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Abstract

Contamination from polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) in the shallow water areas
of the Venice Lagoon (415 km?) was investigated in the surface (0-5 cm) and sub-surface (5-10 cm) sediments by collecting
cores from 380 sites. The concentrations of 14 PAHs (USEPA priority pollutants) and seven PCB indicator congeners were
analysed with high-performance liquid chromatography (HPLC) and capillary gas chromatography (GC), respectively. PAH and
PCB concentrations ranged from 2.75 to 9980 ng g ' d.w. and from 0.01 to 60.1 ng g~' d.w., respectively. Their concentrations
never exceeded the probable effect level (PEL) stipulated in the respective quality guidelines. In addition, the average total PAH
levels expressed as B[a]P toxicity equivalents (total TEQ) were lower in the sediments of the Venice Lagoon than in other
literature-reported zones in the Mediterranean. PAH profiles and ratios showed that they originated not only largely from high-
temperature pyrolytic processes attributable primarily to the burning of fossil fuels but also partly from petroleum spillage.
Comparison of tetra-to-hepta PCB congeners enabled the PCB profiles observed in the lagoon environment to be characterised
as Aroclor 1254 and 1260 (1:1). Compared to other marine coastal areas and harbours in the Mediterranean, the Venice Lagoon
sediments showed a low mean value but a wide range of concentrations. The estimation of PAH and PCB inventories indicated
the low contribution of atmospheric deposition relative to local sources.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated
biphenyls (PCBs) are ubiquitous, persistent organic com-
pounds, both regarded as priority pollutants by the U.S.
Environmental Protection Agency (EPA). PAHs enter the ma-
rine environment mainly from anthropogenic sources by vari-
ous processes: incomplete combustion at higher temperatures
of recent and fossil organic matter (pyrolytic origin), slow mat-
uration of organic matter under certain geochemical conditions
(petrogenic origin), and short-term diagenetic degradation of
biogenic precursors (diagenesis) (Neff, 1979). PCBs were once
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widely used in a variety of industrial products, including heat
exchangers and dielectric fluids, pesticides, ink, paints, paper,
and plastics (UNEP 1999).

In Italy, PCBs were produced from the 1940s, reaching a
peak in the 1970s (12,000 t for the decade), until 1984, with a
cumulative national production of approximately 31,000 t
(Maroni et al., 1991; Breivik et al. 2002). Although they have
been banned in the majority of industrial countries for several
decades, PCBs are still widely found in the marine environ-
ment (Covaci et al. 2002; Letcher et al. 2010).

The Venice Lagoon has been affected by various anthropo-
genic pollutants, including PAHs and PCBs, particularly since
the development of the industrial zone of Porto Marghera in
the 1930s. The industrial zone reached its maximum develop-
ment in 1965 (229 industrial facilities and ca. 33,000 em-
ployees) but started to decline in the 1970s along with heavy
industry in general.

Due to their hydrophobic character, PAHs and PCBs have a
tendency to adsorb to organic matter particles, especially car-
bonaceous geosorbents (Ghosh et al. 2003; Cornelissen et al.
2005) and to accumulate in sediments. Several investigations
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have been conducted in the Venice Lagoon in order to assess
the presence of PAHs and PCBs in the surface sediments. The
first survey of the whole lagoon was performed in 1997, sam-
pling from 67 sites located in the shallow water areas (MAV
1999). The sediments of specific lagoon areas were also in-
vestigated by Van Vleet et al. 1988; Fossato et al. 1998;
Frignani et al. 2001; Moret et al. 2001; Frignani et al. 2003;
Secco et al. 2005; Zonta et al. 2005a; Guerzoni et al. 2007;
Zonta et al. 2007.

The aim of the present study was to assess the level of
contamination and the distribution of PAHs and PCBs
throughout the shallow water sediments of the Venice
Lagoon before the construction of the MOSE system.
MOSE (MOdulo Sperimentale Elettromeccanico, i.e. experi-
mental electromechanical module) is designed to defend
Venice and the lagoon from flooding at high tide. It consists
of mobile barriers, installed in the seabed in the lagoon’s three
seaward inlets, which temporarily seal off the lagoon from the
Adriatic Sea during high tide events (Scotti 2005).
Preliminary works at the inlets began in 2003 and are now
in their final stages. The works imply a modification of hy-
drological conditions and sediment displacement in the vicin-
ity of the inlets and, once in operation, the system is expected
to increase water residence time in the lagoon (Ferrarin et al.
2013). It is not clear how these changes will modify the trans-
port and transfer of pollutants within the water body and affect
the characteristics of the surface sediments. The information
acquired with this study aims to provide a snapshot of the
sediment contamination right before a seaward open lagoon
is transformed and begins a “new era” of tidal regulation.

The objectives of the study were to (i) provide a detailed
picture of the distribution of PAH and PCB concentrations
in the surface (0—5-cm depth) and sub-surface (5-10 cm)
sediments of the Venice Lagoon before the entry into ser-
vice of the MOSE system; (ii) derive indications of the
potential sources from the proportions of specific PAH
and PCB compounds; (iii) compare the contribution of at-
mospheric deposition derived from previous studies to the
overall accumulation of PAHs and PCBs in surface sedi-
ments; (iv) evaluate the potential toxic risk due to their
presence in surface sediments together with the carcino-
genic risk due to PAHs; and (v) compare sediment contam-
ination in the Venice Lagoon with other coastal areas in
Italy and the Mediterranean Sea.

Materials and methods
Study site
The Venice Lagoon (Fig. 1), which has a surface area of

550 km® and a mean water depth of about 1 m, is made up
of islands, tidal marshes, mudflats, and a complex network of
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tidal channels. Shallow water areas account for ca. 75% of the
whole surface area (ca. 415 km?). The lagoon is linked to the
Adriatic Sea by three inlets (Lido, Malamocco, and Chioggia),
which enable the exchange of water and sediments during
tidal cycles. The mean excursion is 30 and 80 cm in neap
and spring tide conditions, respectively. The drainage basin,
with a total area of ca. 1850 km? and a population of about one
million inhabitants, hosts important urban areas, intensive
husbandry activities, and industrial districts (Zonta et al.
2005b). Twelve main tributaries drain the catchment, provid-
ing a mean freshwater discharge of about 35.5 m?/s to the
lagoon (Zuliani et al. 2005). In addition to the pollutant load
from the watershed (Collavini et al. 2005) and from the indus-
trial zone by direct discharge or surface runoff, other pollution
sources for the lagoon include waste waters from the inhabited
islands (the most important being Venice, Murano, and
Chioggia), water traffic, and atmospheric deposition.
Located in the industrial area (Fusina) is a multi-fuel (coal
and refuse-derived fuel) power plant built in the 1960s.

The various morphological units of the lagoon (Zonta et al.
1995) are affected by the impact of human activities to differing
degrees, depending on local water dynamics and their position
with respect to the main pollution sources (Zonta et al. 2018).

Sample collection

Sediment cores were collected at 380 sites distributed
throughout the shallow areas of the lagoon (Fig. 1) in early
2008. The density of sampling sites was higher in areas where
a higher pollution level was expected (i.e. around the cities of
Venice, Murano, and Chioggia, in the proximity of Porto
Marghera industrial district and near the mouths of the princi-
pal freshwater tributaries). The large number of sampling sites
ensured coverage of at least one site every 2 km>.

Three 50-cm-long cores were collected in each site using a
piston corer and sectioned in the field. This study considered
the surface (0—5 cm) and sub-surface (5-10 cm) layers, label-
ling them A and B, respectively. In a companion study, the
samples were analysed for grain-size, total and organic carbon
(TOC, OC), and heavy metals (Zonta et al. 2018).

Sample preparation

In the laboratory, triplicate samples from each depth interval
were merged and sieved through a 1-mm mesh to remove any
debris and thoroughly homogenised. An aliquot of sample
was subsequently air dried in the dark at room temperature
for 48 h on hexane-rinsed aluminium foil and then finely
ground in an agate mortar. It should be noted that this proce-
dure may lead to a concentration loss of the more volatile
PAHSs (Beriro et al. 2014).

The extraction was performed using a Microwave Sample
Preparation System (Multiwave 3000, Anton Paar Graz,
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Fig. 1 Location of sampling sites
and specific locations of the
Venice Lagoon referred in the text

Romea highway

Austria), in accordance with EPA recommendations (USEPA
2007a). Two grams of dried sediment was accurately weighed
into lined microwave extraction vessels, and a 25-ml 1:1
acetone/hexane solvent mixture was added. Vessels were then
assembled as instructed by the manufacturer, and the extrac-
tion was conducted for 15 min at 110 °C and up to 10 bars.
Once cooled to room temperature, the extracts were filtered
and rinsed with the same solvent mixture and then concentrat-
ed in a rotating evaporator (Rotavapor-R Buchi, Switzerland).
Sulphur compounds were removed by soaking the extracts
with activated copper powder.

Purification and fractionation were performed by elut-
ing extracts through glass chromatography columns
packed with silica gel/alumina/florisil (4+4+ 1 g). The
first fraction, intended for PCB analysis, was eluted with
25 ml of n-hexane, while the second fraction, intended for
PAH analysis, was eluted with 30 ml of 4:1 n-hexane/
methylene chloride solvent mixture (Fossato et al. 1996,
1998). After concentration with a rotary evaporator, sam-
ples were ready for instrumental analysis.

inlet

Malamocco - Marghera
channel

Malamocco
inlet

<«— Pellestrina

Adriatic Sea

Chioggia —
inlet

9 ‘ ?km ITALY =ag

PAH quantification

Concentrations of 14 USEPA priority PAHs (naphthalene
(Naph), acenaphtene (Ace), fluorene (F1), phenanthrene (Phe),
anthracene (Ant), fluoranthene (Ft), pyrene (Py),
benzo(a)anthracene (B[a]A), chrysene (Chy), benzo(b)fluoran-
thene (B[b]Ft), benzo(k)fluoranthene (B[k]Ft), benzo(a)pyrene
(B[a]Py), dibenzo(a,h)antracene (diB[a,h]A), and
benzo(g,h,i)perylene (B[g,h,i]Per)) were measured using a
high-performance liquid chromatograph (PE 200, USA)
coupled to a programmed fluorescence detector (HP 1046A,
USA). The column used was a reverse-phase Supelcosil LC-
PAH (L =150 mm ¢ =3 cm, particles-size =5 um). Linear gra-
dient elution was executed with acetonitrile-water mixture as
mobile phase at a flow rate of 0.8 ml min~'. The composition
of the gradient started with 40% acetonitrile held constant for
4 min, rising to 100% over 11 min, and then held constant for
other 10 min. The column compartment was thermo-stated at
40 °C. A wavelength programme was developed to enable op-
timal detection of all compounds (Table 1).
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Table 1 Wavelength

programme used for the Time Excitation Emission
detection of PAHs (min) (nm) (nm)

0.0 280 340

11.7 265 389

13.0 280 435

135 265 389

16.0 280 410

PCB quantification

PCB concentrations were measured by capillary gas chroma-
tography (Carlo Erba Fractovap 4160, Italy) fitted with elec-
tron capture detectors (ECD) on a 15-m Varian VF-5-ms cap-
illary column (0.15-mm ID, 0.15-pm film). The injector was
used in splitless mode and held at 270 °C. After a conditioning
period of 4 min, the column was held at 80 °C for 1 min, rising
to 280 °C at a rate of 9.5 °C min ", and held at 280 °C for
4 min. The ECD temperature was maintained at 330 °C. The
flow-rate of carrier (hydrogen) and make-up (nitrogen) gases
was 0.6 and 30 ml min "', respectively. Total PCB concentra-
tion was determined as the sum of 7 congeners (52, 101, 110,
118, 138, 153, 180), which are appropriate indicators for a
range of PCB patterns in various sample matrices and are most
suitable for risk assessment of “non-dioxin-like PCBs” (EFSA
2005). In Italy, more than 90% of the production of PCBs was
destined for oil for transformers, containing Aroclor mixtures
1254 and 1260 (Maroni et al. 1991; Rachdawong and
Christensen 1997), in which CB-28 represents a negligible
fraction (Bedard and May 1996; Newman et al. 1998). In
order to ensure a more realistic estimate of total PCBs, as an
alternative to CB-28, we thus determined CB-110, which ac-
counts for 10% of total weight in Aroclor 1254 (Newman et al.
1998). The concentration was also given as total Aroclors,
calculated as the sum of'a 1:1 1254-1260 mixture.

Quality control

PAHs and PCBs were identified by matching retention times
and quantified from the calibration curves established for each
compound by analysing four external standards. For PCBs,
according to EPA Method 8082A (USEPA 2007b), congener
identification was confirmed for a selected number of samples,
with a second analysis on a 30-m Zebron ZB capillary column
(0.25-mm ID, 0.25-um film). The average determination coef-
ficients R? of the calibration curves were greater than 0.99 for
both PAHs and PCBs, and the relative standard deviations of
the calibration factors were always below 20% (average 10%).
The linear ranges of responses were assessed from levels close
to the detection limit through three orders of magnitude, for
both the categories of compounds. Blanks and calibration ver-
ification with standards at one or more concentrations were run
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frequently for the entire procedure. Blank results indicated that
the analytical procedure was free from contamination as the
concentration of all compounds examined was at or near the
noise level and showed no evidence of carryover. Check stan-
dards were on average within 10 and 7% of the nominal value
for PAHs and PCBs, respectively.

The detection limits were 0.05-0.10 and 0.05 ng/g for PAHs
and PCBs, respectively. Recovery and accuracy were validat-
ed with JAEA-417 and IAEA-159 certified sediment sample
reference materials, obtaining values in the range 75-108%
for all PAHs except naphthalene and 85-112% for PCBs.
Naphthalene exhibited lower and more variable recovery
(2040%), due to losses in the two-rotovapor steps, and thus,
results for this compound are not presented here.

Laboratory methods were also validated over time by in-
tercalibration procedures (IAEA 2001, 2007, 2012), obtaining
Z scores in the range 0.95-0.99 and 0.60-0.72, for PAHs and
PCBs, respectively.

Data processing and statistics

For statistical processing, we choose to fill in the values below
the detection limit (n.r.) with values equal to half the detection
limit. This option represents a reasonable compromise between
solutions that underestimate (n.r. = 0) or overestimate (n.r. = de-
tection limit) the true value. It is also reasonable from a health/
toxicity perspective, easier to perform than other more complex
statistical approaches, and in agreement with the findings of
various studies reported in the literature (Menichini and
Viviano 2004). Correlation analysis was performed on log-
transformed data sets. The frequency distributions of the ele-
ments and basic statistics were analysed with the Statistica 6.0
(Statsoft, 2001) software package for Windows.

The distribution maps of the concentrations were represent-
ed as contour plots based on Geographic Information System
(GIS) technology (software QGIS). In order to reduce the bias
of the mean concentrations due to the non-uniform spatial
distribution of sampling sites, weighted means were calculat-
ed by an inverse distance weighted method (IDW) that takes
into account the area between concentration isolines. This
method was also used for calculating PAH and PCB invento-
ries in layers A and B. The dry bulk density of sediments was
calculated from porosity (Nafe and Drake 1961).

Results and discussion

Spatial distribution of PAHs and PCBs

Total PAH concentrations (Table 2) ranged from 3.6 to
9980 ng/g in layer A (0—5 cm) and from 2.8 to 7458 ng/g in

layer B (5-10 cm). Concentrations in both layers (Fig. 2) were
highest near the city of Chioggia, in the southern lagoon, with
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Table 2 PAHs and PCBs descriptive statistics for sediments layers “A” and “B.” Concentrations in ng/g d.w.; wm—weighted mean; < d.L—below

detection limit

Layer A Mean + st.dev Minimum Lower quartile Median Upper quartile Maximum
(0-5 cm)

Ace 25+4.0 <d.L 0.5 1.2 2.9 48.1
Fl 3.6+10.2 <d.l 0.6 1.4 3.1 105.5
Phe 29.5+101.5 <d.L 4.5 9.6 235 1460.8
Ant 14.4+46.7 <d.L 1.8 4.1 11.0 651.7
Ft 62.2+178.4 <d.L 7.2 21.0 52.8 2032.9
Py 59.6+ 1484 0.3 8.3 22.5 57.6 1676.2
Bla]A 27.6+68.7 <d.L 2.8 8.0 24.0 769.4
Chy 24.6+62.0 0.1 3.6 8.7 214 701.1
B[b]Ft 45.1+98.4 <d.l 9.4 21.7 45.1 1000.3
B[k]Ft 18.2+45.1 <d.L 2.9 7.6 17.5 489.9
Bla]Py 28.3+70.8 <d.l 4.1 10.5 27.6 824.2
diB[a,h]A 3.0+73 <d.L 04 1.3 32 95.1
Bl[ghi]Per 23.9+543 <d.L 5.1 9.9 21.5 598.1
PAH tot 343.9+865.8 3.6 59.1 134.0 3333 9980.3
PAH wm 260.5

Aroclor]1254 7.0+8.7 <d.l 1.0 3.5 9.8 533
Aroclor1260 62+7.1 <d.L 1.6 43 8.8 57.1
CB-52 02+0.5 <d.L 0.01 0.0 0.3 3.6
CB-101 08+1.2 <d.L 0.01 0.4 1.0 12.3
CB-110 0.7+0.9 <d.l 0.2 0.4 1.1 8.2
CB-118 0.6+0.7 <d.L 0.1 0.4 1.0 6.8
CB-138 14+1.7 <d.l 0.3 1.0 1.8 12.8
CB-153 13+14 <d.L 0.5 0.9 1.8 10.8
CB-180 0.7+0.8 <d.L 0.2 0.5 1.0 6.3
PCB tot 59+6.2 <d.l 1.8 3.9 8.2 47.8
PCB wm 4.6

Layer B Mean + st.dev Minimum Lower quartile Median Upper quartile Maximum
(5-10 cm)

Ace 22+32 <d.l 0.4 0.9 29 27.2
Fl 3.6+11.0 <d.L 0.7 1.6 2.9 134.6
Phe 28.0+66.9 <d.l 5.1 11.0 232 681.5
Ant 18.0+£73.7 <d.L 1.8 43 10.8 1198.8
Ft 60.3+135.3 <d.l 6.9 21.1 65.8 1572.8
Py 58.1+117.9 0.2 8.2 22.6 59.1 1370.0
Bla]A 28.4+58.5 <d.lL 3.1 8.6 30.1 624.6
Chy 25.0+50.6 0.2 3.8 9.5 26.1 575.6
B[b]Ft 46.0+78.3 <d.l 9.8 23.0 534 799.5
BIk]Ft 18.5+36.7 <d.L 3.0 7.7 20.4 4243
Bla]Py 29.7+61.7 <d.L 42 11.1 31.0 7174
diB[a,h]A 25+42 <d.l 0.4 1.0 2.4 39.6
Bl[ghi]Per 26.2+49.1 <d.L 54 11.7 26.0 570.9
PAH tot 347.7+675.0 2.8 61.8 143.4 382.6 7457.6
PAH wm 266.2

Aroclor1254 6.7+8.6 <d.l 0.8 32 9.7 65.5
Aroclor1260 6.4+89 <d.L 1.5 4.4 7.8 99.3
CB-52 0.2+0.5 <d.L 0.01 0.0 0.2 35
CB-101 0.8+1.1 <d.l 0.01 0.4 1.1 6.6
CB-110 08+1.2 <d.L 0.2 0.4 1.1 14.4
CB-118 0.7+0.7 <d.l 0.1 0.4 1.0 6.7
CB-138 1.4+1.7 <d.L 0.2 0.8 1.8 11.7
CB-153 13+14 <d.l 0.4 0.7 1.8 13.2
CB-180 0.7+1.0 <d.L 0.2 0.5 0.9 10.0
PCB tot 5.8+£6.8 <d.l 1.5 3.6 8.5 60.1
PCB wm 45

mean values of 2300 ng/g. In this area, sediment quality is
affected by urban waste discharge and road and boat traffic,
being close to the harbour of the second largest fishing fleet in
Italy. High values were also measured around the city of
Venice and the islands of Murano and Burano, along the main

shipping channels connecting the mainland and the industrial
area to Venice, in the vicinity of a shipyard on the Pellestrina
shore and to the south of the industrial area. Comparable
values were observed in the south-western sector of the lagoon
(Dogaletto) near the mainland, which is influenced by the
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Fig. 2 Spatial distribution of total
PAHs in sediment layers: A 0—

5 cm and B 5-10 cm. For each
concentration class, the upper
limit is indicated

(ng/g d.w.) (ng/g d.w.)

layer A layer B

discharge of freshwater tributaries, and downwind of the
Romea highway, a very busy road that connects Venice to
Ravenna. A further contribution to the increase of PAH could
also be the input caused by fish feeding (Hellou et al. 2005;
Berntssen et al. 2015), practiced in a series of important fish-
ing farms located near the area.

Total PCB concentrations ranged from < d.l. (detection
limit) to 47.8 ng/g in layer A and from < d.l. to 60.1 ng/g in
layer B (Table 2). The spatial distributions of PCB concentra-
tions in layers A and B are shown in Fig. 3. The highest values
were measured at sites near the city of Chioggia, as observed
for PAH concentrations. High concentrations were also mea-
sured between the Porto Marghera industrial area and the city
of Venice, to the north of Venice and Murano, and at the
mouth of the Osellino Canal. Medium-to-low contamination
was observed in an extensive area to the southeast of Venice
airport. Enhanced PCB concentrations in the run-off water

from Gdansk airport in Poland were reported by Sulej et al.
(2011) and in airport soils in Croatia (Vasili¢ et al. 2004). We
presume that this large area is moderately contaminated with
PCBs delivered by run-off or atmospheric deposition from
Venice airport. There were practically no differences between
the distributions of concentrations in layers A and B, which
confirms the absence of new sources since PCB production
was banned in 1984.

On the whole-lagoon scale, no significant differences be-
tween sediment layers A and B were found for either total
PAH or total PCB concentrations (Wilcoxon test p =0.06
and p =0.39, respectively).

However, significant differences between the two layers were
seen in some areas of the lagoon. Specifically, the areas in front
of the mouth of the Dese river and near the Pellestrina shipyard
had lower values in layer A than layer B; while in the area in
front of the fish farms, the reverse was found.

Fig. 3 Spatial distribution of total
PCBs in sediment layers: A 0—

5 cm and B 5-10 cm. For each
concentration class, the upper
limit is indicated

(ng/g d.w.)

(ng/g d.w.)

layer A layer B
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In addition, concentrations of PAHs with five or more aro-
matic rings (B[b]Ft, B[k]Ft, B[a]Py and B[ghi]P) were signifi-
cantly higher in layer B than layer A (Wilcoxon test p =0.03,
0.02, 0.04, 0.01, respectively). This might be due to their higher
resistance to biodegradation compared to low molecular weight
compounds (Cerniglia 1992). No significant differences with
depth were observed for individual PCB congeners.

Analysis of correlation among TOC, grain-size, and
both organic pollutant concentrations, performed on log-
transformed values did not show significant relationships
(p>0.05).

The mean concentration of PAHs in the sediments of the
Venice Lagoon (Fig. 4, left) was lower than that of the highly
contaminated area of Taranto (Mar Piccolo, Gulf of Taranto;
Cardellicchio et al. 2006, 2007) and those of other harbour
areas, such as Napoli, Italy (Sprovieri et al. 2007), Rovinj,
Croatia (Bihari et al. 2006), and harbours in southern France
(Baumard et al. 1998). It was comparable to values reported
for coastal areas, such as the Gulf of Trieste, Italy (Notar et al.
2001) and the Istanbul Strait, Turkey (Karacik et al. 2009), but
was higher compared to the values found in other lagoon
systems (Trabelsi and Driss 2005; Perra et al. 2009;
Acquavita et al. 2014). The range of concentrations measured
in the sediments of the Lagoon of Venice was wide (4 orders
of magnitude), with the highest values comparable to those of
the above-mentioned harbours.

Mean PCB concentration (Fig. 4, right) was lower than the
values reported for the inner channels of the industrial zone of
the Venice Lagoon (Frignani et al. 2001), Mar Piccolo near
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Fig. 4 Mean concentrations and their ranges (ng/g d.w.) of PAHs (left)
and PCBs (right) in sediments from harbours and coastal areas of the
Mediterranean. PAH: a this study, b Gulf of Taranto, Italy
(Cardellicchio et al. 2006), ¢ Naples Harbour, Italy (Sprovieri et al.
2007), d Istanbul Strait, Turkey (Karacik et al. 2009), e Rovinj, Croatia
(Bihari et al. 2006), f East Mediterranean Sea (Yilmaz et al. 1998), g West
Mediterranean Sea (Baumard et al.1998), h Alexandria, Egypt (Mohamed
et al. 2016), i North Adriatic Sea (Caricchia et al. 1993), j Thyrrenian Sea
(Pinto et al. 1995), k Gulf of Trieste, Italy (Notar et al. 2001), 1 Gulf of
Lion, France (Lipiatou and Saliot 1991), m Cretan Sea (Gogou et al.
2000), n Spanish Coast (Leon et al. 2014), o Orbetello Lagoon, Italy
(Perra et al. 2009), p Venice Lagoon, Italy (Secco et al. 2005), q
Marano-Grado Lagoon, Italy (Acquavita et al. 2014), r Bizerte Lagoon,

Taranto, Italy (Cardellicchio et al. 2007), Keratsini harbour,
Greece (Galanopoulou et al. 2005), and Alexandria harbour,
Egypt (Barakat et al. 2002), but higher than values reported
for coastal areas, such as the Caspian Sea (De Mora et al.
2004) and Adriatic Coast, Albania (Koci 1998). PCB concen-
tration was lower than values reported for other Mediterranean
lagoons (Mandalakis et al. 2014; Jayed et al. 2015).

Estimation of toxicological and carcinogenic risk

Sediment quality guidelines (SQGs) provide a scientifically
valid basis for evaluating the potential effects of sediment-
associated contaminants on aquatic organisms. The threshold
effects level (TEL) and probable effects level (PEL)
(MacDonald et al. 1996) have been used to estimate the po-
tential effect of PAHs and PCBs in the surface sediments (0—
5 cm) on the biota of the Venice Lagoon, as have the limits for
Venice sediment established by the Ministry of the
Environment (Ministero dell’Ambiente 1993). The latter sys-
tem identifies four classes corresponding to increasingly strict
constraints for sediment disposal: non-polluted (A), moderate-
ly polluted (B), polluted (C), and highly polluted (> C).
Table 3 shows the percentage distribution of samples with
respect to SQGs and national limits.

The PEL was never exceeded by PAHs or PCBs, and the
TEL was exceeded only in a small number of sites for PAHs
(8, i.e. 2.1%) and PCBs (10, i.e. 2.6%), highlighting the ab-
sence in the lagoon of zones where effective incidence on
biota would be expected. Although the concentrations never
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Tunisia (Trabelsi and Driss 2005), s Berre Lagoon, France (Kanzari et al.
2012). PCB: a this study, b industrial canals of Venice Lagoon, Italy
(Frignani et al. 2001), ¢ Mar Piccolo of Taranto, Italy (Cardellicchio et
al. 2007), d Naples Harbour, Italy (Sprovieri et al. 2007), e Keratsini
Harbour, Greek (Galanopoulou et al. 2005), f Tripoli, Lebanon
(Merhaby et al. 2015), g Alexandria Harbour, Egypt (Barakat et al.
2002), h Adriatic Sea (De Lazzari et al. 2004), i Adriatic Coast (Koci
1998), j Caspian Sea (De Mora et al. 2004), k Barcelona Coast, Spain
(Castells et al. 2008), 1 Crete, Estearn Mediterranean Sea (Mandalakis et
al. 2014), m Varano Lagoon, Italy (Fabbrocini et al. 2017), n Venice
Lagoon, Italy (Secco et al. 2005), o Berre Lagoon, France (Kanzari et
al. 2012), p Etang de Thau, France (Castro-Jiménez et al. 2008), q
Oualidia Lagoon, Morocco (Jayed et al. 2015)
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Table 3 SQGs (NOAA marine, MacDonald et al., 1996), limits of
classes A and B according to Protocol for the Venice Lagoon
(Ministero dell’ Ambiente, 1993) for PAHs and PCBs, and classification
of sediments (0-5-cm depth, in % of sites) according to these guidelines

Layer A TEL/PEL <TEL TEL-PEL >PEL A B
ng/g d.w.

PAH tot 1684+16,770 97.9 2.1 0.0 942 58

PCBtot 22+189 97.4 2.6 0.0 80.8 192

exceeded the “B” limit, it is worth noting that 5.8 and 19% of
sites would respectively be considered as moderately polluted
due to PAH and PCB concentrations if the sediment was to be
subjected to disposal after dredging.

The carcinogenicity of certain PAHs, due to the production
of active metabolites that can covalently bind to DNA
(USEPA 1993), has been documented (Harvey 1991, 1997).
The toxicity of PAHs is expressed in terms of toxic equiva-
lency factors (TEFs) with respect to benzo[a]pyrene, the latter
being the only known potentially carcinogenic PAH for which
toxicological data are sufficient for derivation of a carcinogen-
ic potency factor (Peters et al. 1999).

TEF values for benzo[a]anthracene, benzo[a]pyrene,
benzo[b]fluoranthene, benzo[k]fluoranthene, dibenzo
[a,h]anthracene, and chrysene are 0.1, 1, 0.1, 0.01, 1, and
0.001, respectively (USEPA 1993). The total toxic
benzo[a]pyrene equivalent (total TEQ) of the mixture was then
calculated from the sum of the concentrations of individual
compounds (conc;) multiplied by their relative toxicity (TEF;):

Total TEQ = ¥BaP,dose;,
where

BaP dose; = TEF;x cong;,

In this study, total TEQ calculated for sediment layer A
varied from 0.3 to 1070, with a mean of 39. The PAH

congeners contributing most to total TEQ were (in order):
BaPy (69.0%) > BbFt (13.3%) > diBahA (10.8%) > BaA
(6.3%) > BkFt (0.5%) > Chy (0.1%).

The mean total TEQ was lower than the majority of values
reported in other studies (Table 4). Nevertheless, the maxi-
mum total TEQ value suggested that the most PAH-polluted
areas of the Venice Lagoon represented a possible hazard.

PAH and PCB composition and sources

Each type of source gives rise to characteristic PAH patterns,
making it possible to infer the processes that generate the com-
pounds (Soclo et al. 2000). PAH profiles and ratios have been
widely used to detect PAH sources (Gogou et al. 1996; Mantis
et al. 2005; Rossini et al. 2007; Sprovieri et al. 2007). In this
study, to minimise possible confusion due to differences in
volatility, water solubility, adsorption, and degradation by pho-
to-oxidation, profiles and ratio calculations were restricted to
PAHs within a given molecular mass (Yunker et al. 2002).

To determine their relative composition, PAHs were
subdivided into five isomer groups: the mean concentrations
of isomers with molecular masses of 178, 202, 228, 252, and
276 were calculated. The concentration of isomers decreased in
the order 202 > 252 > 228 > 178 > 276; this profile is common-
ly observed in sediments adjacent to urbanised and
industrialised areas. PAHs with a mass of 178 and 202 predom-
inate in kerosene and diesel exhaust fumes. In gasoline and
diesel soot, mass 202 or 252 is generally the dominant constit-
uent (Rogge et al. 1993; Wang et al. 1999; Oros and Simoneit
2000). Hence, a PAH profile dominated by masses 202 and 252
(usually with mass 202 predominant) is indicative of pyrolytic
PAHs of anthropogenic origin (Gogou et al. 1996).

The ratios of PAH isomers with molecular masses of 178
and 202 are also commonly used to distinguish between com-
bustion and petroleum sources (Budzinski et al. 1997; Soclo et
al. 2000), while isomers with a molecular mass of 228 are

Table 4 A comparison of mean

total TEQs in sediments from Mean TEQcarc (ng g_l) Range References

selected coastal areas
This study 39 0.3-1070
Barents Sea (Russia) 92 18-300 Savinov et al. (2003)
Meiliang Bay (China) 407 94-856 Qiao et al. (2006)
Napoli Harbour (Italy) 932 2-4723 Sprovieri et al. (2007)
Coastal lagoons (Vietnam) 22 2-98 Giuliani et al. (2008)
Istanbul Strait (Turkey) 48 0.1-382 Karacik et al. (2009)
Mangrove Wetland (India) 59 7-119 Dominguez et al. (2010)
Kaohsiung Harbour (Taiwan) 151 3.9-1970 Chen et al. (2012)
Coastal Lagoon (Italy) 1144 4.3-7880 Guerra (2012)
Bizerte Lagoon (Tunisia) 11 3.1-53.7 Barhoumi et al. (2014)
Red Sea (Egypt) 8 nd-72 Aly Salem et al. (2014)
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often used to corroborate the assignment of combustion
sources (Yunker and Macdonald 2003).

When the primary PAH source is combustion, the less sta-
ble or kinetic PAH isomers tend to be enhanced with respect to
the more stable or thermodynamic PAH isomers of the same
molecular mass (Yunker and Macdonald 1995).

For isomers with a molecular mass of 178, anthracene/an-
thracene + phenanthrene ratios below 0.1 are usually taken
as an indication of unburned petroleum, while a ratio higher
than 0.1 indicates a dominance of combustion effects (Yunker
and Macdonald 2003). For isomers with a molecular mass of
202, low fluoranthene/fluoranthene + pyrene ratios (< 0.4) in-
dicate petroleum, intermediate ratios (0.4—0.5) indicate com-
bustion of liquid fossil fuel (petrol and crude oil), whereas
ratios > 0.5 are characteristic of grass, wood, or coal combus-
tion (Yunker and Macdonald 2003). Ratios > 0.5 are also often
observed in atmospheric deposition samples (Rossini et al.
2007, Gambaro et al. 2009).

For isomers with a molecular mass of 228, benz(a)anthracene/
benz(a)anthracene + chrysene ratios < 0.20 imply petroleum,
from 0.20 to 0.35 either petroleum or combustion and >0.35
combustion (Yunker and Macdonald 2003).

The present study showed the clear dominance of com-
bustion sources in the Venice Lagoon, with more than
73% of samples simultaneously fulfilling the three criteria
for the ratios mentioned above. This feature is also sup-
ported by the presence of acenaphthene in 95% of sam-
ples, which is specific to combustion sources (Yunker and
Macdonald 1995).

Among the zones of the lagoon with a higher presence of
PAHs in the surface sediment, five areas with three different
source patterns were identified (Fig. 5).

Sediments in zones LF1 and LF2 showed a distribution of
isomers dominated by classes 202 and 252 (with 202 >252
and 178 isomers making up around 10%). They were also
characterised by a 202 ratio <0.5. Given the intense boat
traffic in these zones, sediment showed the characteristic
PAH fingerprint for liquid fossil fuel combustion.

The two zones CD1 and CD2 showed a distribution of
isomers similar to the previous two, but the 202 ratio was
always > 0.5, indicating a prevalence of coal combustion
sources and/or the occurrence of significant atmospheric de-
position (Rossini et al. 2007). Both areas are located down-
wind of the industrial zone and the Fusina power plant.

In contrast, the 178 and 252 isomers are dominant in the
sediments of zone CO, which is under the direct influence of
the industrial zone. The 202 ratio was mostly >0.5 and the
178 isomers accounted for almost 30%, suggesting the com-
bined effects of combustion and unburned oil.

As observed in other studies (e.g. Vifas etal. 2010, Ledn et
al. 2014), the distribution of PAHs in sediment seems to be
dependent on proximity of emission sources rather than on
sediment characteristics.

(ng/g d.w.)

layer A

Fig.5 Typology of PAH congener ratios, characteristic for likely sources,
in selected areas of the Venice Lagoon (LF =liquid fuel, CD =
combustion/deposition, CO = combustion/oil)

Regarding PCB congeners, the most abundant (24 and
23%) were two hexachlorobiphenyls (CB-138 and CB-153),
followed by two pentachlorobiphenyls (CB-101 and CB-110)
and a heptachlorobiphenyl (CB-180), accounting for 13, 13,
and 12%, respectively. The resulting PCB pattern (hexa-
PCBs > penta-PCBs > hepta-PCBs > tetra-PCBs) is in agree-
ment with what has been reported by other authors for the
Venice Lagoon (Secco et al. 2005) and for other
Mediterranean zones (Galanopoulou et al. 2005, Castro-
Jiménez et al. 2008). A different composition was found in
other areas (Jayed et al. 2015) in which lower chlorinated
PCBs (34 ClI atoms) were predominant. This could be due
either to the different grain-size and organic matter content of
the sediment (Pierard et al. 1996) or to the different composi-
tion of the main sources.

To evaluate the similarity of the PCB pattern with that of the
principal commercial mixtures, the composition (weight %) of
chlorobiphenyl PCB homologues in the sediment samples was
compared with that of Aroclors 1254 and 1260 (Fig. 6). The
comparison confirmed that a 1:1 mixture of 1254 + 1260 best
represents the PCB composition of the lagoon sediments, as
suggested previously (Frignani et al. 2001).

PAH and PCB inventories
Given the high number of sampling sites, our results were suit-

able for reliable quantification of PAHs and PCBs in the shal-
low water sediments of the Venice Lagoon. The inventories

@ Springer



24960

Environ Sci Pollut Res (2018) 25:24951-24964

B4 05 06

- Aroclor (1:1)‘ \

Aroclor 1260

Aroclor 1254

w7

layer A
[ [ ]
layer B
0 20 40 60 80 100
Percentage

Fig. 6 Mean composition (by wt%) of chlorobiphenyl homologues of
PCBs in the Venice Lagoon sediments compared with those of Aroclors
1254 and 1260. Data for Aroclors from Erickson (1997)

were calculated for both surface (0-5 cm) and sub-surface (5—
10 cm) sediment layers (Table 5).

A comparison of the amounts of PAHs and PCBs in the
surface sediment and rates of atmospheric deposition was ten-
tatively carried out for the northern basin of the Venice
Lagoon. The northern basin (shown in Fig. 1) is the only part

of the lagoon that is mainly in deposition conditions (Sarretta
et al. 2010), and we assumed that the total PAH and PCB
atmospheric fallout accumulated in sediments.

The estimated amounts of PAHs and PCBs in the surface
sediments (layer A) of the northern basin were 2770 and
34 kg, respectively. On the basis of literature data (Cochran
et al. 1998; Ciavola et al. 2002; Bellucci et al. 2007; Zonta et
al. 2018), the mean sedimentation rate in this basin was as-
sumed to be 0.2 cm yearfl, and thus, the 5-cm surface sedi-
ments would be accumulated in about 25 years.

From data collected between November 1998 and July
1999, Rossini et al. (2005b) estimated the annual rates of
atmospheric PAH and PCB deposition for the whole lagoon
surface area (550 km?) at 104.5 and 0.52 kg, respectively,
corresponding to 17.9 and 0.09 kg for the 94 km? of the
northern basin. These values can be considered as the upper
limit, as the mean deposition includes values from the Porto
Marghera industrial area. Based on these numbers, atmospher-
ic deposition accounts for 16.1 and 6.6% of the total inventory
of PAHs and PCBs in the sediments, respectively (Table 5).
Atmospheric fallout can also be inferred from measurements
at two sites located on opposite sides of the northern basin
(data collected in 1998/99 (Rossini et al. 2005a), and in
2003/04 (Rossini et al. 2005b)). Using these data, the mean
fallout in the northern basin was 13.8 (PAHs) and 0.06 kg/year
(PCBs), respectively, accounting for 12.5 and 4.4% of the total
flux into sediments. Atmospheric deposition in this semi-
enclosed basin seems to be relatively less important than for
the lagoon as a whole (Rossini et al. 2005a; Bettiol et al.
2005), probably because of the predominance of input from
the catchment area.

Table5 PAH and PCB inventories in sediments of the Venice Lagoon and estimation of the atmospheric contribution for the northern basin inventories
Surface area ~ PAH tot PAHtot  PCB tot PCBtot  References
Layer A Layer B Layer A Layer B
Sediment inventory km? kg kg kg kg
Lagoon (sampled area) 415 8500 8630 193 189 This work
Northern basin 94 2770 34 This work
Atmospheric fallout kg/year kg/year
Lagoon 550 104.5 0.52 Rossini et al. 2005b
Northern basin 94 17.86 0.09
kg in 25 years kg in 25 years
Northern basin % of atm. contribution 94 446.5 2.23
to sediment inventory 16.1% 6.6%
Atmospheric fallout northern basin kg/year kg/year
94 13.83 0.06 Rossini et al. 2005a, b
kg in 25 years kg in 25 years
345.6 1.50
% of atm. contribution to sediment inventory 12.5% 4.4%
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Conclusions

The study provides an assessment of PAH and PCB con-
tamination in the upper sediment layer of the Venice
Lagoon, which is the most comprehensive to date.
Neither PAH nor PCB concentrations represent a risk to
the biota (TEL exceeded in only 2.1% of sites), although
for the purposes of disposal after dredging, sediments
should be considered moderately polluted in 5.8 and
19% of sites for PAH and PCB concentrations, respective-
ly. These more polluted areas are linked to specific
sources, being located around inhabited islands or in the
proximity of the industrial zone, harbours, and the mouths
of the lagoon’s freshwater tributaries. Slightly higher PCB
concentrations in the northern part of the lagoon can pos-
sibly be attributed to runoff from Venice airport. In gen-
eral, the distribution of persistent organic pollutants is
thus more dependent on proximity to sources than on
sediment characteristics.

A clear dominance of combustion sources is observed in the
distribution of PAH concentrations on the basis of isomer ratios.
Nevertheless, a signal reflecting both unburned oil sources and
atmospheric fallout with the fingerprint of coal combustion is
evident in specific zones of the lagoon and can be interpreted as
the effect of the presence of the industrial zone.

Compared to other Mediterranean areas, PAH concentrations
had lower maximum values than those measured in harbours
and higher than those measured in majority of coastal systems.
PCB concentrations were comparable to Mediterranean coastal
sediments, but generally lower in comparison with other
Mediterranean lagoons.

Based on high-density sampling, the PAH and PCB inven-
tories in the surface layer of the whole of the shallow area of
the lagoon were calculated. The estimate for the northern ba-
sin of the lagoon suggests a modest contribution of atmospher-
ic deposition to the sediment inventory (12—-16% for PAHs
and 4-7% for PCBs).

The resulting picture of PAH and PCB distributions in the
sediments provides a reference for future monitoring of
changes that may arise as a result of the entry into service of
the MOSE system, as well as the general evolution of pollu-
tion in the Venice Lagoon sediments.
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