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Abstract

The concentrations of 16 polycyclic aromatic hydrocarbons (PAHs) were determined in surface sediment samples from nine sites
located at the Iguacu River Basin in the Metropolitan Region of Curitiba, Brazil to evaluate their distribution and sources. The total
concentration of the PAHs was greater for sediments from highly urbanized areas, while the sediments from the Irai Environmental
Protection Area (Irai EPA) showed significantly low concentrations. The sediments from the Iguacu and Barigui rivers were classified
as highly contaminated, while those from the Cercado and Curralinho rivers were classified as moderately contaminated. The
predominance of PAHs containing two to four aromatic rings in most of the samples suggested the direct input of raw sewage into the
water resources evaluated. Benzo[g,h,i]perylene, dibenzo[a,h]anthracene and indeno[1,2,3-cd]pyrene were predominant in sediments
from the areas under the greatest urban and industrial development. The correlation between thermodynamic stability and the kinetics
of evolution presented by the isomeric pairs indicated that combustion is the predominant source of PAHs in the sediments because the
combustion of fossil fuels affected most of the points evaluated, followed by combustion of biomass and eventually combustion of oil
product inputs. In general, the results showed that areas under strong urban influence, as well as the Irai EPA, receive contributions of
PAHs from similar sources.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiqui-
tous environmental contaminants primarily produced by
exposure of organic matter to temperatures exceeding
700°C. Production of PAHs occurs in natural and anthro-
pogenic processes of incomplete pyrolysis and combustion
(WHO, 1998) in addition to the geochemical formation of
fossil fuels (Yang et al., 1991). Anthropogenic emissions,
including domestic and industrial wastes, by-products of
incineration of industrial and urban wastes, oil spills
and their derivatives and, particularly, the combustion of
biomass and fossil fuels (WHO, 1998; Baird and Cann,
2008), are responsible for the most significant contribution
of PAHs to the environment. In developing countries like
Brazil the burning of vegetation from both forests and
agricultural practices represents a significant source of
PAHs in the environment (Godoi et al., 2004).

The stationary sources are responsible for approximate-
ly 80% of the total emission of PAHs, while the exhaust
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of vehicles powered by diesel and gasoline are the most
prominent mobile sources (Yang et al., 1991; Mostafa et
al., 2009). While most of the physicochemical properties
of PAHs vary considerably, the semi-volatile behavior
presented by some PAHs makes them highly mobile in the
environment, resulting in re-volatilization after deposition
and favoring their distribution through air, soil and water
bodies. Atmosphere is the environmental compartment that
receives most of the discharge of PAHs, which occurs in
the gas phase or, predominantly, in association with the
particulate material. PAHs are pollutants that are strongly
implicated in the degradation of human health in some
cities because their concentration in the outdoor air in ur-
banized areas commonly has a range from 1 to 500 ng/m?.
PAH levels can even reach ten times this concentration in

heavily polluted environments (WHO, ]998).

Usually, after spending several houfs or even days in
suspension in the atmosphere, where th¢se compounds can
be transported over long distances (Wania and Mackay,
1996), they eventually precipitate by dlry or wet deposi=
tion (Dickhut et al., 2000; Baird and [Cann, 2008). The
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occurrence of perennial sources of these pollutants results
in their accumulation in soil, vegetation and aquatic en-
vironments (Trapido, 1999). Once deposited, a significant
fraction of the PAHs is transferred to water bodies through-
out the urban runoff. Due to their low aqueous solubility
and hydrophobic nature, once in a water body, these
compounds occur as colloids, dissolved organic matter or
suspended particles and are eventually deposited in the
sediment (Guo et al., 2009). Therefore, bottom sediments
contain the highest levels of PAHs and represent as an
adequate environmental indicator for assessment of the
anthropogenic emissions of these contaminants. However,
to gain additional information and to determine the most
appropriate strategy for monitoring and environmental
control, it is necessary to identify the most likely sources
of such substances (Yunker et al., 2002).

The positive identification of precursors of PAHs that
occur in the environment is a complex task due to the di-
versity of sources and the dynamics of these substances in
the environment (Venturini and Tommasi, 2004). Despite
this challenge, some PAHs exhibit comparable thermody-
namic stability and kinetic evolution in the environment.
Therefore, the ratio of the concentrations of isomers has
been demonstrated to be an efficient method to assign the
probable sources of PAHs that arise in sediments (Yunker
and Macdonald, 1995; Budzinski et al., 1997; Dickhut et
al., 2000; Yunker et al., 2002; Cortazar et al., 2008; Guo et
al., 2009; Mostafa et al., 2009).

Relatively little is known about the sources and compo-
sition of PAHs in sediments from various river systems.
This fact is especially true in Brazil, despite having its

Table 1 Description of sampling stations at the study area in the
Iguacu River Basin in the Metropolitan Region of Curitiba

Station Description Location

No.

1 Curralinho River 25°23’45.1”8S, 49°03'17.5”W
2 Cercado River 25°23'3.6”S, 49°04'1.6”"W

3 Irai Dam 25°23'5.0”S, 49°05'1.7"W

4 Timbu River 25°2215.9”8S, 49°05'8.4”W
5 Canguiri River 25°22/39.5”S, 49°07"11.7"W
6 Irai River 25°26'39.9”S, 49°08’34.2”W
7 Iguagu River - SJ Pinhais 25°32/16.5”S, 49°13’32.5”"W
8 Barigui River 25°33722.6”'S, 49°20'32.6"W
9 Iguagu River - Arauc¢ria 25°35746.3”S, 49°24’58.1”"W

major river basins under strong urban, industrial and agri-
cultural influences. In the state of Rio de Janeiro, Southeast
Brazil, Torres et al. (2002) assessed an industrialized area
of the Rio Paraiba do Sul, Brito et al. (2005) evaluated
the Paraiba do Sul and Guandu rivers in an area under
industrial, urban and agricultural influence, while Gomes
and Azevedo (2003) studied the Campos dos Goytacazes
basin, an agricultural area. Meire et al. (2008) assessed
national parks in the states of Espirito Santo, Rio de Janeiro
and Sdo Paulo. Meniconi et al. (2002) evaluated the rivers
Barigui and Iguacu at the Metropolitan Region of Curitiba
(MRC), South of Brazil, in the influence area of an oil
refinery.

Taking all these aspects into consideration, the aim of
this study was to determine the concentrations of 16 PAHs
in river bottom sediments from the Iguacu Basin, at the
MRC, in Brazil, as well as to assess their possible sources.
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1 Materials and methods

1.1 Study area

Sediment samples were obtained at the Iguacu River
Basin located at the MRC (Fig. 1 and Table 1). This basin
is among the largest in Brazil, draining an area of 55,024
km? (SUDHERSA, 1997). The sources are located in the
vicinity of the MRC and the river extends for 1275 km to
its mouth in the Paranad River (COMEC, 1999). The basin
has about 3.2 million inhabitants with 2.1 million living in
the MRC. The Canguiri, Curralinho, Cercado and Timbu
rivers (sample stations No. 5, 1, 2 and 4 respectively) are
the main Iguagu River tributaries that are located upstream
of the MRC and form the Irai dam (sample station No. 3).
The Irai dam and its main tributaries are located within the
Irai Environmental Protection Area (Irai EPA), a hotspot
area responsible for supplying up to 75% of the drinking
water to the MRC.

The Irai River (sample station No. 6) is located down-
stream of the dam, near the Irai EPA region. The Iguacu
River, located in the cities of Sdo José dos Pinhais/Curitiba
and Araucdria/Curitiba (sample stations No. 7 and 9 re-
spectively), and the Barigui River, located in the cities
of Araucdria and Curitiba (sample station No. 8), run
through the main urban centers of the MRC and are
directly impacted by the high population density in the
metropolitan area.

1.2 Sediment sampling and analytical procedures

Nine sediment samples covering representative areas of
the MRC were collected from Jun to Nov 2005 using
a homemade PVC hand corer (50 mm i.d., 25 cm in
depth). The surface sediments were transferred to a solvent
cleaned glass jar. The samples where placed in a cooler
box and returned to the laboratory where they were stored
at —18°C until analyzed. The procedures for preparation,
extraction and analysis of the sediment samples were
described by Leite et al. (2008). Sediment samples were
thawed at room temperature, transferred to a glass tray
and air-dried for five days under exhaust in a darkened
fume hood. Each sample was then ground in a heavy
porcelain mortar and passed through a 149-um sieve.
Foreign objects such as sticks, leaves, and rocks were
discarded. The samples were homogenized and stored in a
desiccator in the dark at room temperature. Approximately
10 g of the dried sediment was thoroughly mixed with
an equal mass of anhydrous sodium sulfate, transferred
to a 250-mL screw cap Erlenmeyer flask, wetted with
acetone, spiked with 10 ng of each internal standard
([2H10]acenaphthene, [2H12]crysene, [2H8]naphthalene,
[2H12]perylene, and [zHlo]phenanthrene) and extracted in
a shaker apparatus at 120 r/min for 16 hr with 50 mL
of dichloromethane. The extract was concentrated in a
rota-evaporator to 5 mL, and the solvent was exchanged
by addition of 2 mL of cyclohexane. The volume was
reduced again to 2 mL in the same evaporator apparatus.
The cleanup of the sample extracts was accomplished by
passing them through a chromatographic column (11 mm

x 300 mm) which was packed with 0.1 g of activated
copper at the bottom to absorb elemental sulfur, 10 g of
activated silica gel, and 2 g of anhydrous sodium sulfate
on top to absorb residual water. The extract was cleaned up
with 15 mL of pentane and the PAH fraction was recovered
with 50 mL of dichloromethane/pentane (2:3, V/V) into a
Kuderna-Danish concentrator attached to a 5 mL calibrated
graduated tube. Then a gentle stream of nitrogen was used
to bring the volume of the extract down to 1 mL. The final
extract was transferred to an amber vial, sealed and stored
at —18°C until the following analysis.

The gas chromatograph-mass spectrometry (GC-MS)
analysis was performed on a Varian CP-3800 gas chro-
matograph (Walnut Creek, USA) equipped with a Var-
ian Saturn 2000 three-dimensional quadrupole ion trap
MS. The target compounds were separated on a 30-m
length and 0.25 mm i.d. capillary column coated with a
0.25 wm film thickness (diphenyl 5% dimethylsiloxane
95%) stationary phase (Chrompack CP-Sil8). Helium was
employed as carrier gas, with a constant column flow of
1.0 mL/min. All injections (1 uL) were carried out through
a universal injector (Varian 1177) in the splitless mode and
programmed to return to the split mode after 0.75 min from
the beginning of a run, and the samples were introduced
using a CP-8400 Varian auto-sampler. Split flow was
set at 30 mL/min. The GC oven temperature program
was: 80°C for 3 min, 20°C/min to 230°C, 10°C/min to
300°C and held for 6.5 min, with a total acquisition pro-
gram of 24 min. The temperature of the injector was kept
constant through all injections at 280°C. By using these
chromatographic conditions it was possible to qualitatively
distinguish between benzo[a]anthracene/crysene, a pair of
isomers that are commonly co-eluted by GC systems.

The target compounds were identified by GC retention
times, comparison with authentic standards, and from their
recorded mass spectra with the NIST mass spectral pro-
gram (NIST, 2005). The main prominent ion suggested by
the NIST program for each target compound was selected
for the MS optimization. These most abundant ions were
confirmed through the ion trap mass spectrogram obtained
by separated injection of a mixture of 16 target PAHs and
a mixture of 5 target deuterated PAHs in the GC-QIT MS
operating in full-scan mode.

In general, the MS was operated in the EI mode at 70
eV, 10 puA for emission current, 100 usec for the prescan
ionization time, 4.1 V for the axial modulation voltage, and
—1950 V for the electron multiplier set. The mass range
was scanned from 90 to 300 mass-to-charge ratio (m/z) at
1 sec/scan.

The following PAHs were analyzed: acenaphthene
(Ace), acenaphthylene (Acy), anthracene (Ant),
benzo[a]anthracene (BaA), chrysene (Chry),
benzo[a]pyrene (BaP), benzo[b/k]fluoranthenes (Bb/KF)

benzo[g,h,i]Jperylene  (Bghi), dibephzo[a,h]anthracene
(DahA), fluoranthene (Fluo), fluorene (Flu), indene[1,2,3-
cd]pyrene (IP), naphthalene (Nap), phenanthrene (Phe)
and pyrene (Pyr). All the PAH concentijations are reported
on a dry weight (dw) sediment basis.
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2 Results and discussion

2.1 Distribution of PAHs

The individual and total concentrations of the 16 PAHs
in sediments obtained from the sampling stations are
presented in Table 2.

The total concentration of the 16 PAHs (X16PAHSs)
was higher for the sediments of predominantly urban and
industrial areas, represented by sampling station No. 7
(Z16PAHs = 1713 ng/g), No. 8 (X16PAHs = 1206 ng/g)
and No. 9 (X16PAHs = 691 ng/g). Moreover, the sediments
from the Irai EPA showed significantly lower concentra-
tions, with the £16PAHs ranged from 131 to 358 ng/g for
the sampling stations No. 1-5. In these cases, the levels
of contamination were proportionally lower compared to
those in the densely urbanized areas of the MRC. This is
probably due to the positive influence of the Irai EPA and
regions of wetlands located in its internal and surrounding
areas. These areas remain flooded or semi-flooded most of
the year (COMEC, 1999), thus contributing to inhibition
of urban sprawl in this region.

Among the sediment samples from the Irai EPA, higher
total concentrations of PAHs were found in stations No. 1
(X16PAHs = 358 ng/g) and No. 2 (Z16PAHs = 278
ng/g). Despite being located in sparsely urbanized areas,
the concentrations may point to the impact of emissions
arising from the intense vehicle traffic on the BR-116
highway that crosses the region as well as by commercial
and industrial activities located in the vicinities of the
highway.

The total PAHs concentration in the Iguacu River Basin
located at the MRC is in agreement with the values cited
more frequently in the literature for freshwater sediments
under urban influence as can be seen in Tables 2 and
3. Meniconi et al. (2002) reported X16PAHs 532 and 70
ng/g in sediment samples from rivers Barigui and Iguacu,
respectively in 2000, which are in the same order of magni-
tude with our results obtained in the same region. However,
Torres et al. (2002) reported higher concentrations of

total PAHs (40,000 ng/g) in sediments at Paraiba do Sul
drainage, Southeast Brazil, which is near a large industrial
area. This aspect makes sense due to the concentrations
of these compounds in the environment are subjected to
wide variations depending on factors such as incidence of
biomass burning and fossil fuel combustion in the area of
influence.

Based on the correlation between impacted river en-
vironments and the occurrence of PAHs in sediments,
Johnson and Larsen (1985) and Benlanchen et al. (1997)
suggested classification criteria whereby an area is consid-
ered “highly contaminated” when concentrations of total
PAHs are higher than 500 ng/g, “moderately contaminat-
ed” when concentrations range from 250 to 500 ng/g and
“slightly contaminated” when concentrations are lower
than 250 ng/g. These criteria have often been used to assess
the level of contamination of sediments (Notar et al., 2001;
Venturini and Tommasi, 2004; Silva et al., 2007). Based on
these criteria, the sediments of stations No. 7 (Z16PAHs
= 1713 ng/g), No. 8 (X16PAHs = 1206 ng/g) and No.
9 (X16PAHs = 691 ng/g), which are within urban and
industrial areas, were classified as highly contaminated.
Sediments from stations No.1 (X16PAHs = 358 ng/g) and
No. 2 (X16PAHs = 278 ng/g) were classified as moderately
contaminated, while all the others were classified as slight-
ly contaminated.

Several studies, including those performed by Pérez et
al. (2001) in Portugal, Stevens et al. (2003) in the United
Kingdom and Blanchard et al. (2004) in France, have
demonstrated that the hydrolysis of organic matter orig-
inating from municipal sewage in wastewater treatment
plants (WWTP) contributes to the desorption of the content
of simpler structure PAHs with two to four aromatic rings,
which are released to the aqueous phase, while the more
complexes PAHs with five and six aromatic rings are
preferably adsorbed onto the particles forming the sludge.
Among these simpler structure compounds, Phe, Fluo, Pyr,
Nap and some methyl derivatives were reported as the most
predominant in treated effluents. In fact, the concentrations
of Phe, Fluo, Pyr and Nap found in the sediments evaluated

Table 2 PAH concentration of dry weight sediment samples collected from the main water bodies of the Metropolitan Region of Curitiba, Brazil

Station No. 1 2 3 4 5 6 7 8 9

Ace (ng/g) nd nd nd 5.6(2.3) nd 40(1.0) 2904 11.5 (3.5) 10.1 (1.8)
Acy (ng/g) 0.50(0.14)  0.85(0.07) 3.7(02)  3.2(0.4) 0.72(0.08) 4.1(02)  18.3(0.4) 14.7 (0.4) 19.9(1.5)
Ant (ng/g) 9.1(0.2) 3.9 (0.4) nd 2.5 (0.6) 4.9 (0.4) 1.1(03) 126 (3.5) 9.8 (4.0) 8.9 (2.3)
BaA (ng/g) 169(22)  10.8(2.0) nd 228(5.1)  65(0.8) 158(L.1) 12.8(3.1) 45.5(1.3) 30.4 (7.8)
Cry (ng/g) 224(12)  21.9(9.2)  40.8(74) 42.8(8.9) 18.7(42)  447(0.1) 345(7.1) 473(17.2)  39.5(14.2)
BaP (ng/g) 84.0(4.7)  63.8(25.0) 21.6(6.4) 23.1(10.9) 2.4(0.9) 28.1(13) 13.6(4.3) 97.8 (0.9) 36.6 (12.2)
BbkF® (ng/g)  49.6(38.1) 27.9(12.1) nd nd 222(10.1) nd 3902 (57.9)  47.5(2.0) 64.3 (13.3)
Bghi (ng/g) 143(13)  9.5(0.5) nd 1893.0)  8.6(L.7) 200(62) 10.7(2.7) 36.2 (6.8) 21.2(5.9)
DahA (ng/g)  36.9(189) 426(02) nd nd 249(58) nd 466.5 (34.5)  49.4 (8.7) 15.9 (2.4)
Fluo (ng/g) 247(8.1) 13725  46(17)  246(7.6)  149(26)  200(23) 992(11.8)  117.2(20.6)  80.7 (14.0)
Flu (ng/g) 204(17.9) 279(5.9)  152(15) 155(8.1)  12.1(53) 21.8(0.8) 625(12.3)  1352(578) 65.4(14.8)
IP (ng/g) 8.3(0.7) 8.2 (0.1) 13.0(1.3) 174(03)  82(1.8) 16.6 (0.9) 1643 (46.9)  48.5 (1597 Ay
Nap (ng/g) nd nd nd nd nd nd 256.7(31.3)  88.8[9.9) 78.7 (11.3)
Phe (ng/g) 515211 380(42) 325(23) 197(13)  62(04) 38.1(57) 63.6(17.3)  3144(61.4)  110.1 (35.1)
Pyr (ng/g) 10.1(1.3)  8.5(24) nd 263(3.0) 129(3.6)  200(14) 1047(312) 1421(29.1) 82.1(19.5)
516 PAHs 358 278 131 222 143 243 1713 1206 691

Data are presented as mean with standard deviation values between parentheses (n = 4).
2Benzo[b]fluoranthene and benzo[k]fluoranthene: isomer co-eluents analytes, quantified as a sole compound.
nd: not detected, is assigned for PAHs having concentration lower than the method detection limit.
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Table 3 Comparison of PAHs levels in sediments with other rivers and lakes around the world

Localization Land type >PAHs (ng/g) Reference

MRC rivers, Brizal Industrial and urban areas 131-1713 (16) This study

Paralba do Sul River, Southeast Brazil Industrial and urban areas 1-275 (16) Brito et al., 2005

Paratba do Sul River, Southeast Brazil Industrial and urban areas 40,000 (13) Torres et al., 2002

Barigui and Iguacu rivers, MRC, Brazil Industrial and urban areas 70 -532 (16) Meniconi et al., 2002
Susquehanna River system, USA Industrial and urban areas 1547-9847 (37) Ko et al., 2007

Daliao River system, China Agricultural, industrial and urban areas 103-3419 (18) Guo et al., 2009

Lake de Cima, Southeast Brazil Agricultural area 340 (35) Gomes and Azevedo, 2003
Several lakes and rivers, Southeast Brazil Remote areas 4-576 (13) Meire et al., 2008

Values in parentheses represent the number of PAHs analyzed.

in this work were between 19% and 59% of the total PAHs.
The sediments of the rivers under the influence of the Iraf
EPA (sampling stations No. 1 to 5) showed concentrations
between 32% to 41% for these compounds, while their
concentrations were 49% and 59% of the total PAHs at
stations No. 8 and 9 respectively. If taking into account
that the direct input of raw sewage into the water also
contributes to this phenomena and that contamination by
raw sewage is a known fact for the urban rivers at the MRC
(SUDERHSA, 1997; COMEC, 1999; Sodré et al., 2005;
Grassi et al., 2007; Sodré and Grassi, 2007a, 2007b). The
predominance of Phe, Fluo, Pyr and Nap in most of the
sediment samples suggests that municipal sewage may be
a significant source of input of PAHs to the Iguagu River
Basin in the MRC, especially the Irai dam (station No. 3)
and its tributaries.

On the other hand, PAHs with five and six rings were
predominant in the sediment at station No. 7 because the
sum of the concentrations of Bghi, DahA and IP was 65%
of the total PAHs. According to Yunker et al. (2002),
these compounds are more common in sediments from
urban areas and their occurrence is strongly linked to
human activities. Oil products are the predominant sources
of these PAHs with molar mass (MM) of 276 and 278.
Asphalt, which has the highest concentration, is the main
contributor, followed by refined oil products (Yunker et
al., 2002). Our results are consistent with this possibility
because the sampling station No. 7 is located downstream
of the Belém WWTP at the mouth of the Belém River. In
addition to receiving the discharge of treated effluent the
largest sewage treatment plant at the MRC, the sub-basin
of the Belém River has the highest rate of urbanization in
comparison to others in this metropolitan region. Therefore
its drainage should significantly contribute to the input of
more varied sources of PAHs of anthropogenic origin, such
as particulate matter from asphaltic surfaces, tire wears,
atmospheric deposition and oil spills. Other significant
occurrences of these compounds were observed at sta-
tions No. 8 and 9, which are under the direct impact of
high urban density as well as industrial activities. These
compound contributed 15% and 23% of the total PAHs at
sampling stations No. 8 and 9, respectively. In the Irai EPA,
stations No. 1, 2 and 5, where sub-basins are under the
influence of the heavy traffic from the highway BR-116,
showed 24%, 25% and 33% of the total PAHs, respectively.

PAHs of MM 252 (BbkF and BaP) are among the most
important in emissions produced by burning of wood,
coal and vegetation, as well as combustion of fossil fuels,

especially diesel. However, once in the environment, their
concentrations tend to decline rapidly, especially in the
atmosphere, due to degradation catalyzed by sunlight
(Yunker et al., 2002). Among the PAHs from pyrolytic
sources, BaP is the most important because of its carcino-
genic potential (WHO, 1998). BaP occurred at comparable
concentrations in all samples, ranging from 19 to 47 ng/g.
The ubiquity of this compound at equivalent concentra-
tions indicates the contribution of combustion sources,
which probably affect all environmental compartments of
the MRC.

2.2 Relative distribution of individual PAHs

The ratio between the concentrations of isomers has
been demonstrated as an efficient method for identifying
sources of PAHs that occur in sediments (Yunker and Mac-
donald, 1995; Budzinski et al., 1997; Dickhut et al., 2000;
Yunker et al., 2002). When human activities or combustion
are the primary sources of PAHs, the parent PAHs of lower
thermodynamic stability tend to be degraded more quickly
in the environment compared to others of the same MM. As
aresult, there is a decrease of the ratio between a less stable
parent PAH and its more stable isomer, depending on the
source. This ratio can be expressed as Rj7s = [Ant]/[178],
R202 = [Flu]/[202] and Rzzg = [BaA]/[228], where []78],
[202] and [228] are the sum of the concentrations of
isomers Ant and Phe (MM 178); Flu and Pyr (MM 202);
and BaA and Chry (MM 228), respectively. These ratios
are suitable to represent the pyrogenic and anthropogenic
sources of PAHs due to the high stability of these isomers
related to other parent PAHs and also due to their great
abundance in the environment (Yunker and Macdonald,
1995).

When the ratio R,7g is less than 0.10, it generally indi-
cates that these compounds are from petrogenic sources.
Diesel and lubricants are among the oil products that
have this profile. On the other hand, when the ratio is
greater than 0.10, it points to the dominance of combustion
sources (Budzinski et al., 1997) mainly from coal and shale
(Yunker et al., 2002).

The pair of isomers Flu and Pyr shows the transition be-

tween the pyrogenic and petrogenic souW
and the combustion of kerosene, vegetation, coal and wood

tend to have R;, higher than 0.50. Em{ssions of gasoline,
diesel and fuel oils by combustion and gmissions from cars
and diesel trucks usually have values lower than 0.50. The
value of 0.40 for Ry, indicates the trapsition between/oil
and the products of combustion. Valugs lower than,0.40
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are generally linked to diffuse sources of lubricating oil
products (Yunker et al., 2002).

The isomers BaA and Chry (MM 228) and Bghi and
IP (MM 276) are among the constituents that occur in
smaller proportions in refined petroleum products, which
are usually present in greater concentrations in their heavy
fractions, such as asphalt, bitumen and coal (Dickhut et
al., 2000; Yunker et al., 2002). These compounds are also
produced in the burning of fossil fuels and biomass, and
the occurrence of IP and Bghi may be associated with
the burning of wood and coal near the site of deposition
(Dickhut et al., 2000). A value of Rj,g less than 0.20 has
been applied more frequently to the correlation of BaA
and Chry with oil, while values up to 0.35 correlate with
combustion and oil, and values of more than 0.35 correlate
with other sources of combustion (Yunker et al., 2002).

Figure 2 shows the combination between the ratios of
the pairs of isomers with MM 178 and 228 versus the
pair of isomers with MM 202, which were computed from
the concentrations of PAHs obtained in this study. The
values for the ratio Rj7g3 obtained ranged from 0.0 for
the sediment sample from Station No. 3, to 0.29 for the
sample from Station No. 5 (Fig. 2a; station No. 3 is out
of scale). Sediments from stations No. 3, 6 and 8 showed
Ri78 less than 0.10, indicating that oil products are the
possible source of Ant and Phe in these environments.
Sediments from the remaining stations showed R7g higher

X Curralinho River (No. 1)
& Cercado River (No. 2)
== Timbu River (No. 4)

A Canguiri River (No. 5)

+ Irai River (No. 6)

than 0.10, indicating that in these environments, the parent
PAHs Ant and Phe originate mainly from oil combustion.
The predominant sources of combustion were higher in
sediments from stations No. 1 (Ry73 = 0.24) and 5 (R;7g
= 0.29), both located in Irai EPA, which stood out with
the highest values of R;73. Moreover, station No. 3 showed
Ry73 was equal to 0.0 because Ant was not detected in the
sediment.

The values for the ratios [Flu]/[202] (R»¢») obtained for
sediment samples (Fig. 2) ranged from 0.37 for stations
No. 4 and No. 7 to 1.00 for station No. 3 (out of scale).
The Ry(, values indicate that Fluo and Pyr come from the
combustion of fossil fuels in sediments at stations No. 5, 7
and 8, whereas at stations No. 4 and 9, R,o, values less than
0.40 indicate that these parent PAHs are probably from oil
products. The sediment of station No. 6 presented a value
of Ry, equal to 0.53, which is slightly above the interface
between the combustion sources, but suggests the probable
predominance of biomass burning emissions. The higher
values of Ry, obtained for the sediments of the stations
No.1 (0.74) and No. 2 (0.77) indicate a high probability
that the precursors of Fluo and Pyr in these environments
are due to the combustion of biomass.

Figure 2b shows that the ratios of Ryyg obtained ranged
from 0.35 for the sediment of station No. 6 to 0.59 for
station No. 9. Compared to the results obtained by Yunker
et al. (2002), the values of R,g obtained in this work

[ Barigui River (No. 8)

X TIguagu/Ara River (No. 9)

QO Iguagu/SIP River (No. 7)
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Fig. 2 Cross plots for the values of [Ant]/[Ant+Phe] vs. [Fluo]/[Fluo+Pyr] (a) and [BaA]/[ BaA+Chry] vs. [Fluo]/[Fluo+Pyr] [b) for sediments of the
Iguacu River Basin in the Metropolitan Region of Curitiba.
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indicate that the isomers BaA and Chry in the sediments
are predominantly from combustion sources, except at
station No. 6, presented an R;,g value of 0.35 representing
the interface between combustion and mixed sources (the
origin of parent PAHs can be oil as pyrogenic sources), and
station No. 3, where these compounds were not detected.

3 Conclusions

The concentrations of total PAHs were higher for the
sediments of urban and industrial areas, represented by the
Iguacu and Barigui rivers, while sediments from the rivers
of the Irai EPA showed significantly lower concentrations.
The predominance of Phe, Fluo, Pyr and Nap suggests
that municipal sewage may be a significant source of
PAHs to the Iguacu River Basin, especially to the Irai dam
and its tributaries. Bghi, DahA and IP were among the
predominant PAHs found in areas receiving the greatest
urban and industrial impact, mainly the Iguacu River in
Sao José dos Pinhais and the Barigui River in Araucaria.
This indicates that release of oil products such as the
asphalt used for paving may be a significant contributor.
PAHs derived from combustion probably affect all environ-
mental compartments of the MRC regardless the proximity
of urban and industrial centers. The correlation between
the thermodynamic stability and the kinetics of evolution
presented by the isomeric pairs indicated that combustion
is the predominant source of PAHs. Our results suggest
that combustion of fossil fuels affects most of the points,
followed by combustion of biomass and eventually the
input of oil products. This work yielded unprecedented
information about the occurrence, distribution and origin
of PAHs in sediment from rivers of the Iguacu River Basin,
demonstrating that some water bodies of the Irai EPA
already have moderate contamination by PAHs. This is a
warning sign because of the strategic importance of this
hotspot area as source of drinking water to the MRC.
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