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This paper reports the determination of 15 EPA-polycyclic aromatic hydrocarbons (PAHs) and
benzo[e]pyrene in water samples collected in Tripui River, Ouro Preto City, MG, Brazil. Samples were
collected between September 2006 (dry season) and November 2006 (wet season) in the neighborhood
of an aluminum smelter. Detection limits and quantification limits were sufficiently low to accomplish
PAH determination below the maximum concentration levels established by the Brazilian and USEPA
legislations. Recoveries from water spiked samples were always larger than 89%. Fluoranthene, pyrene,
phenanthrene, chrysene and benzo[b]fluoranthene predominated in the studied samples. The concentra-
tions of PAHs upstream the aluminum smelter were systematically lower than those found downstream
indicating a possible role of the smelter in the local pollution by PAHs. Principal component analysis and
cluster analysis also showed remarkable differences of the characteristics of samples collected upstream

Keywords:

Water contamination

Polycyclic aromatic hydrocarbons
Aluminum smelter
Environmental pollution

and downstream the aluminum smelter and also of samples from wet and dry seasons.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic pollu-
tants of concern since many of them and many PAH mixtures
exhibit mutagenic and/or pro-carcinogenic properties to humans
and experimental animals [1-4]. PAHs are ubiquitous and their
formation, sources and fate have been extensively reviewed [4,5].
There are three major PAH exposure pathways to human beings:
(a) ingestion of contaminated food and/or water; (b) inhalation; (c)
by dermal contact [3,4].

There is concern in the determination of PAHs in water since
many natural water bodies are used as potable water supplies
after treatment. Many environmental agencies have established
very low maximum concentration levels (MCLs) of PAHs for
potable and fresh waters. For example, USEPA [6] established
a MCL of 0.2 pg/L for benzo[a]pyrene in drinking water while
the Brazilian Health Ministry [7] established a MCL of 0.7 pg/L
for benzo[a]pyrene in drinking water. The Brazilian Agency
CONAMA [8] established a MCL of 0.05 ug/L for benzo[a]pyrene
and other six PAHs (namely benz[a]anthracene, chrysene,
benzo[b]fluoranthene,  benzo[k]fluoranthene, indene[1,2,3-
cd]pyrene and dibenz[ah]anthracene) in fresh water.
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There are many sources of PAHs to natural waters that include:
(a) wastewater from industrial activities; (b) petroleum spilling
during transportation, refining and offshore oil-well drilling; (c)
urban and rural runoff; (d) atmospheric deposition; (e) leacheate
from solid waste disposal dumps [4,9,11-15].

Pollution of water bodies with PAHs may cause sediment con-
tamination since PAHs are very hydrophobic compounds [4,9].
Aquatic biota may be affected by PAHs and it was demonstrated that
phenanthrene, pyrene and fluoranthene were responsible for most
of sediment toxicity [10]. Moreover the transport of PAHs associ-
ated with suspended sediments may contaminate large areas of
hydrographic basins [9].

The determination of PAHs in water is usually performed by
chromatographic techniques following PAH extraction. High res-
olution gas chromatography with mass spectrometry detection
(HRGC-MS) or with flame ionization detection (FID) and high-
performance liquid chromatography (HPLC) with fluorescence
detection have been used for PAH determination following their
extraction from water and other media. Liquid-liquid extraction
(LLE) and solid phase extraction (SPE) are techniques of choice for
PAH extraction from water and wastewater. However many differ-
ent LLE conditions of PAHs from water are found in the literature
[13-18]. Recently we have proposed a Doehlert optimization of LLE
conditions for PAH extraction [19].

Present work describes the results of PAH determination in
TripuiRiver, Ouro Preto City, Minas Gerais State, Brazil. Minas Gerais
State is located in the Brazilian Southeast and any minerals of eco-
nomic value are found there. As a consequence many metallurgic
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and mining activities occur in the periphery of urban areas and in
more isolated areas. However there are few data of environmental
contamination and human exposure to environmental contami-
nants in these areas.

Tripui River crosses both the Ecological Reserve of Tripui and
Ouro Preto City. An aluminum smelter is located in its mar-
gins between the reserve and the city. Since water samples were
collected upstream and downstream the aluminum smelter, our
results allow to assess its impact in PAH contamination of Tripui
River.

2. Experimental
2.1. Site description

Ouro Preto City is located in Minas Gerais State, in the Southeast
of Brazil (20°23'13”S and 43°30'25”W) in altitudes varying between
1000 and 1300 m [20]. Tripui River is the main affluent of Funil River
that drains the urban area of Ouro Preto. According to the Brazilian
Water Agency, Tripui River is classified as Class 1 (fresh water) and
it is not directly used for human consumption [20].

Tripui River springs in the Ecological Reserve of Tripui at an
altitude of around 1500 m. Vegetation with mixed characteristics
of both Cerrado and Mata Atlantica vegetations, beyond rupestral
fields and humid areas occur in that area. The mean temperatures
are 14°C during winter and 19°C in summer. The climate of the
region is humid temperate with a dry winter and a rainy sum-
mer. Around 90% of rain precipitation occurs between October and
March mainly between January and March. The altitude of the stud-
ied area is partly responsible for the high volumes of precipitation
observed there. Local morphology exerts important influence on
rains that are around 1800 mm)/year characterizing a super humid
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regimen. Strong local declivities associated with intense precipita-
tions result in fast superficial drainage that increases the processes
of removal and transport of materials thus intensifying environ-
mental impacts [20].

Fig. 1 shows the localization of Ouro Preto City in Minas Gerais
State and in Brazil, together with approximate localizations of sam-
pling sites.

2.2. Glassware decontamination

All glassware was carefully decontaminated. Firstly, all glass-
ware was rinsed with a solvent (ACS Analytical Grade acetone or
methanol) to remove residues and organic contaminants. After
organic solvent removal, glassware was rinsed with water and
immersed for at least 12h in a neutral Extran solution (Merck,
Brazil) that was removed with distilled water. Glassware was
rinsed several times with ultra-pure water and baked overnight
at 250°C.

2.3. Sample collection

River water samples were collected and stored as recommended
by NBR 13895 [21]. Around 1000 mL of superficial water were sam-
pled and transported to the laboratory under refrigeration (T<4°C)
and kept at this temperature until analysis. Samples were collected
and maintained in pre-cleaned amber 1 L flasks without headspace.
They were always processed within 1 or 2 days after sampling.

2.4. Chemicals and reagents

A standard solution containing the 16 priority EPA PAHs
(0.2 mg/mL—AccuStandard, CT, USA) and solid PAHs from Sigma
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Fig. 1. Map indicating the localization of Ouro Preto in Minas Gerais State. Sampling sites are marked as black dots (IGA, 1998).
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Table 1

Detection limit (ng/L), quantification limit (ng/L) and recoveries at 3 levels of the studied PAHs in the analytical methodology.

PAHs Detection limit*? (ng/L) Quantification limit*-® (ng/L) Recoveries evaluations® (levels)
0.500 pg/L 0.0500 pg/L 0.0300 pg/L

Naphthalene 0.10 0.33 94+9 100 + 7 102 £ 4
Acenaphthene 0.033 0.11 106 + 9 93+ 12 100 + 4
Fluorene 0.13 0.43 104 + 9 101 £ 5 89 +8
Phenanthrene 0.033 0.11 116 £ 9 109 +£ 9 104 + 4
Anthracene 0.033 0.11 99 + 6 97 +£3 100 + 3
Fluoranthene 0.033 0.11 110 £ 8 104 £ 6 92+9
Pyrene 0.033 0.11 99 +2 93+6 98 +4
Benz[a]anthracene 0.033 0.11 99 +5 97 £3 100 + 3
Chrysene 0.067 0.22 97 +£ 6 97 +£3 100 + 3
Benzo[e]pyrene 0.017 0.056 102 + 4 96 + 7 100 + 4
Benzo[b]fluoranthene 0.13 0.43 105 + 6 103 + 3 105 + 4
Benzo[k]fluoranthene 0.033 0.11 101 £ 6 98 +5 100 £+ 5
Benzo[a]pyrene 0.033 0.11 102 £ 5 99+ 4 102 £+ 2
Dibenz[a,h]anthracene 0.033 0.11 95+ 8 93+3 98 +2
Benzo[g,h,i]perilene 0.067 0.22 100 + 5 93+7 96 + 4
Indene[1,2,3-c,d]pyrene 0.067 0.22 9446 91 +7 98 +3

2 See text for details for the calculation of detection limit and quantification limit.

b Considering the extraction of 300 mL of water with concentration to 1 mL.
¢ Mean =+ standard deviation.

(MO, USA), Aldrich Chemical Co. (WI, USA) or AccuStandard (CT,
USA) were used.

Hexane, methanol and acetonitrile (HPLC grade, Tedia, R], Brazil)
were employed. Ultra-pure water was prepared in a Millipore Sim-
plicity System (MA, USA).

2.5. PAH extraction

Water samples were homogenized prior to PAH extraction in
order to resuspend all solids. Aliquots of 300 mL were extracted
in Erlenmeyer flasks under magnetic stirring with four portions of
20 mL of hexane, during 20 min each. Due to the lowest density
of the hexane layer and to the shape of extraction flasks, extracts
were easily drawn and transferred into pear-shaped evaporation
flasks. Combined extracts were concentrated in a rotary evaporator
in temperatures below 40 °C. Concentrated extracts were made up
to final volumes of 1 mL with acetonitrile, transferred to 2 mL vials
and kept in a freezer until analysis. Samples were always extracted
and analyzed in independent triplicates.

2.6. PAH determination

Qualitative and quantitative analysis of PAHs were performed
by high-performance liquid chromatography with fluorescence
detection (HPLC-FLUO). The maximum excitation and emission
wavelengths were employed for PAH detection [19].

The HPLC consisted of a quaternary pump, an automated injec-
tor, a column oven and a fluorescence detector (all Agilent 1100
Series, USA). Chromatographic conditions (mobile phase composi-
tion and flow-rates) were evaluated and optimized using a reverse
phase column (Vydac 201TP54, 250 mm x 4.6 mm; 5pum) and a
guard column of the same characteristics (10 mm).

Separation was achieved using a binary elution gradient consist-
ing of acetonitrile (A) and water (B). The gradient was as follows:
50% of A held for 10 min, increased linearly to 85% of A during
10 min, held for 5 min, increased linearly to 95% A during 3.5 min,
held for 5 min and decreased to 50% of A during 1.5 min to allow for
equilibration before the subsequent injection.

It was possible to complete a chromatographic run in around
30 min with good resolution of benzo[e]pyrene and the 16 EPA-
PAHSs. Acenaphthylene that cannot be detected by fluorescence due
to its low fluorescence intensity was not evaluated in the samples.

Calibration curves were built in between 0.5 and 15 p.g/L with
standard solutions containing all studied PAHs. Calibration curves
were derived by least-squares regression. Equations of the calibra-
tion curves were also used to estimate the detection limits (DL)
and the quantification limits (QL) of each PAH. DLs and QLs were
obtained by dividing respectively 3 and 10 times the signal to noise
ratios by the angular coefficients of the calibration curves. Signal
to noise ratios were estimated by the standard deviations of peak
areas obtained after 10 subsequent injections of the 0.5 g/L stan-
dard [22]. DLs and QLs were both expressed in terms of sample
volume by dividing the obtained values by the ratio of the extracted
volume (300 mL) and the final volume of the concentrated extract
(1.00 mL).

Concentrations that were below individual PAH QLs were
assigned as not quantified (NQ).

2.7. Multivariate analysis of data

Principal component analysis (PCA) and cluster analysis (CA)
were applied to evaluate data pattern and classification of data. The
package Statistica® 7.0 was used. For PCA evaluation PAH concen-
trations that were below their QLs and assigned as not quantified
were replaced by random values between the detection and quan-
tification limits.

3. Results and discussion

Calibration curves presented excellent correlation coefficients
(r? > 0.999) showing the good relationship between concentrations
and fluorescence intensity in the studied range (Table 1). Quantifi-
cation limits were sufficiently low (0.056-0.43 ng/L) (Table 1) to
allow PAH determination below the MCLs established for drink-
ing and fresh water by Brazilian agencies and USEPA [6-8]. Those
results show the very good sensitivity of the method.

Recoveries were evaluated in three different levels (0.500,
0.0500 and 0.0300 pg/L) after spiking sufficient amounts of
methanol solutions of PAHs to obtain the desired concentrations.
The concentration of 0.05 jg/L corresponds to the MCLs of seven
PAHs including benzo[a]pyrene in fresh water [8]. Very good recov-
eries (89-116%) were obtained in all cases showing the accuracy of
the method and its robustness (Table 1).
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Table 2

Ranges of PAH concentrations (ug/L) found in the different sampling sites.

PAHs point 1 point 2 point 3 point 4 point 5 point 6
Naphthalene 0.004-0.034 0.004-0.012 0.002-0.016 0.001-0.206 0.002-0.124 0.001-0.108
Acenaphthene 0.002-0.006 0.002-0.017 0.001-0.006 0.003-0.073 0.002-0.051 0.002-0.054
Fluorene 0.004-0.020 0.005-0.001 0.003-0.012 0.003-0.101 0.001-0.052 0.002-0.072
Phenanthrene 0.003-0.040 0.003-0.025 0.003-0.028 0.007-0.590 0.011-0.258 0.010-0.533
Anthracene NQ? to 0.002 NQ to 0.003 NQ to 0.009 NQ to 0.043 NQ to 0.020 NQ to 0.026
Fluoranthene 0.018-0.039 0.022-0.083 0.046-0.138 0.189-2.64 0.186-2.96 0.161-2.82
Pyrene 0.007-0.017 0.016-0.066 0.025-0.106 0.109-1.39 0.109-1.54 0.118-1.32
Benz[a]anthracene NQ to 0.005 0.002-0.005 0.003-0.010 0.018-0.097 0.011-0.091 0.015-0.091
Chrysene 0.002-0.006 NQ to 0.012 0.009-0.019 0.033-0.381 0.030-0.426 0.029-0.329
Benzo[e]pyrene NQ to 0.003 NQ to 0.019 0.004-0.007 0.037-0.189 0.024-0.154 0.022-0.112
Benzo[b]fluoranthene NQ to 0.002 NQ to 0.013 0.009-0.025 0.040-0.296 0.033-0.244 0.032-0.250
Benzo[Kk]fluoranthene NQ to 0.001 NQ to 0.002 0.002-0.012 0.008-0.084 0.006-0.064 0.006-0.046
Benzo[a]pyrene NQ NQ to 0.005 0.009-0.025 0.002-0.181 0.004-0.045 0.005-0.034
Dibenz[a]anthracene NQ-0.001 NQ to 0.003 0.001-0.008 0.002-0.010 0.001-0.007 0.001-0.005
Benzo[ghi]perylene NQ NQ to 0.002 NQ to 0.008 0.002-0.093 0.001-0.038 0.001-0.029
Indene[1,2,3-cd]|pyrene NQ NQ to 0.003 NQ to 0.013 0.004-0.153 0.005-0.050 0.005-0.032

2 See text for details for the calculation of detection limit and quantification limit.

3.1. PAH concentrations in Tripui River

Five campaigns were performed. The first one occurred in
September 19th, 2006, by the end of the dry season while the
other four campaigns occurred during the wet season (October 3rd,
2006, October 16th, 2006, November 6th, 2006 and November 21st,
2006).

The concentrations of individual PAHs in each campaign and site
varied between not quantified and 2.96 pg/L (Table 2). The largest
PAH concentrations were found in sites 4-6 in September 19th,
2006, in the dry season. The concentrations of all PAHs decreased
from dry to wet season (September to November) possibly due to
the rainy period and to the consequent increase of river water flow
and volume that led to PAH dilution. The concentrations of fluoran-
thene and pyrene that were respectively 2.64 and 1.39 pg/L in site
4 in September 19th, 2006 (in the dry season) decreased to respec-
tively 0.19 and 0.16 pg/L in November 21th, 2006 (during the wet
season).

The predominant PAHs (namely phenanthrene, fluoranthene,
pyrene, chrysene and benzo[b]fluoranthene) represented 53-90%
of total PAH concentrations but the sum of fluoranthene, pyrene,
phenanthrene concentrations represented 51-80% of total PAH con-
centrations. Both results agree well with previous published data
of PAH emissions in aluminum smelting processes [23].

Besides risk of human exposure it must be considered that
phenanthrene, pyrene and fluoranthene were previously found to
be responsible for most of runoff toxicity to aquatic biota [10]. Into
this perspective our data indicate that aquatic biota of the studied
area may be affected by PAHs since these PAHs predominate in the
studied area.

.
6L

5

4t

3

2 _ _

1 Ll

0 | M Bl | 1 18 .

Point1  Point2 Point3 Point4 Point5 Point6
Sampling point

= 9/19/2006
10/3/2006

= 10/16/2006

w 11/7/2008
11/21/2006

Total PAH concentration (ug/L)

Fig. 2. Variation of total PAH concentrations (XPAH; pg/L) in the different sites and
dates.

The concentrations of certain PAHs that have MCLs established
for fresh water in Brazil [8] due to their carcinogenic potency
(namely benz[a]anthracene, chrysene, benzo[k]fluoranthene,
benzo[b]fluoranthene, benzo[a]pyrene, indene[1,2,3-cd]pyrene
and dibenz[ah]anthracene) allow an evaluation of Tripui River
contamination. The concentrations of these PAHs in sites 4-6 were
always higher than in sites 1 and 2, where they were always below
their MCLs. For example, in September 19th, 2006, the concentra-
tion of benzo[a]pyrene in site 4 was 0.181 pg/L exceeding its MCL
by a factor of almost four while in the same date, in site 2 it was
only 0.002 pg/L.

The low concentrations of PAHs found in sites 1 and 2 were com-
parable to background levels and possibly due to unspecific sources.
However it was previously shown that certain PAHs (namely naph-
thalene, phenanthrene and perylene) may have also a biological
origin in tropical areas [24-26].

Total PAH concentrations (j.g/L) (X PAHs) in each date and sam-
pling site are shown in Fig. 2. Upstream sites (1-3) showed XPAHs
that were always lower than those found in downstream sites (4-6).
Y.PAHs increased to a nearly constant value downstream site 4.
Those results indicate that there is an important source or a set
of sources of PAHs between sites 3 and 4.

Toxic equivalent quantities (TEQ) compare the individual car-
cinogenic potency of individual PAHs with that of benzo[a]pyrene
[4,27]. TEQ were also applied to compare the sampling sites. This
approach was successfully applied in the study of PAHs in total sus-
pended particulate (TSP) [28] and in tree bark [29]. Individual PAH
concentrations were multiplied by their TEQ and the results were
summed up leading to total toxic equivalent quantities (TTEQ) of
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Fig. 3. Variation of total toxic equivalent quantities (TTEQ) expressed as ng of
benzo[a]pyrene equivalent per liter of sample in the different sites and dates.
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Fig. 4. Diagram of factor loadings (PC1 versus PC2) of PAHs.

the samples that are expressed as ng of benzo[a]pyrene equiva-
lent per liter of sample (Fig. 3). TTEQ values ranged between 0.43
and 259 ng of benzo[a]|pyrene equivalent/L (Fig. 3). Site 4 showed
the largest TTEQ values and site 1 the lowest TTEQ values. These
results indicate a reduction of water quality and an increase of its
toxicity downstream site 4.

3.2. Multivariate analysis of data

PAH concentrations data were autoscaled before PCA by sub-
tracting the mean concentration of each PAH from the observed
concentration followed by division of the difference by the stan-
dard deviation of the concentrations of each PAH [30]. PCs1 and 2
were able to describe respectively 86.1% and 5.2% of total variance
while PC3 described 4.5% of total variance.

The loading plot of PC2 versus PC1 (Fig. 4) shows that all
PAHs are clustered in the same graphic area correspondent to
negative loadings of PC1. PAH loadings varied between —0.735
(dibenz[a,h]anthracene) and —0.984 (benzo[k]fluoranthene). As a

Projection of the cases on the factor -plane (1 x 2)
Cases with sum of cosine square >= 0,00

consequence samples were distributed along PC1 according to PAH
concentrations with the most negative PC1 values corresponding to
the samples that showed the largest XPAHs. The most positive val-
ues of PC1 corresponded to samples that showed the lowest XPAHs.
PC2 loadings varied between —0.436 (benzo[a]pyrene) and +0.272
(fluoranthene).

A score plot of PC2 versus PC1 is shown in Fig. 5. Samples were
coded as PiDj according to site localizations (i=1-6) and campaign
dates (j=1-5; September 19 to November 21, 2006).

Fig. 5a shows that the samples are distributed along PC1 axis
with a complex cluster of samples between PC1 values of 0 and
3. Downstream samples collected in sites 4, 5 and 6 in September
19th, 2006, during the dry season showed the most negative val-
ues of PC1 since these samples showed the largest XPAHs (6.5, 6.1
and 5.8 p.g/L, respectively) (Fig. 2). PC2 allows a distinction between
sites 5 and 6 (positive PC2 values) and site 4 (negative PC2 value).
This negative value of PC2 is certainly due to benzo[a]pyrene con-
centration (0.181 pg/L) shown by this sample that was the largest
concentration of this PAH found among all samples. In fact this sam-
ple showed the largest TTEQ (Fig. 3) among all samples reflecting
the large concentration of benzo[a]pyrene.

Samples of sites 4-6 collected in October (during the beginning
of the wet season) showed intermediate XPAHs (Fig. 2) and are
situated in higher but still negative values of PC1. All other sam-
ples that showed low XPAHs that is all samples from sites 1 to 3
and samples from sites 4 to 6 collected in November, 2006 (Fig. 2)
showed positive values of PC1.

Fig. 5b shows an expansion of PC1 and PC2 scales and allows
a clear evaluation of this cluster of samples. This way, sam-
ples collected in sites 4-6 in November, 2006 show low positive
PC1 values associated with positive values of PC2. All remaining
samples—those collected in upstream sites—were clustered in the
same area of Fig. 5b with positive values of PC1 and low negative
values of PC2. It is remarkable that except for the samples collected
in September 19, 2006 and in October 3rd, 2006 in site 4 (P4D1 and
P4D2) all other downstream samples are characterized by low PC1
values (negative or low positive values) and positive PC2 values.

In order to further evaluate the similarities among samples, our
results were also evaluated by cluster analysis. PAH concentrations
were used as descriptors of sites and dates. Euclidian distances
were employed for data matrix treatment and Ward’s method was
employed for clustering. The results of cluster analysis are shown
in Fig. 6.
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Fig. 5. Diagram of principal component scores (PC1 versus PC2) of samples (a, left) and scale expansion (b, right). Sites and dates were coded as explained in the text.
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Fig. 6. Dendogram of samples using PAH concentrations as descriptors after cluster
analysis. The Euclidian distance axis was cut to allow better visualization of sample
distribution.

Three distinct groups of samples can be observed in Fig. 6. G1
represents the samples collected in sites 4, 5 and 6 in September
19th, 2006, in the dry season that showed the largest XPAHs (6.5,
6.1 and 5.8 pg/L, respectively) (Fig. 2). In opposition to G1, G3 rep-
resents the samples that showed the lowest X PAHs (Fig. 2) that is,
all upstream samples (from sites 1 to 3) and downstream samples
collected in November, 2006, during the wet season. G2 repre-
sents the samples containing intermediate XPAHs (Fig. 2) that is,
downstream samples collected in the beginning of the wet season
(October, 2006). The classification of the samples by CA is in very
good agreement with that of PCA.

An overall interpretation of all data (individual PAH and ¥PAHs
concentrations, TTEQ, PCA and CA) shows that sites 1-3 showed
lower levels of PAH contamination than sites 4-6 except dur-
ing the rainy season when both groups of sites tended to show
similar concentrations of PAHs and contamination thus indicat-
ing an important dilution of the samples due to the rain and a
remarkable reduction of PAH concentrations in sites 4-6 in this
period.

4. Conclusions

Water samples collected in Tripui River showed different con-
centrations of PAHs depending on sampling site localization and
season (dry or wet). The concentrations decreased during the rainy
period possible due to dilution.

The concentrations of carcinogenic PAHs such as
benzo[a]pyrene found in certain samples collected downstream
the plant were higher than the Brazilian MCL showing the con-
tamination of Tripui River. Moreover PAHs such as phenanthrene,
fluoranthene and pyrene that were considered to be toxic to
aquatic biota were found in relatively high concentrations in
certain samples.

The evaluation of the samples by principal component analysis
and cluster analysis showed that downstream and upstream sam-
ples can be classified in groups that depended also on sampling site
localization and rain volume (dry and wet seasons).

An overall interpretation of data (individual PAH and ¥XPAHs
concentrations, TTEQ, PCA and CA) indicates that different levels
of environmental contamination by PAHs are found in the neigh-
borhood of the aluminum smelter. Upstream sites presented lower
levels of PAHs than downstream sites except during the rainy sea-
son when both groups of sites showed similar PAH concentrations

thus indicating an important dilution due to the rain that allowed
a remarkable reduction of downstream PAH concentrations in this
period.
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