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• Light PAHs were mostly detected in wa-
ter and heavy PAHs appeared mostly in
sediment.

• Pyrolytic PAHs sources are predomi-
nant.

• PAHs concentrations were remarkably
high at a site just before the fork of
the river.

• PAHs levels in sediment were com-
pared SQGs.

• TEQPAHS suggest potentially low carci-
nogenicity of PAHs exposure in Tiber
River and Estuary.
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The concentration, source and ecological risk of polycyclic aromatic hydrocarbons (PAHs) in the Tiber River and
its environmental impact on the Tyrrhenian Sea (Central Mediterranean Sea) were estimated. The 16 priority
PAHs were determined in the water dissolved phase (DP), suspended particulate matter (SPM) and sediments
collected from 21 sites in four different seasons. Total concentrations of PAHs ranged from 10.3 to
951.6 ng L−1 and from 36.2 to 545.6 ng g−1 inwater (sumof DP and SPM) and in sediment samples, respectively.
The compositions of PAHs showed that 2- to 4-ring PAHs were abundant in DP, 4- to 6-ring PAHs were predom-
inant in SPM samples, and 4- to 5-ring PAHswere abundant in sediments. The diagnostic ratio analysis indicated
that the PAHs mainly had a pyrolytic source. The toxic equivalent concentration of carcinogenic PAHs was
45.3 ngTEQ g−1, suggesting low carcinogenic risk for Tiber River. Total PAHs loads into the sea were calculated
in about 3161.7 kg year−1 showing that this river is one of the main contribution sources of these contaminants
to the Tyrrhenian Sea.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a widespread class of
environmental pollutants (Moeckel et al., 2013; Li et al., 2015a;
Santana et al., 2015; Zhao et al., 2015). Due to their persistent, toxic,
genotoxic and carcinogenic characteristics and potential human health
risk, PAHs distribution and source in the environment have attracted
much attention (Song et al., 2013; Bai et al., 2014; Siemers et al., 2015;
Yu et al., 2015; Sarria-Villa et al., 2016). Numerous epidemiological
studies have demonstrated a correlation between PAHs exposure and
cancer incidence for various human tissues (Cirillo et al., 2006; Lv et
al., 2014; Zhi et al., 2015). For this reason, 16 PAHs were designated as
priority pollutants by the United States Environmental Protection Agen-
cy (USEPA) and seven of them were designated as potentially carcino-
genic pollutants to humans, according to the International Agency for
Research on Cancer (Zheng et al., 2016).

PAHs can originate from incomplete combustion of organic matter,
dry andwet deposition,wastewater discharge, oil pollution and road run-
off. Due to their physicochemical properties, PAHs tend to interact to dif-
ferent extent with air, water, soil/sediment and biota (Guo et al., 2009;
Zhao et al., 2014; Pérez-Fernández et al., 2015). Inmarine and freshwater
ecosystems, PAHs are absorbed onto particulate matter and accumulate
in sediments. Sediments, the primary reservoir for hydrophobic contam-
inants, are natural sinks and environmental reservoirs for PAHs in the
aquatic environment, and they offer an irreplaceable aid in the develop-
ment of sediment quality criteria (Santana et al., 2015). Therefore, a com-
prehensive study of PAH behavior in aquatic environments has been of
great concern because riverine and estuarine areas receive considerable
amounts of pollutant inputs from terrestrial drainage,which could poten-
tially threaten aquatic organism (Tavakoly Sany et al., 2014; Zhang et al.,
2015; Dudhagara et al., 2016).

Historic river of Europe and second biggest river in Italy, the Tiber
River is the most polluted river among the twenty longest river in Italy
(Legambiente, 2006). Especially in the lower course of the river Tiber,
after the confluence with its major tributary, the heavy polluted Aniene
River, the river water quality decreases dramatically due to discharges
from intense industrial activities, heavily urbanized watershed and agri-
culturalwaste (Bettinetti et al., 2011). Indeed Tiber Riverwatershed, estu-
ary and the adjacent coastal area is now experiencing serious pollution
stress. However, few of the recent studies reported data on the occur-
rence of PAHs contamination only around the urban areas of Tiber River
Basin (Minissi et al., 1998; Patrolecco et al., 2010); and, to the best of
our knowledge, no data are available on the occurrence, environmental
risk and source of PAHs in the final stretch of Tiber River and its discharge
into the estuary and adjacent coastal area. Hence,we aimed to investigate
the levels, spatial distribution and sources of PAHs in the Tiber River and
its Estuary. The ecological risk assessment of PAHs was also conducted to
provide scientific data for organic pollution control of the coast.

The present study is part of a large project aimed to contribute to the
knowledge of the pollution affecting the Tiber River and its environ-
mental impact on theMediterranean Sea. The aimof this project is to as-
sess the pollution due to effluents from local industries, agriculture and
the urban impact by identifying several groups of organic and inorganic
chemicals and some indicators of microbial pollution in water and sed-
iments. This paper reports the data on the contamination caused by
PAHs drained into the Tiber River and its environmental impact on the
Mediterranean Sea.

2. Material and methods

2.1. Study area and sampling

The Tiber River rises in the Appenine Mountains (Central Italy) and
flows through six regions of Central Italy, crosses densely populated
urban area of Rome before flowing into the Tyrrhenian Sea (Central
Mediterranean Sea). With a length of 409 km and an annual mean
flow rate of 230 m3 s−1, the Tiber River is an important water resource
for industrial production, agricultural irrigation and community liveli-
hood (Patrolecco et al., 2015). Moreover, the Tiber River receives signif-
icant urban discharges from Rome, the largest agricultural district in
Europe and the most populated city of Italy, with a population of
about 2,863,322 residents and an average density of 2224/km2 (ISTAT,
2010, 2014). Twomajor wastewater treatment plants, that treat waste-
water collected near the Northern and Southern ends of the urban
stretch, with an annual average discharges of 3–3.5 m3 s−1 and 8–
9 m3 s−1, seem to be unable to remove the entire load of pollutants
(Patrolecco et al., 2010; di Lascio et al., 2013). As a consequence, this
River receives huge amount of incompletely treated domestic sewage
and pollutants produced by industry and agriculture, that leads to eco-
logical dangerous consequences.

In this study, four sampling campaigns were conducted in August
2014, November 2014, February 2015 and May 2015 in order to assess
temporal trends of pollutants. In each campaign were sampled 21 loca-
tion: three locationswere sampled before and after the fork in the river,
in order to have a proper idea of the evolution of the contamination
downriver (Fig. 1). In addition, nine points were sampled in the conti-
nental shelf around the Tiber artificial mouth (Fiumicino canal) and
other nine points in the continental shelf around the Tiber natural
mouth (Fiumara Grande) to assess the environmental impact of the
Tiber River on the Mediterranean Sea. Three points were sampled
500 m from the Tiber River mouths, another three points 1000 m
away and, finally, another three points 1500 m from the river mouths
(Fig. 1). The coordinates of sampling sites are given in Table 1.

In each sampling point 2.5 L of water (one amber bottles) were col-
lected and transported refrigerated (4 °C) to the laboratory. Surface sed-
iment (0–5 cm) samples were collected by using a grab sampler (Van
Veen Bodemhappe 2 L capacity) and put in aluminum containers. The
sediments were transported refrigerated to the laboratory and kept at
−20 °C before analysis.

2.2. PAHs extraction and analyses

Themethod used for extraction and cleanup has been published pre-
viously (Montuori and Triassi, 2012). Briefly, water samples were fil-
tered through a previously kiln-fired (400 °C overnight) GF/F glass
fiber filter (47 mm × 0.7 μm; Whatman, Maidstone, UK). Filters
(suspended particulate matter, SPM) were kept in the dark at −20 °C
until analysis. Dissolved phases (fraction of contaminants passing
through the filter) were kept in the dark at 4 °C and extracted within
the same day of sampling (3–6 h from sampling).

Filters were spiked with three-surrogate standards (10 ng of chrys-
ene-d12, benzo[a]pyrene-d12 and indeno[1,2,3-cd]pyrene-d12) and ex-
tracted three times by sonication with 10 mL of dichloromethane-
methanol (1:1) (Carlo Erba, Milano, Italy) for 15 min. After extraction,
the extracts were concentrated using a rotary evaporator. The volume
of the extracts was adjusted to 0.5 mL and solvent-exchanged into hex-
ane (Carlo Erba). Clean up and fraction procedures were performed
with open column chromatography (3 g of neutral alumina Carlo Erba,
deactivated with 3% (w/w) Milli-Q water. Three fractions were collect-
ed: fraction I with 5.5 mL of hexane (Carlo Erba), fraction II with 6 mL
of hexane:ethylacetate (9:1) (Carlo Erba) and, finally, fraction III with
12 mL of ethylacetate (fraction III or F3).

The dissolved phase was spiked with a surrogate solution of chrys-
ene-d12, benzo[a]pyrene-d12 and indeno[1,2,3-cd]pyrene-d12 in metha-
nol achieving a final concentration in water of 10 ng L−1. Two liter of
previously filtered water (DP, dissolved phase) were preconcentrated
by solid phase extraction (SPE) using a 100 mg polymeric phase car-
tridge Strata X™ from Phenomenex (Torrance, CA, USA). After eluting
with 10 mL ethylacetate-hexane (1:1), the extract was rotaevaporated
to roughly 0.5 mL. The sample was fractionated using an alumina
open column chromatography as indicated above for the particulate
phase.



Fig. 1.Map of the study areas and sampling sites in the Tiber River and Estuary, Central Italy.
(From Google Earth).
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Sediments were oven dried at 60 °C and sieved at 250 μm. Then,
5 g of sediment were spiked with the surrogate mixture (10 ng of
chrysene-d12, benzo[a]pyrene-d12 and indeno[1,2,3-cd]pyrene-d12)
and extracted three times by sonication using 15 mL of DCM/
methanol (1:1) for 15 min. After centrifuging, the organic extract
were concentrated and fractionated in the same way than the
water samples. In addition, total organic carbon (TOC) in the sedi-
ment samples was determined by TOC analyzer (TOC-VCPH,
Shimadzu Corp., Japan).

Cleaned extracts of fractions II were analyzed by GC–MS QP2010 Plus
Shimadzu (Kyoto, Japan), equipped with a AOC-20i Shimadzu (Kyoto,
Japan) autosampler, operating in the electron impact mode at 70 eV. A
Rxi 5Sil MS capillary column (5% phenyl 95% dimethylpolysiloxane)
(30 m, 0.25 mm ID and 0.10 μm of film thickness) was used. The column
temperature was programmed as follows: first, heated to 60 °C and held
for 2 min; ramped to 200 at 25 °C min−1; then ramped to 270 at 10 °
C min−1 and held for 6 min; and finally ramped to 310 at 25 °C min−1

and held for 10 min. Helium was used as carrier gas. The injection port
temperaturewas 300 °C and it was operated in pulsed splitlessmode. Ac-
quisition was carried out in the single ion monitoring mode (SIM) using
two characteristic ions for each target analyte. Target analytes were iden-
tified and verifiedby comparing retention times of the sampleswith stan-
dards and using the characteristic ions and their ratio for each target
analyte. Furthermore, for the higher concentrated samples, the identifica-
tion of target analytes was confirmed in full-scan mode (m/z range from
60 to 350) andwere quantified using the internal using the characteristic
ions and their ratio for each target analyte.

The concentration was calculated from the calibration curves for the 16
PAHs (Dr. Ehrenstorfer GmbH, Augsburg, Germany) (r2 N 0.98).
Triphenylaminewasusedas internal standard tocompensate for the sensitiv-
ity variationof theMSdetector. In each sample the concentrationof following
sixteen selectedPAHsmonitoredby theUSEnvironmental ProtectionAgency
(USEPA) as priority pollutantsweremeasured: naphthalene (Nap), acenaph-
thylene (Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), an-
thracene (An), fluoranthene (Fl), pyrene (Pyr), benzo[a]anthracene (BaA),
chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DahA), benzo[ghi]perylene
(BghiP) and indeno[1,2,3-cd]pyrene (InP). Moreover, perylene (Per), not in-
cluded in this list, alsoweremonitored. Total PAHs concentrationwere calcu-
lated as the sum of the concentrations of the 16 PAHs compounds (ΣPAHs)
selected by the USEPA as priority pollutants.

2.3. Quality assurance and quality control

The limit of detection (LOD) and limit of quantification (LOQ) were
calculated as having signal-to-noise ratios of above 3 and 10, respective-
ly, by five replicate analyses. The mean surrogate recoveries in the dis-
solved phase were 89.3 ± 5.7% for chrysene-d12, 95.2 ± 7.5% for
benzo[a]pyrene-d12 and 96.8 ± 8.2% for indeno[1,2,3-cd]pyrene-d12. In
the SPM samples, recoveries were 91.2 ± 5.9% for chrysene-d12,
96.3 ± 5.5% for benzo[a]pyrene-d12 and 97.7 ± 9.5% for indeno[1,2,3-
cd]pyrene-d12. Finally, in the sediment samples the averaged recoveries
were the following: 87.8 ± 10.3% for chrysene-d12, 92.2 ± 9.7% for
benzo[a]pyrene-d12 and 99.5 ± 12.3% for indeno[1,2,3-cd]pyrene-d12.
Procedural blanks were routinely analyzed after every 5 samples; no in-
terferences were detected in the blanks. Blank assays were carried out
and used for the calculation of LODs and LOQs. In the dissolved phase,
LODs ranged from 0.01 ng L−1 for pyrene to 0.1 ng L−1 for
indeno[1,2,3-cd]pyrene while, in SPM and sediment samples, from
0.03 to 0.2 ng L−1 and from 0.01 to 0.15 ng g−1 respectively. The quan-
tification limits (LOQ) was in the range of 0.02 ng L−1 – 0.15 ng L−1 in
dissolved water samples, 0.06–0.3 ng L−1 in SPM samples and 0.03 to
0.2 ng g−1 in sediment samples. Reported concentrations were
corrected by surrogates recoveries.

2.4. Statistical analysis and calculation of PAHs inputs

Statistical analysis of the results was carried out with the statistical
software SPSS, version 14.01 for Windows (SPSS Inc., Chicago, IL,



Table 1
Description of the sampling sites and concentrations of PAHs in thewater dissolved phase (DP), suspended particulate matter (SPM) and sediments of the Tiber River and the continental
shelf, Central Italy.

Sampling location ∑PAHs

Site number
identification Site characteristics Site location

DP (ng L−1)
SPM (ng L−1)
(ng g−1 dry wt.)

Sediment
(ng g−1 dry
wt.)

Aug
2014

Nov
2014

Feb
2015

May
2015 Aug 2014 Nov 2014 Feb 2015 May 2015 May 2015

1 (river
water)

Upstream Tiber River
fork

41°46′40.65″N
12°16′45.62″E

607.5 376.3 122.2 492.2 344.2 (842.1) 323.6 (3667.2) 473.4 (1232.5) 318.2 (627.2) 545.6

2 (river
water)

Tiber River Mouth
Fiumicino Canal

41°46′17.34″N
12°13′06.37″E

321.3 233.8 42.7 387.6 232.9 (593.1) 233.3 (2297.2) 396.9 (724.1) 261.7 (577.8) 398.9

3 (river
water)

Tiber River
MouthFiumara Grande

41°44′24.50″N
12°13′58.73″E

270.8 112.5 66.5 304.6 140.8 (471.1) 104.8 (1392.0) 252.9 (1499.4) 123.9 (428.0) 287.1

4 (sea water) River Mouth Fiumicino
Canal at 500 m South

41°46′01.74″N
12°12′56.67″E

105.3 53.2 29.2 92.6 153.2 (730.3) 149.7 (2776.1) 202.1 (2160.0) 172.1 (1007.4) 175.9

5 (sea water) River Mouth Fiumicino
Canal at 500 m Central

41°46′17.84″N
12°12′44.76″E

117.4 56.1 25.6 88.8 84.5 (427.6) 101.2 (2061.7) 137.9 (3605.0) 96.1 (1195.4) 107.3

6 (sea water) River Mouth Fiumicino
Canal at 500 m North

41°46′31.73″N
12°12′53.50″E

456.1 237.5 146.1 365.6 273.1 (3117.0) 212.3 (2746.9) 348.1 (5166.9) 240.9 (665.8) 297.6

7 (sea water) River Mouth Fiumicino
Canal at 1000 m South

41°45′47.87″N
12°12′53.50″E

78.2 27.6 11.6 55.7 105.7 (1143.1) 101.3 (1665.1) 133.0 (4857.5) 121.9 (2775.8) 86.5

8 (sea water) River Mouth Fiumicino
Canal at 1000 m Central

41°46′17.30″N
12°12′20.34″E

30.5 12.2 22.8 24.0 76.1 (3490.6) 54.0 (585.2) 65.8 (1800.5) 58.5 (545.8) 64.3

9 (sea water) River Mouth Fiumicino
Canal at 1000 m North

41°46′46.51″N
12°12′41.74″E

162.3 77.0 88.1 122.7 206.2 (592.6) 144.9 (3426.6) 207.1 (2853.7) 162.3 (725.8) 170.0

10 (sea
water)

River Mouth Fiumicino
Canal at 1500 m South

41°45′33.77″N
12°12′40.43″E

15.6 7.86 11.2 18.3 64.8 (918.5) 50.2 (1742.4) 50.9 (2585.1) 49.7 (619.1) 61.0

11 (sea
water)

River Mouth Fiumicino
Canal at 1500 m Central

41°46′16.33″N
12°12′01.41″E

13.8 5.59 7.78 7.73 31.0 (333.4) 19.6 (581.1) 25.4 (307.2) 22.6 (30.5) 47.7

12 (sea
water)

River Mouth Fiumicino
Canal at 1500 m North

41°46′58.36″N
12°12′29.55″E

43.1 19.7 14.8 35.3 90.3 (670.4) 71.3 (1038.7) 95.5 (2729.6) 103.9 (1007.9) 84.0

13 (sea
water)

River Mouth Fiumara
Grande at 500 m South

41°44′08.68″N
12°14′07.38″E

258.8 150.2 81.3 190.6 145.2 (2601.7) 127.7 (1032.5) 214.7 (4576.2) 112.2 (332.4) 267.9

14 (sea
water)

River Mouth Fiumara
Grande at 500 m
Central

41°44′14.43″N
12°13′40.05″E

51.7 22.8 29.7 47.2 71.3 (425.6) 43.3 (490.2) 64.4 (224.3) 40.9 (186.7) 63.7

15 (sea
water)

River Mouth Fiumara
Grande at 500 m North

41°44′27.27″N
12°13′36.50″E

116.2 82.5 9.38 99.8 53.8 (264.3) 54.5 (758.3) 119.9 (1811.3) 54.8 (622.3) 170.1

16 (sea
waer)

River Mouth Fiumara
Grande at 1000 m
South

41°43′52.67″N
12°14′13.37″E

64.5 43.7 38.8 55.7 78.0 (201.4) 65.9 (952.3) 99.8 (1790.3) 47.9 (287.7) 125.4

17 (sea
water)

River Mouth Fiumara
Grande at 1000 m
Central

41°44′06.84″N
12°13′20.15″E

12.7 4.78 7.92 10.9 27.4 (300.8) 29.9 (508.0) 28.4 (1103.6) 22.4 (32.8) 42.9

18 (sea
water)

River Mouth Fiumara
Grande at 1000 m
North

41°44′28.80″N
12°13′12.00″E

33.9 26.6 10.4 36.5 30.8 (502.4) 25.8 (565.3) 68.5 (1589.7) 29.2 (1305.0) 90.4

19 (sea
water)

River Mouth Fiumara
Grande at 1500 m
South

41°43′38.09″N
12°14′18.04″E

21.9 7.19 8.63 16.6 32.1 (739.9) 26.1 (1154.5) 48.4 (621.2) 19.8 (372.1) 90.9

20 (sea
water)

River Mouth Fiumara
Grande at 1500 m
Central

41°43′59.84″N
12°13′01.01″E

4.22 1.75 2.83 2.88 15.9 (192.1) 11.2 (133.8) 15.3 (614.2) 9.82 (375.5) 36.2

21 (sea
water)

River Mouth Fiumara
Grande at 1500 m
North

41°44′32.41″N
12°12′52.76″E

9.75 2.28 2.60 6.00 14.0 (141.4) 8.00 (215.8) 15.5 (373.9) 4.53 (123.4) 46.8
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USA). All data was presented as the mean ± standard deviation (SD).
The level of significance was set at p b 0.05.

The method used to estimate the annual contaminant discharges
(Fannual) was based on the UNEP guidelines (UNEP/MAP, 2004), and
has been widely accepted (Walling and Webb, 1985; HELCOM, 1993;
Steen et al., 2001; Montuori and Triassi, 2012). A flow-averaged mean
concentration (Caw) was calculated for the available data, which was
corrected by the total water discharge in the sampled period. The equa-
tions used were the following:

Caw ¼ ∑n
i¼1CiQi

∑n
i¼1Qi

ð1Þ

Fannual ¼ CawQT ð2Þ
where Ci and Qi are the instantaneous concentration and the daily aver-
aged water flow discharge, respectively for each sampling event (flow
discharge, section and bed elevation of river mouth were measured by
manual probes). QT represents the total river discharge for the period
considered (August 2014–May2015), calculated by adding themonthly
averaged water flow. River flow data was collected from the register of
the Autorità di Bacino del Tevere to http://www.abtevere.it (Lazio Gov-
ernment for the Environment). Furthermore, to study the temporal con-
taminant discharge variation, Ci and Qi were considered for each
campaign and expressed as kg year−1.

Principal Component Analysis (PCA) was performed using SPAD
(Systeme Portable pour l'Analyse des Données) to display the pattern
of similarity of the observations (sampling sites) and of the variables
as points. In the PCA, when concentrations were below the LOQ, a
value of half the LOQ was used.

http://www.abtevere.it
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2.5. Potential toxicity of PAHs

Ecological risk assessmentwas performed to evaluate the possibility
of adverse ecological effect. A widely used assessment method is based
Fig. 2. Composition pattern of total PAHs in water dissolved phase (DP; a), in suspended part
Central Italy.
on toxic equivalent factors (TEFs) (Nisbet and LaGoy, 1992). The toxicity
assessment of sediments from Tiber River and its Estuary was carried
out according to the total concentration of some high molecular weight
PAHs (BaA, Chr, BbF, BkF, BaP, InP and DahA) that were considered toxic
iculate matter (SPM; b) and in sediments (c) of the Tiber River and the continental shelf,



Table 2
Concentration ranges and mean value of PAHs in water, suspended particulate matter (SPM) and sediments from recent studies of different rivers, estuaries and coasts in the world.

Area References Number PAHs Range ∑PAHs Mean ∑PAHs

Water (ng L−1)
Xijiang River, China Deng et al. (2006) 15 21.7–138.0 –
Yellow River, China Li et al. (2006) 15 179.0–369.0 248.2
Daliao River, China Guo et al. (2009) 18 570.2–2318.6 –
Henan Reach of Yellow River, China Sun et al. (2009) 16 144.3–2361.0 662.0
Tiber River, Italy Patrolecco et al. (2010) 6 23.9–72.0 43.4
Gomti River, india Malik et al. (2011) 16 60–84,210.0 10,330.0
Gulf of Tunis, Tunisia Mzoughi and Chouba (2011) 22 139.2–1008.3 –
Songhua River, China Ma et al. (2013) 15 14.0–161.0 33.9
Mediterranean Sea Berrojalbiz et al. (2011) 19 0.158–3.656 0.605
Wyre River, England Moeckel et al. (2013) 28 2.7–20.0 –
Taizi River, China Song et al. (2013) 15 223.0–5794.0 1818.0
Liaohe River, China Bai et al. (2014) 16 111.9–2931.6 454.7
Marseilles coastal area, France Guigue et al. (2014) 32 8.1–405.0 –
Liaohe River, China Lv et al. (2014) 16 94.8–2931.6 396.5
Danube River, Hungary Nagy et al. (2014) 16 25.0–1208.0 122.6
Songhua River, China Zhao et al. (2014) 16 163.5–2746.2 934.6
Tampa Bay, Florida Lewis and Russell (2015) 16 blod –
Almendares River, Cuba Santana et al. (2015) 14 836.0–15,811.0 2512.0
Elbe and Weser Rivers, Germany Siemers et al. (2015) 16 10.0–40.0 –
Jiulong River Estuary, China Wu et al. (2015) 15 28.6–48.5 39.0
Yellow River, China Zhang et al. (2015) 16 38.3–222.4 94.3
Yellow River, China Zhao et al. (2015) 16 548.0–2598.0 1375.0
Poyang Lake, China Zhi et al. (2015) 16 5.6–266.1 –
Cauca River, Colombia Sarria-Villa et al. (2016) 12 52.1–12,888.2 2344.5
Daliao River estuary, China Zheng et al. (2016) 16 71.1–4255.4 748.8

SPM (ng L−1)
Xijiang River, China Deng et al. (2006) 15 1.4–58.1 29.8
Yellow River, China Li et al. (2006) 13 54.0–155.0a –
Daliao River, China Guo et al. (2009) 18 151.0–28,483.8 –
Henan Reach of Yellow River, China Sun et al. (2009) 16 506.6–10,510.0* 4100.0*
Tiber River, Italy Patrolecco et al. (2010) 6 37.6–47.0
Mediterranean Sea Berrojalbiz et al. (2011) 19 0.033–0.380 0.129
Gulf of Tunis, Tunisia Mzoughi and Chouba (2011) 22 909.9–8222.4* –
Songhua River, China Ma et al. (2013) 15 9.21–83.1 26.4
Yellow River, China Zhao et al. (2015) 16 1502.0–11,562.0* 5591.0*
Daliao River estuary, China Zheng et al. (2016) 16 1969.9–11,612.2 4015.7

Sediment (ng g−1)
Tiber River, Italy Minissi et al. (1998) 13 4.5–652.2 –
Yellow River, China Li et al. (2006) 13 31.0–133.0 76.8
Daliao River, China Guo et al. (2009) 18 102.9–3419.2 –
Henan Reach of Yellow River, China Sun et al. (2009) 16 16.4–1358.0 182.0
Cocó and Ceará Rivers, Brazil Cavalcante et al. (2009) 17 3.0–2234.8 –
Tiber River, Italy Patrolecco et al. (2010) 6 157.8–271.6 215.2
Gomti River, india Malik et al. (2011) 16 5.24–3722.87 697.2
Gulf of Tunis, Tunisia Mzoughi and Chouba (2011) 22 363.3–7026.4 –
Italian Marine Protected Areas, Italy Perra et al. (2011) 16 0.7–1550.0 155.3
Ammer River, Germany Liu et al. (2013) 16 112.0–22,900.0 8770.0
Songhua River, China Ma et al. (2013) 15 20.5–632.0 178.0
Marano and Grado Lagoon. Italy Acquavita et al. (2014) 16 50.0–1026.0 –
Liaohe River, China Bai et al. (2014) 16 92.2–295,635.2 8432.6
Gulf of Trieste, Italy Bajt (2014) 16 214.0–4416.0 –
Shenzhen River, China Deng et al. (2014) 16 828.0–1320.0 1028
Priolo Bay, Italy Di Leonardo et al. (2014) 18 56.4–847.1 –
Huveaune River, France Kanzari et al. (2014) 16 571.7–4234.9 1966.00
Iberian coast, Spain León et al. (2014) 13 5.3–2627.4 –
Ibirité Reservoir, Brazil Mozeto et al. (2014) 16 79.8–219.9 129.5
Danube River, Hungary Nagy et al. (2014) 16 8.3–1202.5 170.0
Songhua River, China Zhao et al. (2014) 16 68.2–654.1 234.1
Caspian sea coast, India Yancheshmeh et al. (2014) 23 1294.0–9009.0 3228.0
Portimão Harbor, Portugal Bebianno et al. (2015) 16 218.0–1690.0 –
Baffin Bay, Canada Foster et al. (2015) 66 341.0–2693.0 –
Durance River, France Kanzari et al. (2015) 16 57.0–1528.0 –
Tampa Bay, Florida Lewis and Russell (2015) 16 1.7–147.9 18.0
Yellow Sea, China Li et al. (2015a) 16 148.3–907.5 548.6
Bohai Sea, China

Li et al. (2015b) 15
149.2–1211.8 481.2

Beibu Gulf, China 3.3–388.0 47.8
Hun River, China Liu et al. (2015) 15 82.9–39,292.9 3705.5
Bahia Blanca Estuary, Argentina Oliva et al. (2015) 17 19.7–30,054.5 1798.5
Ría de Arousa, Spain Pérez-Fernández et al. (2015) 35 45.0–7901.0 –
Mithi River, India Singare (2015) 17 1206.0–4735.0 2824.0
Ölüdeniz Lagoon, Turkey Tuncel and Topal (2015) 16 – 1850.0
Bohai Bay, China Wang et al. (2015a) 16 24.6–280.6 79.3
Erjien River, Taiwan Wang et al. (2015b) 16 22.0–28,622.0 737.0

(continued on next page)
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Table 2 (continued)

Area References Number PAHs Range ∑PAHs Mean ∑PAHs

Yangtze River, China Yu et al. (2015) 16 65.1–954.5 229.9
Yellow River, China Zhao et al. (2015) 16 181.0–1583.0 810.0
Hangzhou Bay, China Adeleye et al. (2016) 10 32.1–171.1 –
Cauca River, Colombia Sarria-Villa et al. (2016) 12 ND-3739.0 1028.0
Daliao River estuary, China Zheng et al. (2016) 16 374.8–11,588.8 3700.3
This study DP 16 1.75–607.5 90.5 ± 125.1

SPM 4.53–473.4 111.5 ± 100.1
Sediment 36.2–545.6 155.3 ± 134.1

ND: not detectable.
⁎ ng g.
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PAHs due to their mutagenic and carcinogenic effect on human and
other organism (Nisbet and LaGoy, 1992; Tavakoly Sany et al., 2014).
Among the seven carcinogenic PAHs, BaP is the only one having suffi-
ciently toxicological data for derivation of a carcinogenic factor
(Pérez-Fernández et al., 2015; Sarria-Villa et al., 2016). According to
the USEPA (2012), TEFs for BaA, Chr, BbF, BkF, BaP, InP, and DahA
were 0.1, 0.001, 0.1, 0.01, 1, 0.1 and 1, respectively. The total toxic equiv-
alent quantity (TEQPAHs) in each site was calculated using the following
equation:

TEQPAHs ¼ ΣTEFi x CcPAHi ð3Þ

where CcPAHi is the carcinogenic PAH concentration (ng g−h dw); TEFi
is the toxic factor of each cPAH relative to benzo[a]pyrene.

3. Results and discussions

3.1. PAHs concentrations in water dissolved phase

The concentrations of total PAHs detected in the water dissolved
phase (DP) collected at 21 sites from Tiber River and its Estuary ranged
from 1.75 (site 20) to 607.5 (site 1) ng L−1 with a mean value of 90.5 ±
125.1 ng L−1 (Table 1). In detail, they ranged from 0.53 to 249.2 ng L−1

with a mean value of 33.7 ± 52.8 ng L−1 for 2-ring PAHs (Nap), from
0.21 to 110.4 ng L−1 for 3-ring PAHs (Acy, Ace, Flu, Phe, An), from
0.15 to 142.6 ng L−1 for 4-ring PAHs (Fl, Pyr, BaA, Chr), from 0.08 to
70.2 ng L−1 for 5-ring PAHs (BbF, BkF, BaP, DahA) and from 0.15 to
35.1 ng L−1 for 6-ring PAHs (BghiP, InP). The compositional profiles of
PAH in the dissolved phase are illustrated in Fig. 2a, which indicates
that 2- and 3-ring PAHs were abundant in all sampling sites,
representing on average over 58% of all PAHs. In addition, the 5– and
6-ring PAHs were present in low concentrations, accounting for only
19% of total PAHs. The prevalence of low molecular weight PAHs (2–
3-ring) in the water could be explained by their high water solubility
and relatively high vapor pressures (Santana et al., 2015; Zhao et al.,
2015; Sarria-Villa et al., 2016).

Comparedwith other polluted rivers in theworld (Table 2), the con-
centrations of ΣPAHs in the dissolved phase from the Tiber River (1.75–
607.5 ng L−1) were much higher than those found in the Wyre River
(England) by Moeckel et al. (2013), in the Jiulong River (China) by
Wu et al. (2015) and in the Elbe and Weser Rivers (Germany) by
Siemers et al. (2015); these levels were however lower than those
found in China in the Songhua River (Ma et al., 2013) and in the Cauca
River (Sarria-Villa et al., 2016). Based on these results, the levels of
PAHs in the dissolved phase in the Tiber River are comparable to those
found in China in the Yellow River, by Li et al. (2006) and in the Mar-
seilles Coastal area by Guigue et al. (2014). In comparison to openMed-
iterranean sea (Berrojalbiz et al., 2011), the total PAHs concentrations in
the dissolved phase of the Tiber River Estuary were much higher prob-
ably due to maritime transport, coastal anthropogenic activities and
municipal treatment discharges (Table 2).
3.2. PAHs concentrations in suspended particulate matter

The concentrations of PAHs in the suspended particulate matter
(SPM) samples range from 4.53 ng L−1 (123.4 ng g−1 dry weight) in
site 21 to 473.4 ng L−1 (1232.5 ng g−1 dry weight) in site 1 (mean
value of 111.5± 100.1 ng L−1), as shown in Table 1. The concentrations
of PAHs detected ranged from 1.23 to 49.7 ng L−1 with a mean value of
11.3 ± 8.71 ng L−1 for 2-ring PAHs (Nap), from 3.47 to 72.7 ng L−1 for
3-ring PAHs (Acy, Ace, Flu, Phe, An), from 0.48 to 112.3 ng L−1 for 4-ring
PAHs (Fl, Pyr, BaA, Chr), from 5.20 to 158.5 ng L−1 for 5-ring PAHs (BbF,
BkF, BaP, DahA) and from 4.03 to 115.0 ng L−1 for 6-ring PAHs (BghiP,
InP). The compositional profiles of PAHs in SPMs are illustrated in Fig.
2b; this figure shows that 4-, 5-, 6-ring PAHs were abundant at most
sampling sites, accounting for 15%, 38%, and 26% of ΣPAHs in SPMs,
respectively.

The proportion of high molecular weight PAHs increased to 79%,
much above than in dissolved samples, where it was 42%. The results in-
dicated that high molecular weight PAHs were preferentially absorbed
by the particulate matter due to their high hydrophobicity and hardly
biodegraded, volatilized properties and larger octanol–water partition
coefficients (Kow), in agreement with the PAHs partition theory
(Patrolecco et al., 2010; Mzoughi and Chouba, 2011; Zhao et al., 2015).
Indeed, the partition coefficients (Kp, defined as the ratio of the concen-
tration of a chemical associated with SPM to that in the DP: Kp= CSPM/
CDP) showed an increasing trend of high-ring compounds in their SPM
partitioning (average value of 1.77, 8.53 and 11.2 respectively for 4-,
5-, 6-ring PAHs).

Compared with other polluted rivers in the world (Table 2), PAHs in
SPMs from the Tiber Riverwere close to those found in the Yellow River,
China (Li et al., 2006). The concentrationsweremuch higher than those
presented in the Songhua River, China (Ma et al., 2013) and in the
Xijiang River, China (Deng et al., 2006), but lower than those found in
China in the Daliao River (Guo et al., 2009; Zheng et al., 2016), and in
the Gulf of Tunis, Tunisia (Mzoughi and Chouba, 2011).
3.3. PAHs concentrations in sediments

The concentrations of total PAHs in sediment samples are illustrated
in Table 1. Results range from36.2 (site 20) to 545.6 (site 1) ng g−1with
a mean value of 155.3 ± 134.1 ng g−1. The concentrations detected
ranged from 0.06 to 13.4 ng g−1 with a mean value of 3.29 ±
3.39 ng g−1 for 2-ring PAHs (Nap), from 3.69 to 98.8 ng g−1 for 3-ring
PAHs (Acy, Ace, Flu, Phe, An), from 9.35 to 117.1 ng g−1 for 4-ring
PAHs (Fl, Pyr, BaA, Chr), from 7.98 to 219.1 ng g−1 for 5-ring PAHs
(BbF, BkF, BaP, DahA) and from 3.25 to 97.2 ng g−1 for 6-ring PAHs
(BghiP, InP). As concerns the compositional profiles of PAH in sediments
at each sampling sites, 4- and 5-ring PAHs were abundant at most sites,
accounting for 24% and 35% of ΣPAHs in sediments, respectively (Fig.
2c). The difference between PAH pattern in water and sediments may
be due to molecular weight and bacterial degradation. High molecular
weight PAHs were more resistant to degradation and could been



Fig. 3. Relationship between TOC (%) and ΣPAHs in the sediment samples of the of the Tiber River.
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efficiently transport to and easily accumulate in the sediments largely
unaltered (Liu et al., 2015; Singare, 2015; Zhao et al., 2015). Contrari-
wise, low molecular weight PAHs were mostly in the dissolved aquatic
phase due to their high water solubility and due to benthic recycling,
that prevented their incorporation into the bottom sediments. (Baker
et al., 1991; Lipiatou et al., 1997; Sun et al., 2009). Indeed, lowmolecular
weight PAHs (such as Nap) are more likely to undergo microbial
Fig. 4. Cross plots of the values of Fl/(Fl + Pyr) versus An/(An + Phe) (a) and BaA/(BaA + C
degradation than higher molecular weight compounds, probably be-
cause tendency to biodegradation decreases as the number of fused
rings in the PAH increases (Lima et al., 2005).

Comparedwith other polluted rivers in theworld (Table 2), the con-
centrations of ΣPAHs in the sediment samples from the Tiber River and
Estuary (36.2–545.6 ng g−1) were similar to those found in the Priolo
Bay (Italy) by Di Leonardo et al. (2014), in the Songhua River, China
hr) versus InP/(InP + BghiP) (b) for all samples data of the Tiber River and its estuary.
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(Ma et al., 2013; Zhao et al., 2014), in the Yangtze River (China) by Yu et
al. (2015) and in the Beibu Gulf (China) by Li et al. (2015b). The concen-
trations of ΣPAHs in sediment samples from the Tiber River and Estuary
were higher than those found in the Ibirité Reservoir, Brazil (Mozeto et
al., 2014), in the Bohai Bay, China (Wang et al., 2015a), in the BeibuGulf,
China (Li et al., 2015b) and in the Tampa Bay (Florida) by Lewis and
Russell (2015). The concentrations of ΣPAHs in sediment samples
from the Tiber River and Estuary were lower than those found in the
Huaveaune River (France) by Kanzari et al. (2014), in the Hun River,
China (Liu et al., 2015), in the Erjien River, Taiwan (Wang et al.,
2015b) and in the Baffin Bay (Canada) by Foster et al. (2015). The con-
centrations of ΣPAHs in sediments were relatively lower than those
present in other rivers and coasts. The low concentrations of PAHs in
sedimentsmay be due to the high content of sand and low TOC contents
(0.55–10.1mg g−1, mean 3.20). Fig. 3 showed the relationship between
Fig. 5. PCA analysis of PAHs composition of water (sum of DP and SPM) fro
%TOC with the ΣPAHs in the sediment samples. As results showed, a
positive linear regression exists between total PAH concentration and
TOC data in sediments (r = 0.80, p b 0.01) as indicated by many other
studies (Guo et al., 2009; Sun et al., 2009; Montuori and Triassi, 2012;
Sarria-Villa et al., 2016).

3.4. PAHs seasonal and spatial distribution in DP, SPM and sediment
samples

The concentrations of total PAHs in DP, SPM and sediment samples
of the Tiber River at different sampling sites are illustrated in Table 1
and Fig. S1 (Supplementary material). The results showed that the
ratio of the concentration of ΣPAHs in DP samples to that in SPM was
less than one in all sites (average 0.71; SD ± 0.56), suggesting that the
total amount of PAHs in SPM samples was more abundant than in DP
m Tiber River and its Estuary. Loading plot for the first and second PC.



Table 3
A comparison of the TEL, PEL, ERL and ERM guideline values (μg Kg−1) for polycyclic aromatic hydrocarbons and data found in the Tiber River and the continental shelf, Central Italy.

PAHs

Nap Acy Ace Flu Phe An Fl Pyr BaA Chr BbF BkF BaP DahA BghiP InP ∑PAHs

TELa 34.6 5.87 6.71 21.2 86.7 46.9 113 153 74.8 108 – – 88.8 6.22 – – 1684
Samples percentage over the TEL 0 29 24 5 0 0 0 0 0 0 0 86 0
PELa 391 128 88.9 144 544 245 1494 1398 693 846 – – 763 135 – – 16,770
Samples percentage over the PEL 0 0 0 0 0 0 0 0 0 0 0 0 0
ERLb 160 44 16 19 240 85 600 665 261 384 – – 430 63.4 – – 4022
Samples percentage over the ERL 0 0 0 5 0 0 0 0 0 0 0 10 0
ERMb 2100 640 500 540 1500 1100 5100 2600 1600 2800 – – 1600 260 – – 44,792
Samples percentage over the ERM 0 0 0 0 0 0 0 0 0 0 0 0 0

a MacDonald et al. (1996).
b Long et al. (1995).
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samples. Even the total amount of PAHs in SPM samples was more
abundant than in sediment samples for each sampling site. Indeed, the
ratio of the concentration of ΣPAHs in sediment samples (ng g−1) to
that in the SPM samples (expressed in ng g−1) was less than 1 in all
sampling sites (average 0.43; range 0.03–1.55; SD±0.42). In particular,
the PAHs concentrations in DP were significantly lower during the wet
season (February) and higher during the dry season (August). This re-
ductionwas depending to the hydrological conditions, which caused di-
lution ratio variations. Therefore, a high river flow rate resulted in a
higher dilution ratio in the wet season caused a decrease in the PAHs
concentration in both the Tiber River and its estuary. In August, the con-
centrations of total PAHs in SPM samples were lowest in all sampling
sites. These results could be due to the flowdecrease during the dry sea-
son and consequently huge stagnation of SPM that determined the
transfer of themore polar PAHs from SPM to DP. Based on these results,
it can be concluded that PAHs loads among the different phases in each
sampling site were closely related to the flow variation. Therefore, rela-
tively high concentration of PAHs in SPMs butmoderate in sediment in-
dicated that the contamination of PAHs in Tiber River and Estuarymight
be caused by fresh input of PAHs.

In order to evaluate the huge input of PAHs drained from storm
water runoff, tributary inflow, wastewater treatment plant and indus-
trial effluent discharge, agricultural runoff, atmospheric deposition,
dredged material disposal, the total load of PAHs into the Tyrrhenian
Sea was calculated. The total PAHs loads contribution to the Tyrrhenian
Sea from the Tiber River is calculated in about 3161.7 kg year−1. Com-
paring our results with previous published data on Tiber River crossing
metropolitan area of Rome (Patrolecco et al., 2010), the PAHs pollution
levels in the Tiber River Estuary and its adjacent coastal area increased
Fig. 6. Total TEQ values in different si
significantly in the three compartment. As reported by Patrolecco et
al. (2010), the PAHs concentrations in urban stretch of the Tiber River
ranged from 23.9 to 72.0 ng L−1 in surface water, from 37.6 to
353.3 ng L−1 in SPM, and from 157.8 to 271.6 ng g−1 dw in sediments
(Table 2). These results suggested that the PAHs pollution in Tiber
River and its Estuary has been aggravating trend since 2007.

The spatial distribution of PAHs in DP, SPM and sediment samples
from the Tiber River and its estuarywere studied by comparing the con-
centrations of ΣPAHs in different sampling sites in different seasons. As
showed in Fig. S1 (Supplementarymaterial), the PAHs level in thewater
decreased significantly from site 1 to 2 and 3. Indeed, the total PAHs
concentrations decreased to 764.4 ng L−1 (DP + SPM mean values of
four seasons) at site 1 (Upstream Tiber River fork) to 527.6 ng L−1

(DP + SPM mean values of four seasons) at site 2 (Tiber River Mouth
Fiumicino canal) and to 344.2 ng L−1 (DP + SPM mean values of four
seasons) at site 3 (Tiber River Mouth Fiumara Grande). This decrease
in total PAHs concentrations is due to the splitting of the river in its
two mouths, before flowing into the Tyrrhenian Sea. Moreover, the
PAH pollution levels in the estuary and the adjacent area gradually de-
creased from the vicinity of the river outflows to offshore areas (Fig. S1
in the Supplementary material). At 500 m of river outflow, the concen-
tration of PAHs were similar to those found at Tiber mouths, suggesting
that PAHs could be spread by hydrodynamic conditions and frequent
water exchange towards the shore. At same time, the PAHs concentra-
tions decreased at 1000 m and even more at 1500 m of the river out-
flows. Particularly, at the Fiumicino mouth the PAHs loads move into
the Tyrrhenian sea northward (Fig. S1a in the Supplementary material).
On the contrary, at the Fiumara Grandemouth the PAHs loadsmove into
the Tyrrhenian sea southward (Fig. S1b in the Supplementary material).
tes of Tiber River and its Estuary.
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3.5. Source identification

PAHs sources can be divided into three classes according to their
characteristic fingerprints (Pérez-Fernández et al., 2015; Singare,
2015; Sarria-Villa et al., 2016). The first group is from pyrolytic sources,
which includes combustion of fossil fuels, vehicles using gasoline or die-
sel fuel, waste incineration and coke production, carbon black, coal tar
pitch, asphalt and petroleum cracking. The second group is from
petrogenic sources, which include crude oil and petrochemicals (gaso-
line, diesel fuel, kerosene and lubricating oil). Finally, PAHs can also
originate fromnatural processes such as short-termdiagenetic degrada-
tion of biogenic precursors (diagenesis). Each source (i.e. pyrolytic,
petrogenic and diagenetic) gives rise to typical PAH patterns. In general,
combustion products are dominated by relatively high molecular
weight (HMW) compounds with four or more condensed aromatic
rings, whereas bi- and tricyclic aromatic compounds (LMW) are more
abundant in fossil fuels, which are, moreover, dominated by alkylated
derivatives (Liu et al., 2013; Oliva et al., 2015; Wu et al., 2015). Using
chemical profiling and particular compound ratios, it is possible to rec-
ognize the processes that generate these compounds (Baumard et al.,
1998; Yunker et al., 2002). Among these molecular ratios, An/
(An + Phe), Fl/(Fl + Pyr), BaA/(BaA + Chr) and InP/(InP + BghiP)
are more widely used (Yunker et al., 2002; Tobiszewski and
Namiesnik, 2012). Although the use of PAH diagnostic ratios for source
has been criticized (Katsoyiannis et al., 2007; Galarneau, 2008), it has
been used widely and consequently, in the present study it is utilized
as an indicative tool of PAHs source and distribution.

The ratio study reflected a prevailing pattern of pyrolytic inputs of
PAHs in the Tiber River and its estuary. In fact, the results showed that
An/(An + Phe) ratio was N0.1 in DP, SPM and sediments (mean 0.38,
0.31 and 0.64, respectively), which attributed the origin of PAHs to py-
rogenic sources (Fig. 4a). Also the Phe/An ratio was used to discern
the sources of sedimentary PAHs between petrogenic (Phe/An N10)
and pyrogenic (Phe/An b10) PAH. Although Phe may be the result of
background occurrence such as biogenic sources (Wilcke, 2007;
Cabrerizo et al., 2011), the results showed that the Phe/An ratio was
b10 at most sites (mean 0.73), suggesting pyrogenic sources such as
emissions from combustion of gasoline (Lima et al., 2005). Furthermore,
Fl/(Fl + Pyr) ratios differentiate petroleum input from combustion pro-
cesses (Yunker et al., 2002; Ekpo et al., 2012). For Fl/(Fl + Pyr), low ra-
tios (b0.40) indicate petroleum, intermediate ratios (0.40–0.50) liquid
fossil fuel combustion, whereas ratios N0.50 are characteristic of grass,
wood, or coal combustion. In the Tiber River and Estuary, ratio Fl/
(Fl + Pyr) N0.5 was found to water and sediments, indicating a variable
impact fromurban traffic emissions and biomass burning (Fig. 4a). Ratio
BaA/(BaA + Chr) N0.35 was found in water and in sediments, which
suggests vehicular emissions (Fig. 4b); and a similar behavior was ob-
served for ratio InP/(InP+ BghiP), which indicated combustion sources
(Fig. 4b).Moreover, the BbF/BkF ratio was between 1.4 (in SPM) and 1.8
(in sediment), similar to the range reported in literature for wood burn-
ing and automobile emissions (Patrolecco et al., 2010). Finally, the
LMW/HMW ratio was b1 for most sites, suggesting a pyrolytic origin
of PAHs at these sites (mean 0.82; range 0.10–5.80).

These results, obtained by differentmolecular ratios,were correlated
with the specific pollution conditions in the Tiber River catchment. The
Tiber River drainage basin passes through large industrial cities in cen-
tral Italy, that contain steel mills, such as the city of Terni, chemical
plants and paper mills; and large agricultural areas. The emission of at-
mospheric particles from factories and from intensive agricultural activ-
ities, also cause serious air pollution, and the particulate-associated
PAHs may transport and deposit into the river. In addition to these in-
puts, the municipal wastewater and vehicular emission from densely
populated urban area of Rome, result in the pattern of pyrolytic origins
of selected PAHs contamination in the area.

Furthermore to pyrolytic and petrogenic sources, Per is also pro-
duced through in situ degradation of biogenic precursors (Baumard et
al., 1998; Tobiszewski and Namiesnik, 2012; Pérez-Fernández et al.,
2015; Singare, 2015). Indeed, Per is probably themost important diage-
netic PAH encountered in sedimentary environments and, thus, a high
abundance of Per relative to other PAHs can indicate an important nat-
ural origin of PAHs. Per was frequently associated with marine, riverine
and estuarine inputs and its concentrations above 10% of the total
penta-aromatic isomers indicate a probable diagenetic input, while
those in which Per accounts for less than 10% indicate a probable pyro-
lytic origin of the compound (Baumard et al., 1998; Yancheshmeh et al.,
2014; Wakeham and Canuel, 2015). In the present study, the Per con-
centrations detected in all sediment samples were very low (range
0.10–15.3 ng g−1) and contributed less than 5% to the penta-aromatic
isomers and less than 3% to the total PAHs (Fig. S2 in the Supplementary
material), indicating a pyrolytic origin of these compounds.

In addition to PAH diagnostic ratio, PCA was conducted for the six-
teen selected PAHs in 21 water samples (sum of DP and SPM) of four
sampling campaigns (Fig. 5). On the first component (Factor 1) all var-
iables coordinates are positive (70.5%) therefore it represents a weight-
ed average of the variables and it is referred to as measure of overall
pollution rate. Likewise, the positive and negative coefficients (14.2%)
in the second components (Factor 2) may be regarded as an indication
of the probable PAHs source (pyrolytic vs petrogenic). The plot of the
first two or three loadings against each other enhances visual interpre-
tation. These results confirmed that the prevailing PAHs source in the
Tiber River and Estuary was pyrolytic.

3.6. Ecological risk assessment

In order to assess the ecological toxicity of individual PAHs in sedi-
ments, two sets of Sediment quality guidelines (SQGs), including ERL/
ERM and TEL/PEL values, were applied (Long et al., 1995; MacDonald
et al., 1996). These two sets of SQGs are defined as: i) effect range low
(ERL)/effect range median (ERM) and ii) the threshold effect level
(TEL)/probable effect level (PEL). ERLs and TELs represent chemical con-
centrations belowwhich the probability of toxicity and other effects are
rare. Differently, the ERMs and PELs represent mid-range above which
adverse effects would occur frequently. ERLs-ERMs and TELs-PELs rep-
resent a possible-effects range, within which negative effects would oc-
casionally occur (Di Leonardo et al., 2014; Li et al., 2015a; Wang et al.,
2015b; Adeleye et al., 2016). In the Tiber River, the total PAH concentra-
tions in sediment samples were below the TEL and ERL values and sig-
nificantly lower than the PEL and ERM values (Table 3). In relation to
the individual compounds, the mean concentrations of detected PAHs
were lower than their respective PEL values, while TEL values were
exceeded for Acy in 29%, for Ace in 24%, for Flu in 5% and for DahA in
86% of all samples, suggesting that adverse biological effect might occa-
sionally occur. The concentrations of individual PAHs did not exceed
their respective ERM values, but exceed the ERL values for Flu in 5%
and for DahA in 10%. The results indicated that certain sitesmay have in-
dividual PAHs that occasionally cause biological impairment, neverthe-
less the ecosystem risk of PAHs in the sediments from the Tiber River
and Estuary was low.

Many countries have developed Environmental Quality Standards
(EQS) for priority substances and other pollutants in surface and coastal
waters. Although compliance with EC-EQS (Directive 2008/105/EC,
2008) in surface waters is checked using an annual average of monthly
whole water (dissolved + SPM) concentrations, our data showed that
the mean values of BaP and BkF + BbF concentration in the River
Tiber (12.2 and 24.8 ng L−1, respectively) were lower than the EC-EQS
values (50 and 30 ng L−1, respectively), while mean value of
BghiP + InP values (34.8 ng L−1) was significantly higher than the
EC-EQS value of 2 ng L−1, showing that the ecological integrity of the
river watercourse is possibly at risk.

The toxicity assessment of sediments from Tiber River and its Estu-
arywas carried out according to the total concentration of the seven car-
cinogenic PAHs. The sum concentrations of these carcinogenic PAHs in
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sediment samples ranged from 16.3 ng g−1 to 357.9 ng g−1, with a
mean value of 94.4 ng g−1, accounting for 49.7% of the total concentra-
tion of PAHs. The total TEQPAHs values calculated for sediment samples
varied from 7.05 ngTEQ g−1 to 174.4 ngTEQ g−1 d.w., with an average
of 45.3 ngTEQ g−1 d.w. The maximum total TEQPAHs value was found
at site 1 (Fig. 6). The average level of total TEQPAHs found in sediment
samples of the Tiber River and its Estuary was lower than in the sedi-
ments of Bahia Blanca, Argentina (Oliva et al., 2015) and in the sedi-
ments of Loire River, France (Bertrand et al., 2015); but were similar
to those found in in the sediments of Mithi River, India (Singare,
2015) and the sediments of Cauca River, Colombia (Sarria-Villa et al.,
2016). This showed that TEQPAHs values of the Tiber River and its Estu-
ary were in a low level and indicates that less ecological risk exists in
the Tiber River basin.

4. Conclusions

This study provided important data on the occurrence, distribution
and probable sources of PAHs in the Tiber River and its input into the
Tyrrhenian Sea (Central Mediterranean Sea). The levels of PAH concen-
trations in DP, SPM and sediment phases varied significantly among
sampling locations. Two and three-ring PAHs were abundant in water
samples, whereas, high molecular weight PAHs were major species in
sediment samples. The derived individual diagnostic PAHs ratio and
PCA indicated that the PAHs mainly had a pyrolytic source and suggest
that important contribution for this pollution derive mainly from com-
bustion processes and vehicle traffic. In relation to the ecotoxicological
assessment, although concentrations of several individual PAHs in
some stations were above ERL and/or TEL (and below ERM and/or
PEL), which would occasionally cause negative ecological effects, the
toxic equivalent concentrations (TEQ) of carcinogenic PAHs suggested
that the ecological risk of multiple PAHs was quite low. The results of
potential toxicity and biological effect assessment indicated that the
surface sediments of the Tiber River and its estuary have low ecological
risk and a low probability of toxic pollution. Therefore, the Tiber waters
should be routinely monitored since PAHs may cause adverse effect on
aquatic ecosystems and organisms.
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