,3-, and
9-methylphenanthrenes), fluoranthene, pyrene, benzo[a]-
anthracene, chrysene, benzo[b+k]fluoranthenes, benzo[e]-
pyrene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and benzo-
[g,h,i]perylene and was used for comparison with a previous
study (3).

The PAH compositional indices or ratios used in the
assessment included alkylated PAHs/parent PAHs (A-PAHs/
P-PAHs) (excluding perylene), low- molecular-weight parent
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PAHs (phenanthrene to pyrene)/high-molecular-weight
parent PAHs (benzo[a]anthracene to coronene except
perylene) (LMW-PAHs/HMW-PAHs), methylphenanthrenes/
phenanthrene (MP/P), fluoranthene/pyrene (Fl/Py), benzo-
[a]anthracene/chrysene (BaA/Chr), benzo[a]pyrene/benzo-
[e]pyrene (BbP/BeP), indeno[1,2,3-cd]pyrene/benzo[g,h,i]-
perylene (InP/BghiP), and benzo[b]fluoranthene/benzo[k]-
fluoranthene (BbF/BkF).

Finally, PCA was used to explore the similarities or
differences among the samples with complex compositional
information and facilitate the assessment of input sources
and transport pathways. Prior to analysis, nondetectable
values were replaced with random numbers between zero
and the sample-dependent reporting limits. This ensured
the analysis was not influenced by spurious correlations
between compounds that were not detected in some samples.
All 55 PAH components or homologues in sediment and street
dust samples (Tables S2 and S3) were submitted to PCA,
whereas naphthalene, biphenyl, acenaphthylene, acenaph-
thene, and fluorene as well as their alkylated homologues
were removed from the aerosol data before PCA as their
concentrations were below reporting limits in a number of
aerosol samples (Table S4). PCA with varimax rotation was
performed using the software package STATISTICA (SYSTAT
5.0). Only the principal components with eigenvalues > 0.9
were retained, and only the principal component loadings
with absolute values greater than 0.20, accounting for >2%
of the variance in a given variable, were considered. Although
normalization and fractionalization have been suggested as
to minimize the differences between samples in terms of
absolute PAH concentrations (24-26), they did not yield
better interpretation of our data probably because of the
small range of the PAH concentrations.

Results and Discussion
Distribution of Sediment PAHs. The concentrations of total
PAHs (tPAH1) in sediments ranged from 294 to 12 741 ng/g
(Table 1). Spatially, sediments collected from Port Interior
near Macao Island had the highest PAH concentrations, while
two rural waterways (upper Qianshan and Maliuzhou) were
the least contaminated by PAHs. It is interesting to note that
sediments collected offshore (Jiuzhou Port, Port Exterior, and
East of Colaone Island) contained comparable amounts of
PAHs as those from most of the inshore locations (e.g.,
Southeast of Colaone Island, Shizhimen Waterway, Nam Van
Estuary, and lower Qianshan Waterway). The concentrations
of total parent PAHs (tPAH2) also followed the similar
distribution pattern as those of tPAH1, and the ratios of
tPAH2/tPAH1 were 0.30 ( 0.06 (n ) 45) for all the samples.

A comparison of the magnitude of PAH contamination in
the coast of Macao with those in other parts of the Pearl
River Delta, Asia, and the globe was made to provide a large
perspective. In this comparison, values of tPAH2 were utilized
as they were also measured in other comparable studies (3,
18). The magnitude of PAH contamination in the coast of
Macao (80-8415 ng/g) was slightly lower than that (451-
11 148 ng/g) in the Zhujiang River (Figure 2) that has been
regarded as the most contaminated river stream in the Pearl
River Delta but was comparable to other areas of the Pearl
River Delta (e.g., Xijiang River and Pearl River Estuary). In
general, PAH concentrations in sediments of Macao’s coastal
region and the rest of the Pearl River Delta were lower than
or comparable to those in Tokyo Bay (534-292 370 ng/g),
higher than those in riverine and coastal sediments of
Malaysia (4-924 ng/g), and well around the midpoint of the
global PAH concentration range (3).

Concentrations of perylene accounted for 9-75% of total
parent PAHs (including perylene) (Table 1), with the highest
concentrations mostly occurring at the rural sites (e.g.,
Qianshan Waterway). A linear regression analysis yielded a

poor correlation (r2 ) 0.05-0.18) between the concentrations
of perylene and the 5-6 ring parent PAH compounds (e.g.,

TABLE 1. Concentrations of Organic Carbon (OC), Black Carbon
(BC), Clays, Total PAHs, and Perylene in Coastal Sediments
off Macao

samplea
OC

(mg/g)
BC

(mg/g)
clayb

(g/g)
tPAH1c

(ng/g)
tPAH2d

(ng/g)
perylene

(ng/g)

A. Jiuzhou Port (Estuarine, Offshore)
MC01 11.9 1.16 0.65 1588 444 165
MC02 11.5 1.17 nme 1566 462 149
MC03 11.0 1.28 0.69 1624 391 116

B. Port Exterior (Estuarine, Offshore)
MC04 11.4 1.13 0.62 1424 398 66
MC05 15.1 1.67 0.47 2536 779 183
MC06 12.2 1.47 0.69 2043 534 127

C. East of Colaone Island (Estuarine, Offshore)
MC07 11.2 1.18 0.69 1662 433 116

D. Southeast of Colaone Island (Suburban, Inshore)
MC08 9.8 0.58 0.54 717 217 141
MC09 13.4 1.30 0.51 2057 675 250
MC10 15.5 1.39 0.70 2019 605 207

E. Shizhimen Waterway (Suburban, Inshore)
MC11 16.0 1.72 0.67 2610 865 293
MC12 10.6 1.29 0.19 1762 493 135
MC13 10.5 1.31 0.63 1597 402 235

F. Nam Van Estuary (Estuarine, Inshore)
MC14 11.9 1.29 nme 1842 481 451
MC15 6.6 0.79 0.40 993 244 82
MC16 13.1 1.49 0.61 2482 737 282
MC17 11.1 1.36 0.52 2494 723 307
MC18 6.1 1.05 0.25 722 218 80
MC19 7.8 1.13 0.40 1910 529 99
MC20 12.2 1.60 0.43 2261 723 312
MC21 10.5 1.52 0.47 2183 608 251
MC22 11.9 1.22 0.67 1656 589 220

G. Port Interior (Urban, Inshore)
MC25 11.5 0.98 0.28 4099 1570 176
MC26 17.0 1.44 0.62 5864 1145 288
MC27 4.2 0.60 0.39 4017 2231 109
MC28 15.9 1.36 0.50 6719 1839 358
MC29 14.4 2.00 0.45 4350 1138 427
MC30 15.8 1.72 0.62 5133 1049 303
MC31 15.1 1.95 0.60 4774 964 402
MC32 13.6 1.44 0.71 12741 8415 289
MC33 14.7 1.87 0.50 7948 3873 420

H. Lower Qianshan Waterway (Rural, Inshore)
MC34 9.5 1.53 0.37 2048 518 271
MC35 15.7 1.81 0.42 2560 640 446
MC36 14.2 2.10 0.64 3025 1004 348
MC37 12.7 1.51 0.49 2334 664 261
MC38 12.1 1.31 0.48 1845 517 238

I. Upper Qianshan Waterway (Rural, Inshore)
MC39 13.5 1.33 0.48 1867 548 472
MC40 12.9 1.43 0.49 1530 571 427
MC41 10.3 0.66 0.40 717 252 398
MC42 13.8 1.89 0.53 2534 841 668
MC43 8.7 0.62 0.43 695 232 709

J. Maliuzhou Waterway (Rural, Inshore)
MC23 9.5 0.78 0.56 411 148 76
MC24 8.9 0.56 0.52 294 80 58
MC44 8.5 1.37 0.48 1829 647 152
MC45 12.2 1.38 0.60 1989 580 175

a Sampling stations are depicted in Figure 1c but labeled with alpha-
betic numbers only. b Clay ) sum of kaolinite, illite, montmorillonite,
and chlorite. c tPAH1 ) sum of the concentrations of all PAH components
(Table 2 of Supporting Information) except for perylene. d tPAH2 ) sum
of the concentrations of phenanthrene, anthracene, methylphenan-
threnes (1-,2-,3-, and 9-methylphenanthrenes), fluoranthene, pyrene,
benzo[a]anthracene, chrysene, benzo[b+k]fluoranthenes, benzo[e]pyrene,
benzo[a]pyrene, indeno[1,2,3-cd]pyrene,andbenzo[g,h,i]perylene. e Not
measured.
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benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene,
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]an-
thracene, and benzo[g,h,i]perylene). These parent PAH
compounds are believed to originate from anthropogenic
combustion/pyrogenic sources, and their concentrations
were well correlated with each other (r2 > 0.9) in all the
sediment samples. This was consistent with several previous
studies that attributed predominant perylene concentrations
in freshwater sediment (27-30) and marine sediments (31,
32) to natural diagenetic processes of biogenic precursors
(e.g., perylenequinone pigments). On the other hand, retene
has also been attributed to natural source inputs (e.g.,
dehydrogenation and aromatization of abietie acid, a diter-
penoid during diagenesis) (27, 33), but its concentrations
were significantly (r2 > 0.60) correlated with other alkylated
PAH compounds in the present study (with retene accounting
for 0.7-3.0% of total alkylated PAHs). In addition, the
presence of abundant retene in aquatic environments has
been suggested as an indicator of anthropogenic inputs, such
as effluents from paper milling processes (34), and used as
a molecular marker of wood combustion in ambient air (35).
This assessment suggests that retene may have been derived
from anthropogenic sources rather than diagenetic processes
in our study site. For this reason, perylene was excluded
from and retene was included in tPAH1.

Correlation of PAHs with OC, BC, and Clay Contents.
A strong correlation (r2 ) 0.87) was found between tPAH1
and BC concentrations in all but Port Interior sediments.
Conversely, the correlations between tPAH1 and OC con-
centrations and between tPAH1 and clay contents were
moderate (r2 ) 0.49;) and poor (r2 ) 0.04;), respectively (Figure
S1). In addition, poor correlations (r2 ) 0.0007-0.179) were
found between tPAH1 and BC, OC, and clay contents in the
heaviest polluted Port Interior sediments. The preferential
association of PAHs with carbonaceous particles (such as
carbon soot) in addition to OC has been reported in soils
and sediments by other researchers (36-42). For example,
previous investigations observed significant correlations
between total PAH concentrations and both BC (23, 43, 44)
and OC concentrations in riverine/coastal systems (11, 45-
47). In line with these results, our data suggested that the
PAHs in the coastal sediments of Macao were more strongly
bound to aromatics-rich soot particles than to natural organic
matter, implying an important role played by atmospheric
transport in distributing PAHs to the coast of Macao.

Evaluation of Sediment PAH Sources (Petrogenic vs
Pyrogenic). Combustion processes and release of uncom-

busted petroleum products are the two main sources of
anthropogenic PAHs found in the environment. In general,
parent PAHs are largely produced by incomplete combustion
of fossil fuels and plant material or natural diagenesis,
whereas alkylated homologues mainly originate from petro-
genic sources (48-50). Of combustion-derived PAHs, low-
molecular-weight parent PAHs and/or alkylated homologues
are abundantly produced at low to moderate temperatures
(48, 49), while high-molecular-weight parent PAHs are
generated at high temperatures (51). It should be noted that
petroleum-derived residues also contain relatively high
abundances of two- and three-ring PAHs (33). These general
observations provide useful guidelines for utilizing PAH
compositional indices or ratios to apportion the anthropo-
genic sources of PAH.

The ratios of A-PAHs/P-PAHs and LMW-PAHs/HMW-
PAHs in the Port Interior sediments ranged from 0.4 to 3.5
and 0.4 to 2.16, respectively (Figure S2), although the total
PAHs (both tPAH1 and tPAH2) concentrations varied in a
relatively small range (Table 1). This might reflect the
distinctly different PAH input sources to this specific area.
The same ratios ranged from 1.04 to 2.40 and 0.6 to 1.4,
respectively, in other sediment samples (Figure S2), probably
signaling that PAH input sources were similar. As the sampling
sites in Port Interior are adjacent to Macao Island (Figure
1c), a highly urbanized district, local discharge may have
been the dominant source of PAHs. Nevertheless, the
sediment PAHs in the coast of Macao appeared to be of both
petrogenic and pyrogenic origins.

The next compositional index examined was MP/P, a
widely used indicator to differentiate between petrogenic
and pyrogenic sources. A value of MP/P < 1 was generally
found in combustion mixtures, whereas residues of unburned
fossil fuel typically displayed M/MP values of 2-6 (3, 52, 53).
In the present study, street dust samples exhibited MP/P
values of 1.2-3.5 (Figure 3). Previous studies obtained MP/P
values of 0.81-4.14 and 0.57-1.80 in street dust samples
from Malaysia and Tokyo, Japan, that were presumably
influenced by used crankcase oil and derived from auto-
mobile exhausts, respectively (3, 54). If the same argument
was applicable to our samples, it suggested that street dusts
contained PAHs of largely petrogenic origin. However, the
PAH profiles in the street dust samples were depleted in

FIGURE 2. Concentrations of total parent PAHs (tPAH2; see text for
detailed explanation) in sediments of Macao and the Pearl River
Delta in comparison with those in Malaysian, Tokyo, and global
sediments (3). Location numbers represent sediments collected from
the following: 1 - Globe; 2 - Tokyo; 3 - Malaysia; 4 - coast of
Macao (except for Port Interior); 5 - Port Interior; 6 - Zhujiang
River; 7 - Xijiang River; and 8 - Pearl River Estuary. FIGURE 3. Values of methylphenanthrenes/phenanthrene (MP/P)

and low-molecular-weight parent PAHs/high-molecular-weight
parent PAHs (LMW-PAHs/HMW-PAHs) determined in sediment,
aerosol, and street dust samples from the coast of Macao and the
Pearl River Delta. Sampling locations are shown in Figure 1.
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LMW-PAHs (Figure S3c) when compared with those in the
Tokyo street dust (e.g., the ratio of Fl+Py/∑COM was 12.7-
50.1 in Macao dust samples while it was 37-54 in Tokyo dust
samples, where ∑COM was the sum of parent PAHs from
fluoranthene to benzo[g,h,i]perylene (54)) and Malaysia dust
samples (3). Therefore, the lower LMW-PAHs/HMW-PAHs
values (Figure 3) in our street dust samples were indeed
indicative of relatively higher degree of high temperature
pyrogenic contamination, likely from vehicular exhausts, in
Macao street dust than in Tokyo and Malaysia street dust.

Aerosol samples from heavily trafficked streets of Macao
exhibited MP/P values of 1.2-3.5, while aerosol samples
collected from Dinhu, Nanhai, and lightly trafficked sites of
Macao had MP/P values of 0.24-1.0. The low MP/P values
and high concentrations of HMW-PAHs (Figures S3e-h) in
these aerosol samples probably point to a prevailing pyro-
genic source for PAHs in the atmosphere.

The MP/P values (0.63-1.82) in the coastal sediments of
Macao were in the mid range of those in all the street dust
and aerosol samples (0.24-3.5) (Figure 3), suggesting a
combined petrogenic and pyrogenic input source of PAHs
to the coastal sediments. The relatively higher LMW-PAHs/
HMW-PAHs ratios in sediment samples than in street dust
samples (Figures 3 and S3b,c) indicated that PAHs of slightly
different sources, i.e., PAHs from low-temperature combus-
tion and petroleum-derived residues, were transported to
the coastal sediments as well. In fact, the coast of Macao is
a busy waterway that a great number of commercial ships
and boats pass by daily to transport merchandise to Macao
and the western Pearl River Delta. Exhausts from low-
temperature combustion engines as well as accidental fossil
fuel spill could have certain impact on the PAH inputs to the
coastal sediment. An independent verification of this argu-
ment can be achieved from a comparison of the Fl/Py ratios.
We obtained Fl/Py values of 0.8-1.16 in our sediment
samples, close to the Fl/Py values of 0.9 for fuel oils (55) and
of 1.10 for a diesel particulate standard, NIST SRM 1649 (56).
More quantitative assessments on the contributions of PAHs
from different sources to Macao coastal sediments will be
made with PCA later.

Differentiation of Pyrogenic PAH Sources by Compo-
sitional Analysis. A number of combustion sources, such as
automobile exhaust, coal/coke combustion, forest fires,
household heating stoves, biomass burning, and smelters,
may release PAHs to the environment. The isomer ratios of
BaA/Chr, BaP/BeP, InP/BghiP, and BbF/BkF have been
proposed as indicators to differentiate between pyrogenic

PAH sources, because these PAH isomer pairs have similar
thermodynamic partitioning and kinetic mass transfer coef-
ficients and are diluted equally upon advective mixing with
natural particulate matter (34, 57). Furthermore, a large
portion of combustion-derived PAHs is usually associated
with aerosol particles in the atmosphere (58).

Aerosol samples collected from Macao and Nanhai at the
altitudes of 1-10 m (Figure 4), both characteristic of localized
emissions, had similar values for the PAH isomer ratios that
from Dinhu Mountain in summer. The PAH isomer ratios in
aerosols collected from Nanhai at the altitudes of 13-36 m
and Dinhu Mountain in spring were also similar, but these
aerosol samples had slightly different BaP/BeP values
compared to other aerosol samples (Figure 4).

The mean BaA/Chr (0.42 ( 0.09), BaP/BeP (0.68 ( 0.20),
and BbF/BkF (1.33 ( 0.48) values in the aerosol samples
were comparable to those in the automobile combustion
source samples (0.53 ( 0.06, 0.88 ( 0.13, and 1.26 ( 0.19,
respectively) (57) and SRM 1649 urban air reference standard
(0.75 for BaP/BeP) (59). Conversely, the mean InP/BghiP ratio
(0.79 ( 0.10) was higher than that in the automobile
combustion source samples (0.33 ( 0.06) (57) but was similar
to those in SRM 1649 urban air particulate (0.83) and SRM
1650 diesel particulate (0.82) (59). Colmsjö et al. (60) also
observed InP/BghiP ratios of less than 1.0 when automotive
sources of PAHs dominated. In addition, the PCA results
(shown in the next section) indicated that the concentrations
of InP and BghiP were correlated with those of BaP, BeP,
BbF, and BkF in all the aerosol samples. Taken together, the
limited compositional analysis suggested that vehicular
emission from fossil fuel combustion appeared to be the
predominant source of combustion-derived PAHs to the
atmosphere of the Pearl River Delta.

Source Apportionment by Principal Component Analy-
sis. Coastal Sediments. Five principal components (PC1, PC2,
PC3, PC4, and PC5) were identified based on PAH loadings
and accounted for 30%, 28%, 18%, 7%, and 2%, respectively,
of the total variance (Figure S4). PC1 was mostly associated
with alkylated and S/O PAHs and considered a representative
of petrogenic sources because of a high degree of alkylation
profiles for S/O PAHs and a strongly positive correlation
between alkylated PAHs and S/O PAHs. PC2 was dominated
by high-molecular-weight parent PAHs and could be at-
tributed to high temperature combustion sources. PC3 was
characterized by high loadings of low-molecular-weight
parent PAHs, such as fluorene, phenanthrene, anthracene,
fluoranthene, and pyrene. PC4 was largely represented by

FIGURE 4. Comparison of benzo[a]anthracene/chrysene (BaA/Chr), benzo[a]pyrene/benzo[e]pyrene (BbP/BeP), indeno[1,2,3-cd]pyrene/
benzo[g,h,i]perylene (InP/BghiP), and benzo[b]fluoranthene/benzo[k]fluoranthene (BbF/BkF) determined in the aerosol samples from the
present study with published data for known PAH sources.
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moderately volatile PAHs (naphthalene, biphenyl, methyl-
naphthalenes, and dimethylnaphalenes). Finally, PC5 was
characterized by a high loading of perylene, thought to
originate from diagenetic alteration of terrestrial organic
matter (29-34). Score plot of PC1, PC2, and PC3 (Figure S5),
which collectively accounted for 76% of the total variance,
grouped all but Port Interior sediments into one cluster that
had intermediate values of both PC1 and PC2. This suggested
that all PAH inputs were quite evenly distributed in the coastal
sediments of Macao except for the Port Interior sediments.

The fact that parent PAHs were clustered into three groups
based on their volatility suggested that the different physical-
chemical properties of the compounds may have dictated
the modes of entry for these compounds. Notably, the most
volatile PAH compounds (PC4) could enter the water body
via air-water exchange, partition into organic-rich suspended
particles, and deposit onto the bottom sediments. This notion
is consistent with previous findings implying that gas flux
was an important route of delivering PAHs to the water
column in areas such as Chesapeake Bay (47, 61), San
Francisco Estuary (62), and the Great Lakes (63-65). Our
analysis of water column samples collected from the coast
of Macao indicated that the concentrations of total PAHs in
the dissolved phase (4663-7889 ng/L) were much higher
than those in the particulate phase (335-960 ng/L), and the
2-3 ring PAHs comprised more than 95% of the total PAHs
(Luo and Mai, unpublished data). These results also agreed
with previous assessments that air-water exchange could
result in high abundances of low-molecular-weight PAHs in
the water body (65, 66).

Street Dust. Eighty percent of the total variance could be
explained with the first two principal components, PC1 and
PC2 (Figure S6a). PC1, accounting for 57% of the variance,
was predominantly comprised of low-molecular-weight
(naphthalene to benzo[a]anthracene), alkylated, and S/O
PAHs and was categorized as being petrogenically originated.
PC2, accounting for 23% of the variance, was mainly
contributed from high-molecular-weight PAHs (benzo[b]-
fluoranthene to dibenzopyrenes) and exhibited weak cor-
relation with PC1 (r2 ) 0.2-0.3). Perylene contributed high
loadings to PC2 and was positively correlated with other
pyrolytic PAHs (high-molecular-weight parent PAHs), indi-
cating that perylene found in street dust samples might be
of pyrogenic origin. Score plot of PC1 vs PC2 shows no
apparent grouping of the samples geographically (Figure S6b).
Instead, the PAH composition in street dust samples probably
reflected contributions from leakage of crankcase oil (petro-
genic) and vehicular exhausts (pyrogenic).

Aerosols. PC1 and PC2 accounted for 89 and 80% of the
variances in the Macao and Nanhai aerosol samples,
respectively (Figure S7). PC1, describing 49 and 39% of the
variances, contained mostly alkylated and S/O PAHs. PC2,
responsible for 40 and 41% of the variances, consisted of
high-molecular-weight PAHs (benzo[b]fluoranthene to diben-
zopyrenes) of pyrolytic origins. Among individual parent
PAHs, phenanthrene, anthracene, fluoranthene, pyrene,
benzo[g,h,i]fluoranthene, and cyclopenta[cd]pyrene had
moderate loadings for both PC1 and PC2 in Macao aerosols
but high loadings for PC1 in Nanhai aerosols except for
cyclopenta[cd]pyrene which had moderate loadings for both
PC1 and PC2. In addition, benzo[a]anthracene, chrysene,
and triphenylene contributed high loadings to PC1 in Macao
aerosols but moderate loadings to both PC1 and PC2 in
Nanhai aerosols. These results were probably indicative of
both pyrogenic and petrogenic origins for the relatively low-
molecular-weight parent PAHs in the aerosols. It is interesting
to note that dibenzo[a,c]anthracene had different PC loadings
compared to other high-molecular-weight PAHs in Macao
aerosols. Similarly, dibenzofuran and dibenzothiophene
contributed different PC loadings to Nanhai aerosols com-

pared to other S/O PAHs. Dibenzothiophene is a tracer to
combustion of sulfur-containing fuels such as coal (56, 67),
but no specific sources have been identified for dibenzo-
[a,c]anthracene and dibenzofuran.

PC1 and PC2 score plots for Macao and Nanhai aerosols
(Figure S8) show that most samples except those from point
sources (sample nos. GS 1 to HS-3 and NH34 to NH40 from
traffic emission and QT-1 to QT-3 from combustion of asphalt
in Table S1) are grouped near the origin, indicating a small
variability of PAH compositional patterns among the samples.
Macao samples from point sources such as traffic emissions
had large contributions to PC1, but those collected near
asphalt combustion sources showed high PC2 values. On
the other hand, Nanhai samples scattering away from the
origin were collected near a major highway and exhibited
distinctly different PAH compositions.

Eighty-nine percent of the total variance for Dinhu
Mountain aerosols was distributed to PC1 and PC2 (Figure
S9a). All analytes except for benzo[a]anthracene, triphen-
ylene, benzo[a]fluoranthene, benzo[a]pyrene, dibenzo[a,c]-
anthracene, and dibenzo[def,mn]chrysene contributed to PC1
that accounted for 71% of the variance. Such a pattern
suggests that PAHs were derived from nonpoint sources (e.g.,
atmospheric transport from urban and industrial areas). The
smaller contributions of the indicated compounds to PC1
relative to PC2 could be attributed to their vulnerability to
photodegradation (68). Therefore, PC2 signaled the degree
of photodegradation as a function of transport distances and
modes (long-range transport from north and northeast and
short-range transport from southeast). The PC1 and PC2 score
plot (Figure S9b) clearly displays the separability of aerosol
samples collected in spring and summer, respectively, with
respect to PC1 values. The spring samples had higher
contributions to PC1 and relatively lower contributions to
PC2 than the summer samples, suggesting that the spring
samples were enriched with photolysis-resistant compounds
and depleted in photoreactive compounds. This was further
verified by comparing the isomer ratios of BaA/Chr and BaP/
PeP in the spring samples (0.1-0.2 and 0.0-0.1) with those
in the summer samples (0.3-0.4 and 0.6-0.8). Therefore,
aerosols collected in spring may have been subject to longer-
range atmospheric transport than those collected in summer.

Assessment of PAH Input Pathways. The results pre-
sented above classified the PAH compounds into two to five
clusters (or principal components) for all the samples.
Particularly, PC1 and PC2 for sediments, street dusts, and
aerosols from Macao and Nanhai were mainly comprised of
alkylated and S/O PAHs (petrogenic) and high-molecular-
weight parent PAHs (pyrogenic), respectively. Furthermore,
a score plot of PC1 and PC2 for all the samples (Figure 5)
shows that all sediments except for those from Port Interior
and aerosols of nonpoint sources from Macao and Nanhai
are clustered in one group near the origin. We therefore
propose that atmospheric deposition, direct (i.e., dry and
wet deposition in coastal areas) or indirect (i.e., deposition
to the Delta’s watershed and transport to the coastal areas
via surface runoff), would be the dominant pathway for most
PAHs (e.g., alkylated, S/O, and HMW-PAHs) to reach the
coastal sediments of Macao. Further assessments to validate
this notion are given below.

Since benzo[a]anthracene and benzo[a]pyrene are photo-
degraded more easily than their isomers, chrysene and benzo-
[e]pyrene, respectively, during transportation (68), the ratios
of BaA/Chr and BaP/BeP can be used as tracers for the degree
of photodegradation in addition to being used as source
discriminators. Figure 6 shows a plot of BaA/Chr versus BaP/
BeP for all the samples, and several features can be observed.
First, the correlation between BaA/Chr and BaP/BeP was
poor (r2 ) 0.25) in the sediment samples, implying two
possible discrete sources or transport modes for the isomer
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pairs. Second, BaA/Chr values for Port Interior sediments
(1.5-1.8) were higher than those for other sediments (0.5-
1.5), aerosols (0.1-0.7), and street dusts (0.2-0.3). On the
other hand, BaP/BeP varied only slightly with sediments
collected at different locations (0.5-1.1), and the sediment
values were similar to those in aerosol samples (0.4-0.9)
from Macao and Nanhai (at altitudes of 1-10 m) but higher
than those in street dusts (0.07-0.5) and lower than those
in aerosols collected near a highway of Nanhai (0.98-1.11).
It appeared that aerial deposition was a major route for high-
molecular-weight PAH compounds to reach sediments, and
Port Interior might be closer to the potential sources of benzo-
[a]anthracene and chrysene than other waterways. Third,
aerosols collected from Nanhai at high altitudes (13-36 m)
and Dinhu Mountain during spring season had the lowest
values of BaA/Chr and BeP/BaP among all the samples. This
may have resulted from high degree of photodegradation
during atmospheric transport, and therefore the high-
molecular-weight PAHs may have been transported from
outside the Pearl River Delta.

Additional assessments (Supporting Information) indi-
cated that high-molecular-weight PAHs in Macao’s coastal
sediments were imported mainly via dry and wet deposition
of atmospheric particles. In additions, both atmosphere

deposition and street runoff could be significant input
pathways for alkylated and S/O PAHs found in the coast of
Macao. Also in summer time, aerosols collected on Dinhu
Mountain, a relatively less urbanized area, appeared to be
predominantly derived from other highly industrialized and
urbanized regions around the Pearl River Delta and could
deposit in the Xijiang River watershed and subsequently
transported into the coastal waters off Macao and the Pearl
River Estuary by river runoff.
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