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Abstract

Polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) are two classes of micropollutants intensively mon-
itored and regulated due to their toxicity, persistency and wide diffusion. Their concentrations have been investigated in sea-microlayer
(SML) and sub-surface water (SSW) samples collected at two sites of the Venice Lagoon, a fragile ecosystem highly influenced by indus-
trial and anthropogenic emissions. The total

P
PCB concentration varies from 0.45 ng/l to 2.1 ng/l in SSW while a clear enrichment is

observed in the SML, where it ranges from 1.2 ng/l to 10.5 ng/l. The total
P

PAH concentration shows marked differences between the
two stations and varies from 12.4 ng/l to 266.8 ng/l in SSW; in SML it is more uniform and ranges from 19.6 ng/l to 178.9 ng/l. The
enrichment factors are not larger than 1 for both pollutants in the �dissolved� phase, while they are most significant for the �particulate�
phase (

P
PCB: 5–9;

P
PAH: 4–14).

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The air–water interface plays a key role in the exchange
and distribution of persistent organic pollutants (POPs)
and has to be taken into account when their environmental
fate and budget calculations are investigated (Wania et al.,
1998). In the first 50 lm over 20 properties such as the
concentration of suspended particles, density, pH value,
complexing capacity and so on change sharply (Zhang
et al., 2003a); these unique characteristics contribute to
an increase in the interfacial effect of the sea microlayer,
which features a unique chemical composition (high con-
tent of lipids, fatty acids and protein) that leads to its
0025-326X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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capacity for accumulating hydrophobic organic pollutants,
which may be transferred to the air via volatilisation or
bubble bursting.

This paper focuses on an assessment of the sea-surface
microlayer and sub-surface water concentrations of two
classes of POPs: polychlorinated biphenyls (PCBs) and
polycyclic aromatic hydrocarbons (PAHs) which in recent
decades have attracted the attention of scientific and policy
maker communities (Jones and de Voogt, 1999; Lerche
et al., 2002; Eljarrat and Barceló, 2003) due to their persis-
tence, their capacity to bioaccumulate in the food chain
and their toxic properties. The investigated area is the Ven-
ice Lagoon, a shallow and fragile transitional ecosystem
which is strongly influenced by human presence and subject
to special laws to preserve and improve its environmental
quality. To our knowledge, the first study about contami-
nation of the sea-surface microlayer of the Venice lagoon
was done by Cleary et al. (2000) who collected water
samples in the lagoon and in the Adriatic Sea on May
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1993. They found a clear enrichment of metals and organic
pollutants (organotins and polyaromatic hydrocarbons) in
the lagoon waters with respect to the Adriatic, particularly
near the industrial plants of Porto Marghera. Moreover
they supposed that tidal currents coupled with the busy
traffic and shallow waters can strongly influence its chemi-
cal composition, due to resuspension of particulate matter.

The main aims of this study are to provide updated data
about PCB and PAH concentrations in sea-surface micro-
layer and sub-surface waters to complete the picture of the
environmental pollution of the Venice Lagoon and to eval-
uate the role of this thin air–water interface in the disper-
sion of POPs in a transitional environment by analyzing
the sea-surface microlayer composition in relation to the
potential sources of these pollutants.

2. Experimental methods

2.1. Sampling

Sea-surface microlayer (SML) and sub-surface (SSW)
water samples were collected between July 2001 and June
2003 at two different sites in the Venice Lagoon, as de-
Fig. 1. Map of sampling stations.

Table 1
Summary of the performed sampling campaigns (n. a. means �not available�)

Sampling site Date of sampling Temperature, �C Relative
humidity, %

Station 1 18/07/2001 24.2 n.a.
Station 2 27/07/2001 27.7 n.a.
Station 1 21/03/2002 14.0 88.3
Station 2 18/04/2002 14.9 57.2
Station 1 15/10/2002 17.4 81.2
Station 2 16/12/2002 5.7 97.9
Station 2 12/03/2003a 9.0 99.0
Station 1 26/03/2003 13.8 41.7
Station 1 05/06/2003 25.3 59.0
Station 2 19/06/2003 25.3 58.7

a Due to irreparable breakage of the extraction apparatus, the �dissolved� SS
picted in Fig. 1. Both of them are characterized by shallow
waters whose chemical composition may be influenced by
processes that perturb the physical and chemical partition-
ing of pollutants, such as the enhanced resuspension from
sediments or the prevention of fine-size particle settling.
All these processes have to be taken into account because
they are important in the lagoon, in which average water
depth is about 0.6 m and the tidal excursion is lower than
1 m (Cochran et al., 1998).

Station 1 was located in the central part of the lagoon
near the island of Sacca Sessola, about 3 km to the south
of the city of Venice and 7 km east of the industrial plants
of Porto Marghera. This area is shallow (about 0.60 m) and
is surrounded by a net of navigable canals directly con-
nected with the Lido inlet which are not intensively trav-
elled. Station 2 was about 3 km north of the Venice
urban area, in the zone between the islands of Tessera,
Campalto and Murano. It is deeper (about 1 m) than Sta-
tion 1 and is crossed on one side by the intensively used
Tessera canal (average depth 2.5 m), which connects the
international �Marco Polo� airport to the city of Venice.

Five sampling campaigns were performed at each sta-
tion, on neap tide days and under calm water conditions;
Table 1 reports general information about the sampling
campaigns, including the collection dates and the main
meteorological parameter averages over the sampling time.

SML and SSW samples were simultaneously collected
by the Multi-Use Microlayer Sampler (MUMS; Cincinelli
et al., 2001), an autonomous floating device which is elec-
trically powered and radio-controlled. The MUMS col-
lected the sea-surface microlayer water (mean thickness:
<50 lm; covered area: about 100 m2) by means of a rotat-
ing Pyrex glass drum and a Mylar scraper removed it from
the glass surface. SML samples were collected by a Teflon
membrane pump in a carefully cleaned aluminium bottle
and at same time another pump collected SSW samples
(0.30 m deep) in another aluminium bottle.

The use of a rotating drum was recommended by Cleary
et al. (2000) to improve their initial study about the Venice
Lagoon microlayer and recently, Zhang et al. (2003a) and
Wurl and Obbard (2004) have suggested that it is the better
sea-surface microlayer sampling device because it collects a
Atmospheric
pressure, hPa

Wind
direction

Wind
speed, m/s

Sun irradiation,
kJ/m2/h

1006.7 n.a. 4.6 1954
1014.5 ES 2.4 2322
1011.0 S 2.7 1849
1010.5 ES 2.2 1800
1012.9 NE 1.4 923
1015.8 SW 2.2 380
1013.6 SW 1.0 453
1013.8 ES 2.0 1951
1017.4 ES 4.2 2613
1015.8 ES 4.1 2669

W and SML samples collected on 12/03/02 have been lost.
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suitable thickness layer and minimizes the risk of sample
contamination by permitting the collection of several litres
in a short time.

2.2. Sample treatment

The sample treatment and the analytical method applied
have previously been described (Moret et al., 2005). Briefly,
on return to the laboratory 10 l of the SML and SSW sam-
ples were filtered by a stainless steel apparatus under vac-
uum conditions using glass-fibre filters (GF/F, porosity ffi
0.7 lm) to separate particles (operationally defined) from
the dissolved phase. Within 12 h the filtrate samples were
liquid-liquid extracted for 24 h using 200 ml of n-pentane
and dichloromethane mixture (2:1 on volume basis) whilst
particulate matter collected on filters was kept at �20 �C
until extraction. The �particulate-bound� PCB and PAH
were extracted by ultrasonic bath for 2 h using 60 ml of
the same kind of mixture. All the extracts were dried by
adding anhydrous sodium sulphate then the volume was re-
duced to 2 ml under gentle nitrogen flow. Sample clean up
was performed by a chromatography column made up by
alumina (1 cm) on the bottom and florisil (2 cm) on top
and eluted with 30 ml of n-hexane. Elutes were then
reduced to 100 ll with nitrogen flow and analyzed by
HRGC-LRMS. For quantification purposes, known
amounts of labelled 13C PCB (completely 13C labelled
PCB 28, 52, 101, 138, 153, 180; Cambridge Isotope Labo-
ratories, Andover, Massachusetts, USA) and labelled 13C
PAH (Phenanthrene 13C6, Cambridge Isotope Laborato-
ries, Andover, Massachusetts, USA) mixtures were added
to samples before extraction.

2.3. GC–MS analysis

All samples were analyzed with aHewlett-Packardmodel
5890 series II gas chromatograph coupled with a Hewlett-
Packard model 5970Mass Selective Detector, equipped with
a fused silica capillary column (Agilent Tecnology DB-5MS,
60 m · 0.250 mm · 0.25 lm).Data were acquired in the elec-
tron impact (EI) mode (70 eV) using the selected ion moni-
toring (SIM) technique. 54 PCBs (18, 17, 28 + 31, 20 + 33,
52, 49, 44, 41 + 64, 74, 70, 66, 95, 91, 60 + 56, 92,
84 + 90 + 101, 99, 97, 87 + 115, 85, 136, 110, 151, 135,
149, 118, 146, 153, 132, 105, 141, 179, 137, 176, 138, 158,
187, 183, 128 + 167, 156, 180, 170 + 190, 203 + 196, 194)
and 20 PAHs (Acenaphthylene = Acy; Acenaphthene = Ace;
Fluorene = Flu; Dibenzothiophene = Dbt; Phenanthrene =
Phe; Anthracene = An; 2-methylphenanthrene = 2-Me;
4H-cyclopenta(d,e,f)phenanthrene = 4H-Cphe; 1-methylphe-
nanthrene = 1-Me; Fluoranthene = Flt; Pyrene = Py; Benzo
(g,h,i)fluoranthene + Benzo(c)phenanthrene = Bphe; Benzo
(a)anthracene = Ban; Chrysene + Triphenylene = Cry + Try;
Benzo(b)fluoranthene + Benzo(j)fluoranthene + Benzo(k)
fluoranthene = Bflt; Benzo(a)pyrene = Bpy,) correspond-
ing to 44 and 16 chromatographic peaks, respectively, were
determined by applying the isotopic dilution method.
Results were corrected by a response factor calculated for
every compound and periodically evaluated.

2.4. Quality control

To estimate the repeatability and accuracy of the analyt-
ical method every sample was spiked with known amounts
of surrogate standard mixtures before extraction. Fifty pg/l
of a mixture consisting of unlabelled PCB#30, PCB#65,
PCB#96, PCB#166, PCB#189 and PCB#199 and 0.5 ng/l
of fluorene-d10 was added.

The relative errors for the majority of spiked PCBs ran-
ged from �15.2% to 16.5% and the relative standard devi-
ations vary from 6.8% to 29.1%. The highest errors (17.1%
and 30.8%) and the worst relative standard deviation val-
ues (33.5% and 45.8%) were found for PCB#189 in �partic-
ulate� samples both of SSW and SML and they were
probably due to the presence of interferences (Sauer
et al., 1989). The relative error of fluorene-d10 ranged from
�11.8% to 9.4% and its repeatability from 26.0% to 45.6%
with uncertainty rising with the increase of matrix
complexity.

The average recovery for
P

PCB and
P

PAH in both
�dissolved� and �particulate� phases are greater than 85%
and 80%, respectively.

Intensive efforts were made to avoid sample contamina-
tion. To evaluate procedural and laboratory contamination
several working blanks consisting of tap water and new fil-
ters were run as samples. In water blanks only PCB#18,
84 + 90 + 101 and 149 were found and the sum of their
concentration was about 7 pg/l; in the particulate blanks
the same total concentration was found, and it consisted
of PCB#52, 84 + 90 + 101 and 118. The concentration of
detected PAHs (Acy, Ace, Flu and Phe) in water blanks
was about 0.4 ng/l while in particulate blanks it was about
0.6 ng/l, containing a larger number of compounds (the
ones listed above plus Flt, Py, 1-Me and 2-Me). These val-
ues show that the contamination from the entire analytical
procedure can be neglected both in �dissolved� and �partic-
ulate� SSW and SML samples, so results were not corrected
for the blank.

3. Results and discussion

3.1. Sub-surface water

Median, minimum and maximum concentrations of
PCBs and PAHs in the �dissolved� and �particulate� phases
of sub-surface water at stations 1 and 2 are listed in Table
2.

The total (sum of �dissolved� and �particulate�) concen-
tration of

P
PCBs in sub-surface water at station 1 varies

from 0.45 ng/l to 1.5 ng/l and the median value is 0.8 ng/
l. The majority of samples show a preferential accumula-
tion in the �dissolved� phase with respect to the �particulate�
one, as can also be observed by comparing the median �dis-
solved� particulate� concentration (0.53 ng/l and 0.24 ng/l,



Table 2
Median (minimum–maximum) concentrations of selected PCBs (pg/l) and PAHs (ng/l) in SSW at both sampling sites

Station 1 Station 2

�Dissolved� SSW �Particulate� SSW �Dissolved� SSW �Particulate� SSW

18 19 (13–29) 3 (2–30) 16 (10–34) 5 (2–31)
28 + 31 28 (21–40) 9 (8–30) 23 (10–48) 15 (10–100)
52 25 (20–53) 8 (6–23) 33 (17–63) 19 (7–22)
95 21 (13–30) 9 (6–28) 25 (14–33) 19 (7–28)
84 + 90 + 101 57 (22–385) 22 (17–94) 44 (21–82) 62 (18–80)
110 20 (15–37) 15 (10–41) 20 (10–38) 31 (12–48)
153 25 (13–38) 21 (15–58) 27 (12–42) 38 (18–117)
138 35 (13–38) 16 (15–60) 22 (1 2–40) 34 (20–103)
180 10 (3–18) 7 (6–22) 11 (5–17) 14 (8–36)
194 n.d. (–) n.d. (–) n.d. (–) 2 (2–13)
P

PCB 529 (261–871) 239 (192–769) 463 (233–899) 503 (226–1215)

Acy 0.24 (0.13–0.43) 0.13 (0.11–0.20) 0.61 (0.23–164.31) 0.45 (0.10–0.42)
Ace 1.10 (0.43–2.01) 0.55 (0.16–1.22) 1.45 (1.24–58.81) 1.46 (0.17–0.58)
Flu 1.01 (0.38–1.66) 0.20 (0.17–0.46) 1.41 (0.99–8.72) 1.38 (0.30–0.90)
Dbt 0.16 (0.09–0.21) 0.09 (0.04–0.11) 0.21 (0.16–1.11) 0.25 (0.09–0.34)
Phe 1.75 (0.55–2.94) 0.86 (0.57–0.90) 2.12 (1.50–13.10) 2.24 (0.85–3.20)
An 0.12 (0.04–0.22) 0.12 (0.10–0.15) 0.26 (0.06–1.36) 0.21 (0.14–0.87)
2-Me 0.39 (0.22–0.49) 0.23 (0.11–0.26) 0.46 (0.41–0.74) 1.10 (0.26–0.77)
4H-Cphe 0.34 (0.25–0.54) 0.14 (0.09–0.15) 0.31 (0.27–1.84) 0.61 (n.d.–0.67)
1-Me 0.28 (0.17–1.20) 0.07 (0.02–0.17) 0.37 (0.27–15.37) 0.45 (0.14–0.73)
Flt 1.15 (0.56–1.87) 1.14 (0.81–1.28) 1.17 (0.60–1.84) 2.69 (1.30–6.32)
Py 1.31 (0.81–2.47) 1.05 (0.97–1.19) 1.31 (1.02–2.88) 2.51 (n.d.–5.85)
Bphe 0.14 (0.06–0.21) 0.32 (0.13–0.46) 0.03 (n.d.–0.30) 0.34 (0.20–1.50)
Ban 0.06 (n.d.–0.12) 0.56 (0.37–1.51) 0.05 (n.d.–0.11) 0.06 (0.51–3.72)
Cry + Try 0.14 (n.d.–0.30) 0.54 (0.35–0.67) 0.04 (n.d.–0.76) 0.12 (0.60–3.53)
Bflt 0.04 (n.d.–0.22) 1.49 (0.84–1.55) 0.07 (n.d.–0.37) 0.06 (n.d.–8.64)
Bpy n.d. (n.d.–0.05) 0.71 (n.d.–0.93) n.d. (n.d.–0.03) n.d. (n.d.–7.14)
P

PAH 8.77 (6.31–11.28) 866 (5.68–9.22) 11.62 (7.96–258.85) 15.96 (7.95–45.15)

n.d. = Not detectable.
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respectively). Penta-chlorobiphenyls are the most abundant
homolog and very high concentrations were found for
PCBs 84 + 90 + 101 (18.6%), 153, (5.9%) and 138 (5.3%).

The PCBs distribution is different between the two
phases, as can be observed in Fig. 2a. The most chlorinated
biphenyls (hexa- plus hepta and octa-CBs) constitute a
higher percentage of the total concentration in the �partic-
ulate� phase than in the �dissolved� phase.

At station 2 the total (sum of �dissolved� and �particu-
late�) median concentration of

P
PCBs is similar to the va-

lue found at station 1 (1.0 ng/l) while the range of variation
is wider (0.5–2.1 ng/l). Except for the SSW sample collected
on 16 December 2002, in which �dissolved� and �particulate�
concentrations are very low and similar (0.27 ng/l and
0.23 ng/l, respectively), it can be observed that PCBs are
preferentially accumulated in the �particulate� phase (range
0.34–1.2 ng/l) rather than in the �dissolved� form (range
0.23–0.90 ng/l). Hexa- and penta-CBs constitute about
62% of the total concentration to which PCBs 84 + 90 +
101, 153 and 138 mainly contribute.

As previously observed for station 1, the congener distri-
bution reflects the different affinities for particulate matter
with the lightest homologs preferentially present in the �dis-
solved� phase (Fig. 2a).

The PCB concentrations found in this work are at ppq
(parts per quadrillion) levels and are comparable with re-
sults previously obtained for the Venice Lagoon by Moret
et al. (2005); however they are some orders of magnitude
lower than the values reported by Garcı́a-Flor et al.
(2005) for Spanish and French coastal waters and by
Zhang et al. (2003b) for Chinese estuary waters.

Concerning PAH, at station 1 the total (sum of �dis-
solved� and �particulate�)

P
PAH concentration ranges

from 12.4 ng/l to 20.5 ng/l and the median value is
17.3 ng/l; the most abundant compounds are Py, Phe and
Flt, which represent 13%–16% of the total concentration.P

PAHs concentration are slightly higher in the �dis-
solved� (6.76–11.3 ng/l) than in �particulate� phases (5.68–
9.22 ng/l) and only the SSW sample collected on 18 July
2001 shows an opposite preferential accumulation in the
particulate matter. At station 2 the average total (sum of
�dissolved� and �particulate�) concentration of

P
PAHs in

SSW is about 3 times larger than at station 1 ranging from
21.3 ng/l to 266.8 ng/l (median concentration: 56.8 ng/l)
and Acy and Ace are the most abundant species. Generally
the distribution between the �particulate� and �dissolved�
phases is strictly related to the Kow of the compounds as
observed in Fig. 2a; while three-ring PAHs are predomi-
nant in the �dissolved� phase, the heaviest PAHs are most
abundant in the �particulate� phase.

The
P

PAH concentrations found in this study rarely
exceed 0.2 lg/l and are comparable with values found in



Fig. 2. Relative % abundances of PCB homologs and PAH in the �dissolved� and �particulate� phases of SSW (a) and SML (b) at both stations.

188 L. Manodori et al. / Marine Pollution Bulletin 52 (2006) 184–192
other coastal areas (El Nemr and Abd-Allah, 2003; Kuck-
lick and Bidleman, 1994) but about two orders of magni-
tude lower than those found in polluted environments
(Anyakora et al., 2005; Cincinelli et al., 2001; Liu and
Dickhut, 1997).

3.2. Sea-surface microlayer waters

Median, minimum and maximum concentrations of
PCBs and PAHs in the �dissolved� and �particulate� phases
of sea-surface microlayer water at stations 1 and 2 are re-
ported in Table 3.

At station 1 the total (sum of �dissolved� and �particu-
late�) concentration of

P
PCBs ranges from 1.2 to 4.0 ng/

l, and the median concentration is 2.1 ng/l. Unlike SSW,
a preferential accumulation in the �particulate� phase exists
for all samples: the median

P
PCB concentration in the

�dissolved� SML is 0.5 ng/l (ranging between 0.34 and
1.1 ng/l) and it is 1.1 ng/l in the �particulate� (range between
0.9 ng/l and 3.5 ng/l). The predominant homologs are
hexa- and penta-CBs and the congeners with the highest
concentration are PCB 84 + 90 + 101, 153, 138 and 180.

In both the �dissolved� and �particulate� phases the penta-
CBs are the predominant group (Fig. 2b) while the most
chlorinated biphenyls (hexa- plus hepta and octa-CBs) con-
stitute a higher percentage of the total concentration in the
�particulate� phase than in the �dissolved� phase.
At station 2 the median total (sum of �dissolved� and
�particulate�) concentration of

P
PCBs in SML is 3.3 ng/l

and it ranges more widely than at Station 1, from 0.7 ng/
l to 10.5 ng/l. Hexa-chlorinated biphenyls are the most
abundant and PCBs 153 and 138 constitute about 25% of
the total concentration. Plainly PCBs are preferentially
present in the �particulate� form (range: 1.8–9.9 ng/l) rather
than in the �dissolved� phase, where the range of variation
of PCBs is quite similar to that observed at station 1
(0.4–1.0 ng/l) except in the SML sample collected on 19
June 2003, in which concentrations are very similar in both
phases (about 0.3 ng/l). The distribution of tri-plus tetra-
CBs and hexa- plus hepta and octa-CBs is similar to that
found at station 1 (Fig. 2b), while in the particulate matter
the most abundant homolog group is hexa-CBs, which to-
gether with epta and octa-CBs constitute up to 55% of total
concentration.

As observed by Wurl and Obbard (2004) it is hard to
compare the results from studies using different sampling
devices because different layer thicknesses may have been
collected; however it can be pointed out that PCB concen-
tration in SML waters of the Venice Lagoon are compara-
ble with those obtained by Garcı́a-Flor et al. (2005) at
Barcelona but lower than values found by Abd-Allah
(1999) for the Egyptian coast (36–412 ng/l) and by Picer
and Picer (1992) for Rijeka Bay in Croatia (75.3 ±
142 ng/l).



Table 3
Median (minimum–maximum) concentrations of selected PCBs (pg/l) and PAHs (ng/l) in SML at both sampling sites

Station 1 Station 2

�Dissolved� SML �Particulate� SML �Dissolved� SML �Particulate� SML

18 15 (14–48) 29 (7–130) 17 (11–35) 20 (3–58)
28 + 31 26 (23–47) 25 (23–60) 35 (18–50) 27 (13–155)
52 21 (15–63) 36 (22–74) 23 (23–70) 59 (11–147)
95 24 (15–32) 56 (24–76) 25 (20–39) 74 (12–255)
84 + 90 + 101 51 (29–146) 149 (59–165) 39 (32–119) 169 (34–672)
110 28 (18–48) 103 (46–151) 26 (20–48) 139 (21–447)
153 34 (17–55) 113 (44–264) 38 (19–51) 217 (25–1645)
138 39 (16–56) 127 (42–318) 30 (18–57) 280 (23–1452)
180 17 (7–27) 73 (55–216) 11 (9–23) 122 (10–440)
194 n.d. (–) 19 (14–25) n.d. (–) 31 (17–55)
P

PCB 487 (343–1084) 1215 (901–3498) 477 (370–1002) 2578 (346–9929)

Acy 0.32 (0.17–0.56) 0.63 (0.40–1.50) 0.45 (0.18–41.80) 0.48 (0.14–1.06)
Ace 1.43 (0.77–2.13) 1.07 (0.49–1.30) 1.46 (1.32–68.46) 0.37 (0.33–2.01)
Flu 1.15 (0.62–2.01) 1.18 (0.74–1.55) 1.38 (1.05–8.29) 1.00 (0.52–2.00)
Dbt 0.31 (0.13–0.34) 0.84 (0.34–1.25) 0.25 (0.17–0.90) 0.31 (0.23–0.74)
Phe 2.91 (1.41–4.03) 7.41 (4.48–13.34) 2.24 (2.06–17.54) 5.11 (2.50–11.09)
An 0.28 (0.12–0.42) 1.99 (1.00–3.28) 0.21 (0.06–2.12) 0.69 (0.14–2.27)
2-Me 0.61 (0.36–0.88) 1.65 (0.99–2.52) 1.10 (0.42–15.80) 1.05 (0.66–2.40)
4H-Cphe 0.40 (0.19–1.06) 0.96 (0.67–1.65) 0.61 (0.28–2.62) 0.74 (0.41–1.09)
1-Me 0.28 (0.21–0.52) 0.80 (0.35–1.46) 0.45 (0.38–1.39) 0.81 (0.47–1.42)
Flt 2.37 (1.46–6.53) 15.82 (7.78–19.40) 2.69 (1.24–4.26) 5.77 (n.d.–8.29)
Py 2.26 (1.27–5.27) 11.88 (6.84–18.78) 2.51 (1.24–7.41) 5.28 (0.06–15.62)
Bphe 0.35 (0.14–0.47) 3.07 (0.73–5.25) 0.34 (0.16–0.52) 1.90 (0.83–2.66)
Ban 0.11 (n.d.–0.70) 10.43 (4.14–14.35) 0.06 (n.d.–0.37) 2.21 (0.07–15.70)
Cry + Try 0.37 (n.d.–1.27) 9.94 (3.55–13.80) 0.12 (n.d.–0.28) 2.51 (2.21–11.78)
Bflt 0.17 (n.d.–0.57) 24.13 (11.89–51.48) 0.06 (n.d.–0.36) 4.15 (n.d.–56.35)
Bpy n.d. (n.d.–0.04) 14.95 (n.d.–32.53) n.d. (n.d.–0.03) 3.21 (n.d.–37.41)
P

PAH 15.73 (8.32–20.52) 121.46 (59.39–158.09) 15.96 (10.06–138.27) 30.60 (30.31–162.93)

n.d. = Not detectable.
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The median
P

PAH concentration of total (sum of �dis-
solved� and �particulate�)

P
PAH concentration at station 1

is 44.1 ng/l and ranges from 19.6 ng/l to 148 ng/l with
Bphe, Flt and Py as major contributors. All SML samples
show a preferential accumulation in the �particulate� phase,
in which median concentration (121.5 ng/l) is considerably
higher than in the �dissolved� phase (15.7 ng/l). In both
phases the 4-ring PAHs are the most abundant compounds
and Flt, Phe and Py predominate in the filtrates while Bphe
and Bpy predominate in the particulate matter.

At station 2 the
P

PAH concentration in the total (�dis-
solved� plus �particulate�) sea-surface microlayer samples
varies from 40.4 ng/l to 178.9 ng/l with the median value
about three times higher (126.9 ng/l) than at station 1. As
previously observed for sub-surface water samples the most
abundant compounds are Acy and Ace.P

PAH concentration in the �dissolved� samples varies
from 10.1 ng/l to 138.3 ng/l and the largest fraction con-
sists of three-ring PAHs (Fig. 2b), such as Acy and Ace;
conversely in the �particulate� phase PAH concentration
ranges from 30.3 ng/l to 162.9 ng/l and four-ring PAHs
are the most abundant, in particular Bphe and Bpy.

Literature data show PAH contamination increases in
areas featuring anthropogenic coastal activities and in par-
ticular it has been observed that harbour size and the inten-
sity of shipping traffic may influence PAH concentrations
in SML (Wurl and Obbard, 2004). Despite the fact that
important industrial and urban districts are located near
the sampling sites, the PAH concentrations found in the
sea-surface microlayer waters of the Venice Lagoon are
lower than the values found in other coastal areas: at Liv-
orno (Tyrrhenian Sea, Italy) Cincinelli et al. (2001) report
total concentrations ranging from 1.8 lg/l to 157 lg/l; on
the Alexandria coast (Egypt) the mean concentration was
245 ng/l (El Nemr and Abd-Allah, 2003) while at Winyah
Bay and North Inlet (South Carolina) it was 650 ±
1200 ng/l (Kucklick and Bidleman, 1994). The PAH con-
centrations found in this study are also lower than those
reported by Cleary et al. (2000) for sea-surface microlayer
samples collected in 1993 close to the island of Venice,
which ranged from 7.18 lg/l to 10.416 lg/l.

3.3. Sea-surface microlayer enrichment

SML enrichment may be explained by considering the
hydrophobic character of POPs and their great affinity with
surfactants collected at the air–water interface (Garcı́a-
Flor et al., 2005) and it may be well represented by the
enrichment factor EF, calculated as the ratio between
SML and SSW concentrations (Hardy et al., 1987). ForP

PCBs in the �dissolved� phase it varies from 0.7 to 1.5
at station 1 and from 0.8 to 2.0 at station 2, while in the
�particulate� phase the enrichment is plainly evident and
EF ranges from 2.0 to 10.1 at station 1 and from 0.7 to
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29.3 at station 2. These values are slightly higher than those
reported by Garcı́a-Flor et al. (2005) who used a different
sampling device (glass plate, metal screen and slick sam-
pler). As depicted in Fig. 3a, at both sampling sites the
EFs are larger for �particulate� than for �dissolved� phases
and generally it increases with the degree of chlorination,
as previously reported by other authors (Garcı́a-Flor
et al., 2005).

The PAH EF values in the �dissolved� phase range from
1.3 to 2.2 at station 1 and from 0.4 to 2.0 at station 2; these
values are low and do not show a significant enrichment
(Fig. 3b). By contrast, an evident preferential accumulation
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Fig. 3. Average �dissolved� and �particulate� enrichment factors
in sea-surface microlayer waters is observed for the �partic-
ulate� phase, despite the fact that EF values are lower than
those reported by other authors (Cincinelli et al., 2001; Liu
and Dickhut, 1997). It is useful to notice that at station 1
the highest EF for both �dissolved� and �particulate� phases
are relative to samples collected when sun irradiation was
lowest, probably related to the reduced photo-degradation
that may occur in the sea-surface microlayer (Schroeder
and Lane, 1988); however no particular seasonal trend
can be deduced. The highest mean �particulate� EF value
detected at this site may be explained by supposing the
presence of a local source, which may be constituted by
'diss.' St. 2 'part.' St. 2

'diss.' St. 2 'part.' St. 2

(EF) for PCBs (a) and PAHs (b) at both sampling stations.
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emissions/fall outs from the nearby oil refineries of Porto
Marghera.

3.4. Pollutant sources

Persistent organic pollutant concentrations in the water
of a shallow semi-enclosed basin such as the Venice
Lagoon are influenced by many factors, including direct
discharges, the tide level, the presence of currents and sed-
iment remobilization, etc. The sea-surface microlayer is not
a final reservoir of pollutants but a dynamic compartment
where POP concentration depends on the net balance of
inputs (atmospheric depositions, sediment re-suspension,
direct riverine contributions) and losses (volatilisation, bub-
ble bursting, photo-decomposition, particle settlement) so
it is hard to find a direct relationship between the different
potential sources and the final concentration at the inter-
face. The relationship between PCBs and PAHs and the
main meteorological parameters (temperature, wind speed,
solar irradiation) have been investigated, but no statisti-
cally significant results have been found, probably due to
the concurrence of many factors or the spread of samples.

In previous studies many hypotheses were proposed to
explain and evaluate the contribution of PAH contamina-
tion to the Venice Lagoon ecosystem and there was
evidence to support the contention that the main contribu-
tions come from atmospheric depositions of combustion
products (Secco et al., 2005; Wetzel and Van Vleet,
2003). A useful tool to evaluate their source is given by
some PAH ratios. Budzinski et al. (1997) joined the infor-
mation provided by two PAH ratios by plotting Phe/An
against Flu/Py and suggested that PAH contamination of
a pyrolytic origin is characterized by Phe/An < 10 and
Flu/Py > 1 whilst contamination from petrogenic sources
is characterized by Phe/An > 10 and Flu/Py < 1, as suc-
cessively confirmed by other authors (El Nemr and Abd-
Allah, 2003). This approach was applied to dissolved and
particulate samples of SML and SSW collected at stations
1 and 2, as plotted in Fig. 4. It can be observed that the
majority of particulate samples (both SSW and SML) fall
into the pyrolytic zone, whilst the dissolved ones are more
diffuse and therefore a source cannot be assigned. More-
over at station 1 there is a very good correlation between
Phe/An (r = 0.97) and Flu/Py (r = 0.96) using all samples
but at station 2 it is very low (in both cases r is less than
0.45) so it can be supposed that there must be many per-
turbing factors, such as miscellaneous sources and pro-
cesses, as well as fresh oil spillage from motorized boats
and the occurrence of selective photo-degradation or bio-
degradation affecting the different PAH (Tam et al., 2001).

Regarding PCBs, it is evident that their environmental
concentrations have substantially declined in recent dec-
ades both in the western Mediterranean (Tolosa et al.,
1997) and in the Venice lagoon sediments (Secco et al.,
2005), because of their production has been banned, depu-
ration systems have improved and natural degradation
could have occurred. Di Domenico et al. (1996) reported
that PCB contamination of the Venice Lagoon sediments
derives mainly from anthropic impact without distinction
between industrial and urban activities. By comparing the
results obtained in this study with those reported for sedi-
ments by Secco et al. (2005) it can be observed that the
PCB pattern in the �particulate� SSW at both stations is
similar to sediment composition, while the �dissolved�
SSW–SML and �particulate� SML are mainly characterized
by the least and the most hydrophobic congeners respec-
tively. It can be hypothesized therefore that water contam-
ination by PCBs derives from sediment re-suspension due
to the shallow waters. This is followed by strong congener
partitioning between the phases in accordance with their
physical–chemical properties, which leads to microlayer
enrichment by the most chlorinated biphenyls due to their
highly hydrophobic behaviour.

4. Conclusions

Ten sampling campaigns have been performed to collect
sub-surface and sea-surface microlayer water samples in
two areas of the Venice Lagoon. The

P
PCB concentra-

tions at both stations are similar in �dissolved� sub-surface
and sea-surface microlayer waters while the enrichment
found in �particulate� sea-surface microlayer samples is
greater by comparison with the sub-surface water, so it



192 L. Manodori et al. / Marine Pollution Bulletin 52 (2006) 184–192
can be hypothesised that there must be diffuse sources con-
tributing to PCB contamination of the Venice Lagoon. By
contrast, for PAHs it can be observed that sub-surface
waters are more contaminated at station 2 than station 1
probably due to intense ship traffic which characterizes
the area, while an opposite trend has been observed for
sea-surface microlayer waters, probably due to the indus-
trial emissions of Porto Marghera the influence of which
would mainly be felt by station 1. Despite these differences,
it has been found that in both stations pollutants are dis-
tributed between the two phases in accordance with their
molecular weight which reflects their enhanced hydropho-
bic behaviour. Hydrophobic character of the SML and
some processes such as photo-degradation, biological
activity may vary considerably the EF both PAH and PCB.

The analysis of PAH ratios conducted in �dissolved� and
�particulate� SSW and SML samples confirmed the widely
shared hypothesis that hydrocarbon contamination of the
Venice Lagoon derived mainly from combustion processes,
although the concurrence of other sources such as oil spill-
age cannot be excluded, especially at station 2. The most
likely source of PCB contamination, on the other hand,
may be re-suspension from contaminated sediment followed
by strong repartition between the layers in accordance with
the chemical properties, as can be hypothesized from the
distribution of congeners in the different matrices.
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