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Abstract
Purpose Polycyclic aromatic hydrocarbons (PAHs) are unin-
tentional products that are classified as persistent toxic sub-
stances. The goal of the present study was to generate data on
the presence of 15 priority PAHs that are found in surface
sediment and core sediment in the region of the Turvo/
Grande watershed, São Paulo State, Brazil, which is an area
of expanding sugarcane cultivation, and to correlate these data
with the sources of these PAHs and the guiding values for
sediment quality analysis.
Materials and methods Surface sediments and sediment cores
were sampled during the rainy and dry seasons in February
and July 2010. The extraction of PAHs from sediments was
performed using a Soxhlet extractor, and then the extract was
cleaned according to the methods of the US EPA 3630C (US
EPA 1996) using a silica gel column. Quantification was per-
formed using high performance liquid chromatography with
fluorescence detection.
Results and discussion The concentrations of all 15 PAHs
decreased as the depth of the sediment core increased. Overall,
the concentrations decreased along the sediment core; howev-
er, the RTURARG (region predominantly used for planting
sugarcane and livestock) during the rainy season and the
CAPRP sampling site (located at part of the Preto River

dam) during the dry season showed increased concentrations
in the first few sediment fractions, and then the concentrations
decreased. Higher concentrations were observed in urban loca-
tions, and the concentration of naphthalene was higher than the
probable effect level (PEL) determined by the Canadian
environmental agency. The obtained diagnostic ratios indicate
that the sediment from areas with an abundance of sugarcane
was a pyrolytic source of PAHs, which indicates a contribution
from burning straw to the PAH concentrations in those areas.
Conclusions For all sampling sites and all PAHs, we found a
decreasing trend in PAH concentrations with increasing sedi-
ment core depth, and the locations, such as CAPRP, that ex-
perienced a higher level of human activity had the highest total
concentrations of PAHs. These locations were the only areas
in which the PAH naphthalene was found in higher concen-
trations than the PEL. The diagnostic ratios reveal that regions
with sugarcane plantations had predominantly pyrolytic
sources of PAHs, indicating the contribution of PAHs from
sugarcane straw burning.

Keywords Diagnostic ratios . PEL . Polynuclear aromatic
hydrocarbons . Sediment . TEL

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are unintentional
products that are considered as persistent toxic substances
and are composed of two or more benzene rings fused in
linear, angular, or clustered arrangements. They arise from
natural and anthropogenic sources that can be classified as
biogenic, pyrolytic, and petrogenic (Lopes and Andrade
1996; Lors et al. 2010). The latter two sources represent the
highest contribution to PAH emissions and include internal
combustion powered by petroleum engines, the use of
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incinerators and residential heaters, fires, the refining of fossil
fuels, the processing of wood products, iron and steel produc-
tion, and textile factories (Sho et al. 2004; Haritash and
Kaushik 2009). PAHs are found in different concentrations
in the atmosphere, water, soil, and sediment (Manoli et al.
2004; Almeida et al. 2007; Ströher et al. 2007; Cheng et al.
2013; El-Mufleh et al. 2013; Gebara et al. 2013; Shahsavari
et al. 2013; Silva et al. 2013; Belin et al. 2014; Prokes et al.
2014; Zheng et al. 2014). Almeida et al. (2007) conducted an
inventory of PAH emissions in Brazil that included the prima-
ry sources of the atmospheric emission of 16 PAHs that are
considered priority substances by the US Environmental Pro-
tection Agency (US EPA). In this study was demonstrated
that nearly all PAHs issued (94.8 % or 7,346 t/year) are the
result of combustion processes, with 83.8 % of these emis-
sions resulting from the burning of wood and 11.1 % resulting
from biomass burning.

PAHs may accumulate in sediments because they have low
water solubility and a high octanol-water partition coefficient
(Kow). Therefore, PAHs have a high affinity for sediment
particles and adsorbent materials rich in organic matter, which
leads to the accumulation of this class of contaminants

through the deposition of particulate and solid materials in
which PAHs are adsorbed (Chiou 2002; Karichkhoff 1981;
Luthy et al. 1997). Thus, the assessment of the levels and
distribution of PAHs in sediment may indicate the source
and intensity of human activity because these compounds
are associated with characteristic sources of pollution
(Nishigima et al. 2001; Han et al. 2015).

The Turvo/Grande watershed is a region of expanding sug-
arcane cultivation and is located in the city of São José do Rio
Preto, which is a large urban center. The primary sources of
PAHs in this region are pyrolytic, particularly fossil fuel and
biomass burning. This region is one of the leading producers
of sugarcane in Brazil, and the burning of sugarcane straw is a
common occurrence (Magalhães et al. 2007; Andrade et al.
2010; Cristale et al. 2012; Conab 2015). In this study, the
northwest region of São Paulo was chosen to investigate the
robust expansion of the sugarcane agribusiness industry.

To estimate the origins of PAHs, specific ratios of isomers
have been widely used. The use of these ratios is based on the
fact that PAH composition indicates characteristics corre-
sponding to the source of emission. The phenanthrene/(an-
thracene + phenanthrene) , f luoranthene/ (pyrene +

Fig. 1 Map of the locations of the sampling sites located at Turvo/Grande watershed
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fluoranthene), and chrysene/(chrysene+benzo [a] anthracene)
ratios, among others, have been described and applied in sev-
eral studies to estimate the origin of PAHs (Liu et al. 2000;
Luo et al. 2008; Shen et al. 2009; Denis et al. 2012; Zhang
et al. 2013).

In view of these findings, the aim of the present study was
to generate new data on the prevalence of 15 priority PAHs
(naphthalene, acenaphthene, fluorene, phenanthrene, anthra-
cene, fluoranthene, pyrene, benzo[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
dibenzo[ah]anthracene, benzo[ghi]perylene, and indeno[123-
cd]pyrene) in surface and core sediments from the region of
study and to correlate these data with sources and the values
used to guide sediment quality analysis.

2 Materials and methods

2.1 Study area

This study focused on sediments from the primary bodies
of water of the Turvo/Grande watershed (the Preto Turvo
and Grande Rivers), which is composed of 64 municipal-
ities and has a drainage area of 15,974 km2. This region
supports the food industry, metallurgy and jewelry pro-
duction, sugar and alcohol production, the plastic and pa-
per industries, and cardboard factories (CBH-TG-Turvo/
Grande Drainage Basin Committee 2010; Secretaria de
Desenvolvimento e Palnejamento Social 2012).

The cultivation of sugarcane has expanded throughout
Brazil, and the state of São Paulo leads sugarcane produc-
tion in the country. The region of Sao Jose do Rio Preto is
one of the largest producers in São Paulo State, which is
responsible for 51.7 % of the total production in the
Brazil (Conab 2015). The region of Sao Jose do Rio Preto
is served by three high-traffic roads: the Washington Luis
Highway (SP-310), the Transbrasiliana Highway (BR-
153), and the Highway Assis Chateaubriand (SP-425).

The Turvo/Grande watershed is situated at an altitude
of approximately 500 m, and 78 % of its territory is un-
dulating topography, with only 19 and 3 % corresponding
to flat or mountainous regions, respectively. Red
argilossolo, yellow soil and oxisol soil are prevalent in
the region. Much of the watershed is at risk of erosion
(IBGE 2015).

2.2 Sample collection sites

Five sampling sites were selected on the water bodies (the
Preto, Turvo, and Grande Rivers) of the Turvo/Grande water-
shed (Fig. 1).

The NRP sampling site (at the source of the Preto Riv-
er, considered the reference area, S20°55′11.3″; W049°17′

59.9″) is located in a rural area, close to sugarcane plan-
tation areas. Although this location is adjacent to sugar-
cane and orange plantations, it is less subject to anthro-
pogenic effects. Sediment at this site has an organic mat-
ter content of 13.5 %, and its particle sizes are predomi-
nantly sandy at 44.5 %. The CAPRP site (S20°48′29.2″;
W049°22′24.1″) is part of the Preto River dam, located in
the urban area of São José do Rio Preto, which is close to
the public water supply. The content of organic matter in
the sediment ranges from 4.9 to 17.1 %, and 57.7 % is
sand (Campanha et al. 2014). There is a large amount of
urban vehicular traffic near the municipal dam.

The PORTUR (S20°44′31.8″; W049°06′11.4″) and
RTURARG (S19°58′09.8″; W049°53′37.1″) sampling sites
are on the Turvo River, with PORTUR located on the bridge
that connects the city of São José do Rio Preto to Olímpia
(PORTUR), which is a receiving area of the organic loads of
the Catanduva and São Domingos Rivers, located in a sugar-
cane crop area. The latter (RTURARG) is located in a region
predominantly used for planting sugarcane and livestock. The
PORTUR site has predominantly sandy sediments, at 97.1 %,
and an organic matter content of 0.9 %, and the RTURARG
site has 64.9 % sandy sediment and an organic matter content
ranging between 4.9 and 19.8 % (Campanha et al. 2014). The
sampling site RGRANDE (S19°56′28.7″; W049°55′23.1″) is
located in the Grande River in a hydroelectric impoundment
area that receives the pollution load of the watershed and hosts
some sugarcane plantations. This site has 60.9 % sandy sedi-
ment and an organic matter content between 5.8 and 14.6 %
(Campanha et al. 2014).

2.3 Sediment sampling

Sediments were sampled in two seasons, once in February
2010 (during the rainy season in which a cumulative rain-
fall of 210.7 mm was recorded in the region of São José
do Rio Preto city) and once in July 2010 (during the dry
season in which a cumulative rainfall of 5.5 mm was
recorded in the region of São José do Rio Preto city).
The sampling procedures and the preservation of sediment
samples were performed following the recommendations
proposed by the NBR 9898 (ABNT 1987). Samples of
surface sediment were collected with the aid of a Van
Veen dredger, and the samples of core sediment were col-
lected with the aid of a Kajak-type core sampler contain-
ing an acrylic tube with a diameter of 10 cm and a depth
of up to 60 cm. Three sediment samples were collected at
each sampling site. The cores were sliced into 3-cm-thick
layers and were stored at -18 °C until analysis. Three
samples were collected for each sampling site, and com-
posite samples were prepared for surface sediment and for
sediment core. The pH values for the five sampling sites
ranged between 5.8 and 7.1, with the lowest value
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obtained at the RGRANDE site, and the highest at
CAPRP (Campanha et al. 2014).

2.4 Chemical reagents, extraction, and instrumental
analyses

For sediment PAH extraction and clean-up, n-hexane, ac-
etone Pestanal® grade, anhydrous sodium sulfate (ACS
reagent, 99 % purity), iso-octane, dichloromethane
Chromasolv® grade, methanol (puriss pa, ACS), and sili-
ca gel grade 923 were used. For the identification and
quantification of PAHs, a kit from Sigma Aldrich contain-
ing 16 PAHs (EPA 610-N PAH Kit) was used. Stock so-
lutions were prepared in acetonitrile from which calibra-
tion standards were prepared by serial dilutions.

The extraction of PAH sediment was performed ac-
cording to method 3540C, recommended by the US En-
vironmental Protection Agency (US EPA 1996a), using a

Soxhlet extractor assembly. Approximately 2 g of dry
sediment was subjected to extraction for 16 h following
the addition of 150 mL of a acetone and hexane (1:1, v/v)
mixture. A control was prepared in the same manner but
without sediment. After an additional 20 mL of isooctane
was added, the extract was concentrated in a rotary evap-
orator to reduce it to approximately 2 mL. Subsequently,
the extract was cleaned using a silica gel column (10 g)
according to method 3630C of the US EPA (US EPA
1996b). The column was first rinsed with 40 mL hexane
solvent to remove non-PAH impurities, such as aliphatic
hydrocarbons. Then, the column was rinsed with 20 mL
of a methylene chloride and n-hexane (2:3, v/v) mixture;
this extract was concentrated in a rotary evaporator. After
an additional 20 mL of acetonitrile was added, this extract
containing the PAHs was collected and concentrated to
approximately 2 mL using a rotary evaporator. To ensure
quality control, the method was verified by extracting a

 CAPRP

 RGRANDE

 RTURARG
33-36

30-33

27-30

24-27

21-24

18-21

15-18

12-15

9-12

6-9

3-6

0-3

0 50 100 150 200 250 350 400 450

PEL

Naphthalene (ng g
-1

)

D
e
p
th
 (
c
m
)

TEL

33-36

30-33

27-30

24-27

21-24

18-21

15-18

12-15

9-12

6-9

3-6

0-3

0 2 4 6 20 30 40 50 60 70 80 90

PELTEL

 CAPRP

 RGRANDE

 RTURARG

Acenaphthene (ng g
-1

)

D
e
p
th
 (
c
m
)

33-36

30-33

27-30

24-27

21-24

18-21

15-18

12-15

9-12

6-9

3-6

0-3

0 3 6 9 12 15 21,0 21,5

D
e
p
th
 (
c
m
)

Fluorene (ng g
-1

)

 CAPRP

 RGRANDE

 RTURARG

TEL

33-36

30-33

27-30

24-27

21-24

18-21

15-18

12-15

9-12

6-9

3-6

0-3

0 25 50 75 100 450 500

TEL

Phenanthrene (ng g
-1

)

D
e
p
th
 (
c
m
)

 CAPRP

 RGRANDE

 RTURARG

PEL

33-36

30-33

27-30

24-27

21-24

18-21

15-18

12-15

9-12

6-9

3-6

0-3

0 2 4 6 8 10 46 47

Anthracene  (ng g
-1

)

D
e
p
th
 (
c
m
)

 CAPRP

 RGRANDE

 RTURARG

TEL

33-36

30-33

27-30

24-27

21-24

18-21

15-18

12-15

9-12

6-9

3-6

0-3

0 100 200 300 400 500 600 2350 2400

PEL

D
e
p
th
 (
c
m
)

Fluoranthene (ng g
-1

)

 CAPRP

 RGRANDE

 RTURARG

TEL

Fig. 2 Concentrations (ng g−1) of
naphthalene, acenaphthene,
fluorene, phenanthrene,
anthracene, and fluoranthene in
sediment cores collected in the
Preto river (CAPRP), the Turvo
river (RTURARG), and the
Grande river (RGRANDE) in
February 2010
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certified reference material (SRM 1944). The recoveries
of the certified material ranged from 68.8 to 101.6 %,
with a standard deviation of less than 10 %.

The PAHs were identified and quantified using high-
performance liquid chromatography (Shimadzu Promi-
nence HPLC system, manufactured in Kyoto, Japan) with
fluorescence detection (HPLC-F). Quantification of the
analytes was performed by an external standard method
using a solution prepared of a mixture of 15 individual
PAHs (Sigma Aldrich and Fluka) of interest. A ZORBAX
Eclipse PAH column (Agilent; 4.6×250 mm internal di-
ameter and 5 mm particle size) was used. The injection
volume was 20.0 μL, the flow rate was 1.3 mL min−1, and
the temperature of the column was 25.0±0.1 °C. The mo-
bile phase was acetonitrile/water in gradient elution mode:
60 % acetonitrile for 9 min, followed by a linear increase
until 100 % acetonitrile was achieved (18 min), and then
the 100 % condition was maintained for 15 min. The

fluorescence detector was operated with a 220 nm excita-
tion wavelength (λex) and a 398 nm emission wavelength
(λem). However, indeno[1,2,3-cd]pyrene was analyzed at
300 (λex) and 498 nm (λem).

2.5 Diagnostic ratios for the identification of PAH sources

To evaluate the potential sources of PAHs found in the
aquatic environments studied, we used the ratios of PAH
isomer concentrations reported by previous studies.
Phenanthrene/anthracene (Phe/Ant), anthracene/(anthra-
cene + phenanthrene), fluoranthene/(fluoranthene +
pyrene), and low-molecular weight/high molecular weight
ratios were used to determine the PAH sources (Budzinski
et al. 1997; Liu et al. 2000; Soclo et al. 2000; Doong and
Linn 2004; Luo et al. 2008; Shen et al. 2009; Denis et al.
2012; Zhang et al. 2013).
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Fig. 3 Concentrations (ng g−1) of
pyrene, benzo[a]anthracene,
benzo[b]fluoranthene,
benzo[k]fluoranthene, and
benzo[ghi]perylene in sediment
cores collected in the Preto river
(CAPRP), the Turvo river
(RTURARG), and the Grande
river (RGRANDE) in February
2010
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3 Results and discussion

3.1 Evaluation of the analytical method

The instrumental stability was checked daily using PAH stan-
dards, and the measured deviation was less than 15 %. The
correlation coefficients obtained from calibration curves are con-
sistent with the values suggested by INMETRO (>0.9) and
ANVISA (>0.99; ANVISA 2003; INMETRO 2003). The detec-
tion limit for all PAHs varied from 0.26 to 4.8 ng g−1 dry sedi-
ment sample. All experiments were performed in triplicate with
less than 8% error. The accuracy of eachmethodwas verified by
a certified reference material (SEM 1944) with recoveries range
from 68.8 to 101.6 %. Naphthalene and pyrene presented the
worst and the best recovery, respectively. These recovery values
are in agreement with other reported studies, with recoveries
ranging from 64 to 126 % (Zhang et al. 2012; Silva et al. 2013).

3.2 Polycyclic aromatic hydrocarbons in sediment cores

There is no Brazilian law that determines the maximum values
of PAHs allowed in aquatic sediments that are not subject to
dredging. Therefore, this study compared the PAH concentra-
tions found in sediments with values of Quality Guide Sedi-
ments (SQVG) determined for the protection of Canadian
aquatic life.

Figures 2, 3, 4, and 5 illustrate the concentrations of PAHs
in sediment cores collected during the rainy and dry seasons.
Based on these results, some PAH concentrations along the
sampled rivers exceeded the threshold effect level (TEL) and
the probable effect level (PEL) established by the Canadian
environmental agency (CCME 2002).

The CAPRP site during the rainy season had naphthalene
concentrations (Fig. 2) in some sections that were higher than
the PEL value (391 ng g−1) and acenaphthene concentrations
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Fig. 4 Concentrations (ng g−1) of
naphthalene, acenaphthene,
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sediment cores collected in the
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Grande river (RGRANDE) in
July 2010
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in deeper sediment layers that exceeded the TEL values
(6.71 ng g−1). Concentrations of phenanthrene, fluoranthene
(Fig. 2), and pyrene (Fig. 3) that were higher than the TEL
value (41.9, 111, and 53 ng g−1, respectively) were found
throughout the sediment core (CCME 2002).

During the dry season, the concentration of phenanthrene
(Fig. 4) in two sediment samples was higher than the TEL
value (41.9 ng g−1), but the concentrations of fluoranthene
and pyrene (Figs. 4 and 5, respectively) were higher than the
TEL values (111 and 53 ng g−1, respectively) throughout the
sediment core (CCME 2002).

At the RGRANDE site during the rainy season, the naph-
thalene concentrations (Fig. 2) in some sections were higher
than the TEL value (34.6 ng g−1), while for phenanthrene
(Fig. 2), only the sediment surface concentration value
exceeded the TEL value (111 ng g−1). For fluoranthene
(Fig. 2) and pyrene (Fig. 3), the concentration at 12–15 cm
was higher than the TEL value (111 and 53 ng g−1,

respectively). In the dry season, only the naphthalene and
phenanthrene concentrations (Fig. 4) in the section 12–
15 cm deep (68.16 and 69.38 ng g−1, respectively) were higher
than the TEL values (34.6 and 41.9 ng g−1, respectively;
CCME 2002).

At RTURARG in the rainy season, the naphthalene (Fig. 2)
concentration in some sediment sections was higher than the
TEL value (34.6 ng g−1). In the dry season, concentrations of
naphthalene and phenanthrene were higher than the TEL val-
ue (Fig. 4).

Figure 6 illustrates the profile graphs of the total concen-
trations of PAHs (ΣPAH) in sediment core samples. The TEL
value for total PAH concentrations in sediment cores is
264.1 ng g−1, and CAPRP generally had total PAH concentra-
tions above the TEL value throughout the cores from the rainy
and dry seasons. At RGRANDE, the total PAH concentrations
ranged from 35–380 and 34–226 ng g−1 for the periods of
February and July, respectively, and in some sediment
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sections, the total concentrations were higher than the TEL
value only during the rainy season. At RTURARG, the total
concentration of PAHs along the sediment core ranged from
35–351 and from 92–297 ng g−1 for February and July, re-
spectively, and was higher than the TEL value in only a few
layers of sediment.

The total concentrations of PAHs along the sediment cores
behaved similarly for all sampling sites. Overall, there was a
reduction in the concentrations along the core, but at
RTURARG during the rainy season and at CAPRP during
the dry season increased concentrations were observed in the
first few fractions of sediment, which subsequently decreased.
This increase in the concentrations of PAHs for the first few
inches of sediment core and the subsequent decrease has been
reported in the literature (Fukushima et al. 2012).

The decrease in the total concentration of PAHs in sedi-
ment cores, especially at CAPRP, shows that beginning at a
certain time, this aquatic body has suffered from PAH emis-
sions originating from anthropogenic sources. This site is part
of the public water supply for the city of SJRP (municipal dam
of São José do Rio Preto) and is located in an area of heavy
vehicle traffic. In addition, several automobile repair shops
and car washes surround the reservoir, which serve as diffuse
sources of contamination via the supply of petroleum prod-
ucts. Urban runoff can also be considered a source of contam-
ination of the municipal dam. The central areas of SJRP have
few local surface water drainage sites and the dam is located at
a low elevation; thus, the reservoir receives floodwaters dur-
ing periods of intense precipitation.

The total concentrations of the 15 PAHs found in the sed-
iment followed the order of CAPRP>RTURARG>
RGRANDE, which is expected and justified by the influences
of the major sources of contribution to this aquatic body. The
site with the highest concentration is in a region with high
vehicle traffic that is prone to contamination by runoff and
atmospheric deposition. The location with the second-
highest concentration is an area of intense sugarcane cultiva-
tion that also receives PAHs from the burning of sugarcane
straw, an influence described in previous studies (Magalhães
et al. 2007; Andrade et al. 2010; Cristale et al. 2012).

The total concentration of PAHs found in sediment cores in
this study agrees with previous studies. A study of the
Mundaú-Manguaba lagoon estuarine system in Alagoas,
which is in a region affected by sugarcane monoculture prac-
tices and urbanization, found total concentrations of 16 PAHs
ranging from 29.2 to 222.7 ng g−1 at the Manguaba Lagoon
and from 41.1 to 100.9 ng g−1 at the Mundaú Lagoon. The
total concentration of PAHs in sediment cores from the
Mundaú River ranged from 86.0 to 208.4 ng g−1 (Silva et al.
2013). Another study performed in 2012 at four lakes in Japan
found total concentrations of PAHs in sediment cores ranging
from 50 to 3,000 ng g−1, depending on the lake studied. Each
lake is influenced by different types of anthropogenic activi-
ties. It was concluded that the PAHs arose from pyrogenic
sources, and the quantity was proportional to the population
density (Fukushima et al. 2012).

3.3 Polycyclic aromatic hydrocarbons in surface sediment
samples

Table 1 shows the PAH values determined at different loca-
tions of the Preto, Turvo and Grande Rivers in surface sedi-
ment samples. It appears that at CAPRP, the collection per-
formed during February 2010 contained concentrations of
naphthalene (442 ng g−1) higher than the PEL value
(391 ng g−1), while concentrations of phenanthrene, fluoran-
thene, and pyrene (107, 450, and 88.4 ng g−1, respectively)
were higher than the respective TEL values (41.9, 53, and
111 ng g−1, respectively). In the collection performed during
July 2010 at the same sample site, the fluoranthene concen-
tration (223 ng g−1) was higher than the TEL value set by the
Canadian environmental agency.

The collection at the RGRANDE site in February 2010
also contained concentrations of naphthalene and phenan-
threne PAHs (63.3 and 57.4 ng g−1, respectively) higher
than the TEL values (34.6 and 41.9 ng g−1, respectively).
The other sampling sites had PAH concentrations below
the TEL or PEL values.

At the RTURARG sampling site, which is typically sandy
and has a low organic matter content (4.9–19.8 %), the
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concentrations of all PAHs studied were lower than the TEL
and PEL values set by the Canadian environmental agency
(Campanha et al. 2014)

Although concentrations of some PAHs were found
that were higher than the established TEL or PEL values,
the individual values and their sums in surface sediments
were generally in agreement with data from previous stud-
ies (Fernandes et al. 1997; Meniconi et al. 2002; Doong
and Linn 2004; Venturini and Tommasi 2004; Medeiros
et al. 2005; Maioli et al. 2010; Lin et al. 2013). A study
conducted in the Mundaú-Manguaba lagoon estuarine
system in Alagoas found total concentrations of 16 PAHs
in surface sediment ranging from 2.9 to 84 ng g−1 in the
Manguaba Lagoon and from 32.9 to 231.3 g ng−1 in the
Mundaú Lagoon (Maioli et al. 2010). In the Patos La-
goon, PAH concentrations ranged from 37.7 to 11,
779.9 ng g−1; in Guanabara Bay, the concentrations
ranged from 91 to 8,035 ng g−1, and in the Bay of All
Saints, the concentrations ranged from 8 to 4,163 ng g−1

(Meniconi et al. 2002; Venturini and Tommasi 2004;
Medeiros et al. 2005). A study of the sediment of the
DMF reservoir in China found total concentrations of 16
PAHs ranging from 323 to 912 ng g−1, with the highest
concentrations found for phenanthrene, fluoranthene,
pyrene, fluorene, anthracene, and benzo[a]anthracene
PAHs in decreasing order. In the Seine River in France,

PAH concentrations were found to range from 4 to
36 ng g−1, and at the Gao Ping River in Taiwan, concen-
trations ranged from 8 to 356 ng g−1 (Doong and Linn
2004).

When PAH values were compared between periods of
dry and rainy seasons, the concentrations of PAHs were
found to be higher during the rainy season at all sampling
sites. The heterogeneity of sediments may be one of the
factors responsible for this finding. This finding is also in
agreement with data from previous studies, such as a
study of sediment from Taihu Lake, China in which the
total concentration of 15 PAHs in the lake during the
rainy season ranged from 255.07 (dry weight) to
1,059.39 ng g−1 dw and in the dry season, ranged from
208.94 to 1,002.78 ng g−1dw. (Zhang et al. 2012).

3.4 Use of diagnostic ratios of to identify sources of PAHs

Several authors have used phenanthrene/anthracene (Phe/Ant)
and anthracene/(anthracene+phenanthrene) Ant/(Ant+Phe)
ratios to indicate whether the origins of hydrocarbons are py-
rolytic or petrogenic (Budzinski et al. 1997; Yunker et al.
1999; Gogou et al. 2000).

Petroleum generally contains more phenanthrene than
anthracene; therefore, higher values of the Phe/Ant ratio
are found when the sources of PAH are primarily

Table 1 PAH values in surface sediment samples from NRP, CAPRP, PORTUR, RTURARG, and RGRANDE collected in February and July 2010

PAHs NRP
Feb.2010

NRP
July2010

CAPRP
Feb. 2010

CAPRP
July 2010

PORTUR
Feb. 2010

PORTUR
July 2010

RTURARG
Feb. 2010

RTURARG
July 2010

RGRANDE
Feb. 2010

RGRANDE
July 2010

Concentration (ng g−1)

Naphthalene 14.3 8.0 27.6 441.5 1.9 1.3 10.7 19.6 63.2 10.7

Acenaphthene 1.0 0.5 1.7 5.5 1.7 1.2 0.3 1.2 2.1 0.6

Fluorene 3.2 1.8 8.8 16.8 2.1 1.4 2.6 2.8 10.1 2.7

Phenanthrene 4.6 2.6 31.5 107.2 4.6 3.2 9.7 3.6 57.4 11.0

Anthracene 0.3 0.1 2.6 11.0 0.5 0.3 0.6 0.2 6.8 1.1

Fluoranthene 10.1 5.6 222.7 450.6 13.2 9.2 24.4 6.9 97.0 26.1

Pyrene 4.4 2.4 44.8 88.4 0.8 0.5 8.5 5.6 41.4 9.0

Benzo[a]anthracene 0.4 0.2 9.7 10.7 1.4 1.0 1.0 0.4 4.5 0.5

Chrysene n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d

Benzo[b]fluorant
hene

8.7 4.8 348.8 530.0 6.9 4.8 5.1 3.5 18.2 0.3

Benzo[k]fluorant
hene

0.5 0.3 56.3 54.7 1.1 0.8 0.6 1.7 1.5 0.4

Benzo[a]pyrene n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d

Dibenzo[ah]anthr-
acene

n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d

Benzo[ghi]perylene 19.1 10.6 112.2 759.6 15.0 10.6 60.1 72.1 16.4 1.0

Indeno[123-
cd]pyrene

n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d

PAH 67.0 37.0 867.0 2476.0 49.0 34.0 124.0 118.0 319.0 63.0

n.d. not detected
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petrogenic, and fewer cases are found when the sources
are pyrolytic. According to Budzinski et al. (1997), sedi-
ments with Phe/Ant ratios greater than 10 are primarily
contaminated by petrogenic PAHs, and those with Phe/
Ant ratios less than 10 are primarily contaminated by py-
rolytic PAHs (Budzinski et al. 1997). Flt/(Flt+Py) ratios
higher than 0.5 are characteristic of wood, coal, and grass
combustion, ratios less than 0.4 are characteristic of pe-
troleum pollution, and Flt/(Flt+Py) ratios between 0.4 and
0.5 are more related to liquid fossil fuel combustion, such
as in vehicles and crude oil (Doong and Linn 2004).
Pyroltic contamination is characterized by high-
molecular weight (HMW), and petrogenic contamination
is characterized by low molecular weight (LMW) PAHs;
thus, LMW/HMW ratios lower than 1 indicate pyrolytic
contamination (Soclo et al. 2000).

Table 2 shows the values of these ratios obtained for
surface sediments from the different sampling sites. Tak-
ing the results from the NRP site as an example, the Phe/
Ant, Ant/(Ant+Phe), and LMW/HMW diagnostic ratios
indicate predominantly petrogenic sources. In this region,
PAHs of petrogenic origin may be attributable to oil prod-
ucts from local contamination events. The Flt/(Flt+Py)
ratio indicated the presence of PAHs from pyrolytic ori-
gins, such as coal combustion.

At the CAPRP site in February 2010, the Phe/Ant, Ant/
(Ant+Phe), Flt/(Flt+Py), and LMW/HMW ratios indicat-
ed the presence of PAHs from pyrolytic origins,
confirming the predominance of PAHs with four to five
rings. The burning of sugarcane straw can contribute to
the introduction of these PAHs; however, their main
source is the combustion of fossil fuels because there is
considerable vehicle traffic near the dam. In July 2010,
the Phe/Ant and Ant/(Ant+Phe) ratios indicated contribu-
tions from petrogenic sources; however, the Flt/(Flt+Py)

and LMW/HMW ratios indicated the presence of PAHs
from pyrolytic origins. These PAHs may be derived from
the dumping of fossil fuel products from machine shops
and washer jets located around the dam.

In both samples from PORTUR, all diagnostic ratios
reveal that the PAHs in the sediment from this sampling
site are of pyrolytic origin, indicating that the intensive
cultivation of sugarcane in the area and the consequent
burning of sugarcane straw, can be responsible for PAH
contamination.

In RTURARG, for both samples, the Phe/Ant and Ant/
(Ant+Phe) ratios indicated PAHs derived from petrogenic
sources, which was unexpected because this region is pri-
marily agricultural. These petrogenic sources may be re-
lated to local contamination events. However, the Flt/
(Flt+Py) and LMW/HMW ratios indicated the presence
of PAHs from pyrolytic origins.

In RGRANDE, for sediment collected in February
2010, the Phe/Ant, Ant/(Ant+Phe), and Flt/(Flt+Py) diag-
nostic ratios indicated PAHs of pyrolytic origin, likely due
to the burning of biomass (such as sugarcane straw), but
the LMW/HMW ratio indicated the presence of PAHs
from petrogenic origins. However, in July, the PAHs from
this region were of petrogenic origin, according to the
Phe/Ant, Ant/(Ant+Phe) and LMW/HMW ratios, but the
Flt/(Flt+Py) ratio indicated the presence of PAHs from
pyrolytic origins.

Diagnostic ratios have also been applied to estimate the
origin of PAHs from sediment cores, and the values of these
ratios are shown in Fig. 7.

In sediment collected at CAPRP in February 2010, the
Phe/Ant and Ant/(Ant+Phe) ratios indicated that PAHs in
the sediment core are predominantly of petrogenic origin.
Flt/(Flt+Py) ratios higher than 0.5 are characteristic of
wood, coal and grass combustion, and LMW/HMW ratios

Table 2 Values of
phenanthrene/anthracene
(Phe/Ant), anthracene/
(anthracene+
phenanthrene) (Ant/
(Ant+Phe)),
fluoranthene/
(fluoranthene+pyrene)
(Flt/(Flt+Py)), and low-
molecular weight/high
molecular weight
(LMW/HMW) ratios for
surface sediment
samples from five sites
collected in February and
July 2010

Location/period Phe/Ant ratio Ant/(Ant+Phe) ratio Flt/(Flt+Py) ratio LMW/HMW
<10—pyrolytic >0.1—pyrolytic >0.5—coal combustion <1—pyrolytic
>10—petrogenic <0.1—petrogenic >0.4 e<0.5—liquid

fossil fuel combustion
<0.4 petrogenic

NRP—Feb. 2010 17.10 0.06 0.70 1.01

CAPRP—Feb. 2010 9.80 0.09 0.80 0.52

PORTUR—Feb 2010 9.40 0.10 0.94 0.95

RTURARG—Feb 2010 20.87 0.05 0.55 0.64

RGRANDE—Feb 2010 8.45 0.11 0.70 2.89

NRP—July 2010 17.08 0.06 0.70 1.02

CAPRP—Jul 2010 12.13 0.08 0.83 0.72

PORTUR—July 2010 9.40 0.10 0.93 0.94

RTURARG—July 2010 15.16 0.06 0.74 0.41

RGRANDE—Jul. 2010 10.08 0.09 0.74 4.66
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indicate pyrolytic and petrogenic contamination. In col-
lections from July 2010, the Phe/Ant and Ant/(Ant+Phe)
ratios indicated PAHs from both sources and primarily
indicated PAHs of petrogenic origin in the early layers,

depending on the depth of the analyzed sediment. The Flt/
(Flt+Py) ratios indicated PAHs from wood, coal, and
grass combustion, and the LMW/HMW ratios indicated
pyrolytic contamination.
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The samples from RTURARG were analyzed for Phe/Ant
and Ant/(Ant+Phe) ratios and were found to contain PAHs
that were primarily of petrogenic origin. The Flt/(Flt+Py) ra-
tios indicated predominantly PAHs from wood, coal, and
grass combustion, and the LMW/HMW ratios indicated pyro-
lytic and petrogenic contamination.

In sediment collected at RGRANDE in February 2010, the
Phe/Ant and Ant/(Ant+Phe) ratios indicate that the PAHs are
of pyrolytic origin down to 15 cm, and they are of petrogenic
origin below this depth. The Flt/(Flt+Py) ratios indicated
PAHs from wood, coal and grass, and the LMW/HMW ratios
indicated petrogenic contamination. In sediment collected in
July 2010, the Phe/Ant and Ant/(Ant+Phe) ratios indicated
that PAHs in upper layers are petrogenic in origin, and PAHs
in deeper layers are pyrolytic in origin. The Flt/(Flt+Py) ratios
indicated PAH from wood, coal and grass, and the LMW/
HMW ratios indicated petrogenic contamination.

4 Conclusions

In general, for all sampling sites and all PAHs, the concentra-
tions decreased with increasing sediment core depth. CAPRP,
which had the most human activity, had the highest total con-
centration of PAHs and was the only area in which the concen-
tration of naphthalene in surface sediment was at a higher con-
centration than the PEL value set by the Canadian environmen-
tal agency.

The total concentrations of the 15 PAHs found in sediment
at the sites tested followed the order of CAPRP>
RTURARG>RGRANDE. The site with the highest concen-
tration is in a region with high vehicle traffic that is prone to
contamination by runoff and atmospheric deposition.
RTUARG is an area of intense sugarcane cultivation that also
receives PAHs from the burning of sugarcane straw.

The diagnostic ratios used indicate that sediment from areas
with robust sugarcane cultivation had pyrolytic sources of PAH,
indicating the contribution of sugarcane straw burning to PAH
emissions in those areas and to sediment from these regions.
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