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ABSTRACT

New data collected from twenty-six sites during 2008 in the contaminated Site of National Interest (SIN) of Porto Mar-
ghera within the Lagoon of Venice (Italy), which has been affected by the presence of an industrial zone for the last 80
years, were compared with data from a campaign performed in the same site 30 years before (1976-1978). The SIN was
found to be heavily polluted in the earlier study, and several tons of Hg and Zn are still stored in soils and industrial
channel sediments, potentially affecting the lagoon part of the SIN. Bathymetric variations, grain-size, Hg and Zn con-
tent in sediments were analysed. The severe contamination of the late 1970s (Hg 1.7 pg/g; Zn 754 ng/g) had fallen by
the late 2000s (Hg 0.9 pg/g; Zn 225 pg/g). The fall in Hg and Zn contamination over the 30-year period was mainly
linked to the patterns of geomorphological change inside the SIN that affected two distinct sub-areas: 1) a stable-depo-
sitional (SD) area in the Northern part, which exerted a “dilution” effect on contaminants, with significant deposition
(~11%) of coarse-grained sediments (63 - 8 um), and 2) an area characterised by moderate-to-severe-erosion (MSE) to
the South, which saw the loss (~13%) of pollutant-bearing fine-grained sediments (<8 um). A budget calculation in the
MSE sub-area showed a loss of ~2.5 tons for Hg and ~700 tons for Zn over three decades, most of which was exported
to other parts of the LV or at the open sea. A similar amount is still stored in the SD area, which will be subject to ero-
sion if hydrodynamic conditions change in the future. This study provides useful support to decision-making systems by
helping to select hot-spots for remediation measures.
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1. Introduction ments thus retain a record of the emission, dispersion and

deposition of pollutants and may become a secondary
source of pollution when they are eroded and transported
further afield [1,2]. Mediterranean coastal lagoons are
affected by a variety of activities including fishing and
aquaculture, town-planning (many urban areas develop
along lagoon shores), industry and energy production, in-
frastructure (ports and harbours) and environmental pro-
tection measures [3].

Sediments are good environmental indicators of climatic
and geological processes occurring in the past. Since the
industrial revolution, human-made chemicals have been
released into surface waters. Due to their properties,
many of these chemicals stick to sediment, which thus acts
as a potential sink for many hazardous chemicals. Even
where water quality is improving, the legacy of the past

may still be present in the form of contaminated sedi-
ments hidden at the bottom of lagoons, estuaries and seas
and on the floodplains of river basins. These sedi-

Copyright © 2013 SciRes.

The morphological changes affecting the Lagoon of
Venice (LV) during its history result from a combination
of natural processes and human activities. Its geological,

JEP



38 Relationship of Morpho-Sedimentological Variations to the Fate of Hg- and Zn-Polluted Sediments
in the Contaminated Site of Porto Marghera, Lagoon of Venice, Italy

morphological and hydrodynamic evolution due to natu-
ral and anthropogenic processes is described in [4-6]. In-
creased dredging of lagoon channels for navigation pur-
poses has had a significant impact on the lagoon’s mor-
phology and significantly altered water circulation within
the lagoon [7]. The most important channels are the Vit-
torio Emanuele III channel (mean depth 7 m, dredged in
1926) and the Malamocco-Marghera channel (length 20
km, mean width 200 m, mean depth 12 m, dredged in the
late 1960s), which allows the entrance to the lagoon of me-
dium-sized container ships, bulk carriers and tankers
from the Adriatic Sea (Figure 1). The slopes at the edge
of the channel are very steep and must be maintained by
a dredging program.

Major development of industrial activities took place
in the period 1930-1980, when inputs from the industrial
area and the catchment basin increased dramatically.
These activities polluted several million m® of material
(soils and sediments) with various levels of contamina-
tion. The new regulatory framework established by the
Ministry of the Environment in the 1990s [8] imposed
strict guidelines regarding the disposal of this material.
Subsequently the area was one of 57 indicated by the
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Italian Ministry of the Environment as contaminated Na-
tional Interest Sites (SINs). These sites are characterised
by very high levels of pollutants in soils, subaqueous se-
diments, and surface and ground waters, and are slated
for environmental clean-up (Italian law 426/1998).

Most published papers have focused on the lagoon
sediments, whose sedimentological and chemical char-
acteristics have been investigated by several authors
since the 1980s [9-20]. Specifically, Bernardello et al.
[19] studied the changing state of heavy metal contami-
nation in 25 sediment sites in the central part of the LV,
which includes the SIN, in the period 1987-1998 and
Zonta et al. [20] concentrated on the southern part of the
SIN (south of the Vittorio Emanuele III channel) (Figure
1). Our study focuses on changes in Hg and Zn concen-
trations in the lagoon sediments of the SIN (~23 km®)
over a 30-year period by comparing new data collected
from 26 sites in 2008 to data from a campaign performed
in the same sites 30 years before (in the period 1976-
1978). In addition, this study presents new data on sedi-
ment texture properties that complement recently pub-
lished data on changes in bathymetry and morphology in
the area in roughly the same period [5,6]. Mercury and

Figure 1. Map of SIN (red line). Location of sediment sampling sites: 1976-8 campaign (o) and 2008 campaign (e). Area de-
limited by dotted line corresponds to study area. Stable-depositional (SD) area and moderate-to-severe-erosion (MSE) sub-

areas identified in waters of SIN.

Copyright © 2013 SciRes.
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Zinc were selected because they are suggested by most
authors as the main indicators of past industrial pollution.
As long ago as the 1980s Pavoni et al. [21] stated that se-
diment contamination in the LV was mainly due to a
chloro-alkali plant in which “De Nora” mercury cathodes
were used and to a metallic zinc production plant using
sphalerites as raw material.

The main goals of the present paper are: 1) to show
how changes in bathymetry and grain-size affect the spa-
tial distribution and transport mechanisms of Hg and Zn
in sediments; 2) to calculate Hg and Zn budgets in the
study area over the period, since these sediments have
already been and might in the future become a secondary
source of pollution for the whole of the central LV, and,
3) to show that the distinct patterns seen in the northern
and southern parts of the SIN may require different ma-
nagement strategies. This is a key study, not only for lo-
cal purposes but also in a broader sense, helping to im-
prove our understanding of how morpho-sedimentolo-
gical changes affect polluted transitional environments and
thus providing knowledge for the future management of
similar polluted areas.

2. Review of Data for the Study Area
2.1. Contaminated Site of Porto Marghera

Italian law 426/1998 defined the industrial area of Porto
Marghera as a severe environmental hazard site and pla-
ced it at the top of the list of contaminated sites of na-
tional interest (SIN). The boundary of the SIN was esta-
blished by the Ministry of the Environment (Decree of
February 23rd, 2003) in order to plan soil and sediment
clean-up and management. The SIN has a total surface
area of 58 km?, of which ~60% is land and ~40% is wa-
ter (between the City of Venice and the industrial zone,
Figure 1). The site includes the land where the industrial
plants are located (19 km?) and part of the adjoining land
(12 km?), the inner tidal channels (~4 km?) and ~23 km?®
of tidal flats (with ~2 km? of salt-marshes).

We selected mercury and zinc from the studied heavy
metals because they are representative of two different
periods in the development of the industrial zone of Porto
Marghera: Zn extraction from sphalerite was conducted
from the 1940s to the 1980s, whilst the chloro-alkali plant,
where Hg cathodes were used, came on stream in the
1950s and was still in use until recently.

2.2. Soils inside the SIN

Soils inside the Porto Marghera industrial zone, and in
the drainage area immediately around it, have been stud-
ied since several un-authorised large-scale dumps, con-
taining mainly dangerous toxic wastes from industries

Copyright © 2013 SciRes.

(particularly chemical plants), were found in the area
[22]. A complete survey was conducted in order to pre-
pare a Master Plan for remediation, in which PAHs and
metals (As, Cd, Hg and Zn) were found to be the most
important contaminants in soil strata up to 5 m depth [23].
Among the various metals responsible for soil pollution,
Hg and Zn were observed to exceed the legal limits most
frequently. Approximately 7 km? of the land inside the in-
dustrial plant requires remediation (corresponding to ~5
Mm?), the mean soil concentrations being ~6 ug/g for Hg
and ~950 pg/g for Zn, with maximum values up to 110
ng/g for Hg and 24,000 pg/g for Zn [23]. The amount of
metals stored in the soil was estimated to be in the range
of 20 - 60 tons for Hg and 3 - 10,000 tons for Zn (Table
1).

2.3. Industrial Channels

Highly polluted sediments have been found inside the in-
dustrial channels and at the edge of the lagoon in the
immediate vicinity of the industrial zone by several au-
thors [7,13,18]. All authors highlight the role of indus-
trial channels in the high contaminant levels of lagoon
sediments in the vicinity of Porto Marghera, due to the
dispersion of contaminated sediments during dredging
activities. A thorough review of the contamination of all
industrial channels was carried out, and the results show-
ed mean values of 10 pg/g for Hg and ~1000 pg/g for Zn,
with downcore values of up to 130 pg/g for Hg and 10,700
ug/g for Zn. The estimated amount of metals stored in
the industrial channels was 200 tons for Hg and 10,000
tons for Zn [7,24,25].

2.4. Soils Outside the SIN

Scazzola et al. [26] studied the heavy metal concentra-
tions in soils in the vicinity (2 - 10 km) of the Porto Mar-
ghera industrial area and found mean values of ~0.2 pg/g
for Hg and ~150 pg/g for Zn. Those figures are not very
different from soils sampled far from Porto Marghera
(>10 km) [27]. The same authors conducted a survey of
top-soils in the Veneto Region and found average values
0f 0.3 - 0.4 ng/g Hg and 150 - 170 pg/g for Zn.

2.5. Background Values

Giandon et al. [27] found average background values of
0.3 pg /g for Hg and 112 pg/g for Zn in the soil samples
of the physiographic units of the Veneto Region belong-
ing to the LV watershed. Scazzola et al. [26] found simi-
lar background values for soils in the vicinity of Porto
Marghera industrial zone.

Background values for LV sediments have been esti-
mated by various authors [13,28] from concentrations in
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Table 1. Average heavy metal content and background values of soil and sediments in different compartments of the Lagoon

of Venice. (a) [27]; (b) [26]; (¢) [23]; (d) [7]; (e) present study.

Concentrations Background Sediment budget Fate

Hg (ng/g) Zn (ng/g) Hg(ug/g) Zn(ug/g) Hg(tons) Zn(tons)  vol (m’)
Soils
(ctehmentarea 04 1703w
éri)tllr(;dki;))lgo marghera 02 152
Inside Porto Marghera® 6 950 20-60 3-10,000 5x10° Still stored, requiring clean-up
Sediments
Porto Marghera
All industrial channels (3.4 km?®)* 10 993 0.1 50 200 10,000 6-9 x 10° Still stored, requiring clean-up
Whole Lagoon (418 km?)*
North (112 km?) 0.8 60 0.1 63
Centre (133 km?) 12 143 0.2 59
South (173 km?) 0.4 80 0.2 32
SIN 1978 (22 km?®)* 1.7 754
SD (10.5 km?) 15 1011
MSE (11.5 km?) 1.8 498 24 700 3x10°  Already exported outside SIN
SIN 2008 (22 km?) 0.9 225
SD (10.5 km?) 1.1 310 1.5 700 2x10°  Sedimented, possibly exported
MSE (11.5 km?) 0.7 140

the deepest strata of radio-dated cores (corresponding to
pre-industrial values) and from reference values reported
in the literature for non-polluted sediments [21, and refe-
rences therein]. Most authors suggest using different back-
ground values for the three sub-areas of the lagoon (north,
centre and south). Apitz and co-workers [28] studied the
variability of natural background levels on the lagoon
scale, suggesting the use of a range of guideline values
instead of just one, including 0.2 - 0.3 pg/g for Hg and
40 - 130 pg/g for Zn. Bernardello and co-workers [19]
used average background values of 0.2 pg/g for Hg and
70 pg/g for Zn for the central part of the lagoon. For the
present study we used 0.2 pg/g for Hg and 59 ng/g for
Zn, the mean values calculated for the central lagoon by
[7] (Table 1).

3. Materials and Methods
3.1. Sediments Sampling and Analysis

The surficial sediment samples from the lagoonal tidal
flats considered in this study derive from a campaign per-
formed in 2008, collecting twenty-six sediment samples
from beds at depths of between 0.4 and 2.4 m (Figure 1).

Copyright © 2013 SciRes.

The sediment samples, hereafter referred to as “Lag08”,
were collected using a piston corer by the Venice branch
of the Institute of Marine Sciences (CNR). All samples
were collected in the same sites as another campaign per-
formed in 1976-1978, details of which can be found in
[5]. The samples from this earlier campaign are hereafter
referred to as “Lag70”.

This comparison has a longer time-lag (30 vs. 10 years)
and a higher sampling “resolution” (1 sample/km® vs. 1
sample/5 km?) than the study by [19] in the central part
of the LV. Moreover, it extends the study by [20] to the
northern part of the SIN.

The sample treatment methods and grain-size analyti-
cal procedures used in the two sampling campaigns were
essentially identical and are well described in [5]. For the
Lag70 dataset, heavy metal concentrations were extrac-
ted from the published paper by [11]. For the Lag08 data-
set, zinc content was determined by digesting a sample
aliquot in hot HNOs, the leachate being analysed by ICP
(Perkin Elmer, Optima 5300 DV). For mercury, refluxing
digestion with an H,SO4,-HNO; mixture was performed
(USEPA, 1994) [29], and the analytical determination was
conducted by the cold vapour AAS technique. The precision

JEP



Relationship of Morpho-Sedimentological Variations to the Fate of Hg- and Zn-Polluted Sediments 41
in the Contaminated Site of Porto Marghera, Lagoon of Venice, Italy

) Ta

Il Severe erosion
[ Moderate erosion
I stable

[l Deposition

Figure 2. Bathymetric maps of SIN (1970; 2002), with bathymetric data shown in metres (increasing depth shown by pro-
gressively darker blue colours). Sedimentation map showing differences between 2002 and 1970. Deposition = differences of
>(0.1 m, stability = differences of £0.1 m, moderate erosion = differences of between —0.5 and —0.1 m, severe erosion = dif-

ferences of <—0.5 m.

of the instrumental analysis was checked with reference
to a control chart for each heavy metal. Data quality was
monitored using 10% procedure blanks and 10% sample
replicates. Recovery of Zn, checked by analysing certi-
fied reference material for heavy metals (BCR-277r estua-
rine sediment, Community Bureau of Reference), was
86% of the certified total concentration. All analytical
data refer to the upper 10 cm of sediments.

3.2. Bathymetric Datasets

The bathymetric datasets used for assessing historical
changes in the LV are derived from two maps published
by the Venice Water Authority Information System (MAV)
which are based on survey campaigns conducted in 1970
and 2002. The “1970 dataset” (~179,000 points) was col-
lected in the period 1968-1971. The “2002 data-set”
(~166,000 points) was collected from late 1999 to June
2002, further data being collected in spring 2003. Details
of the bathymetry, data processing and analysis can be
found in [5,6]. The bathymetric values of the 1970 grid
were subtracted from the 2002 values, generating a raster
map of depth differences with the same resolution as the
input maps. The final map [(2002 bathymetry) — (1970 ba-
thymetry) — (subsidence between 1970 and 2000)] enabl-
ed a detailed assessment of the morphological changes
occurring over the last 30 years. In the present paper a
higher resolution was used in order to improve sediment
budget calculations for the SIN, which belongs to the

Copyright © 2013 SciRes.

“Lido” sub-area, as identified by [5].

The periods of the bathymetric surveys and sampling
do not match exactly, but it is reasonable to assume—
especially for the southern part—that erosion processes
were active in both 1970-1978 and 2000-2008, and were
probably much more evident in the 1970s, immediately
after the excavation of Malamocco-Marghera channel. Our
calculations of the quantity of metals exported from the
SIN to the rest of the LV and the sea can therefore be
considered a lower limit.

4. Results and Discussion

4.1. Morphological Transformations and
Erosion/Sedimentation Patterns

The evolution of the whole LV over the last 30 years is
well described in [5,6]. Both studies showed that the main
morphological process in the LV in the 1970-2002 period
was extensive deepening due to severe erosion (Figure 2
in [5] and Figure 3 in [6]). Both authors identified the
“Lido” sub-area as being mainly stable or rising to the
north of Venice city, and moderately erosional south of
Venice.

Colour-shaded bathymetric maps of the SIN for the
two periods were compared and the bathymetric differ-
ences in metres were calculated (Figure 2). Subsidence
data [30] contributing to bathymetric change were ac-
counted for by subtracting these values from the differ-
ences at each location.
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Figure 3. Frequency distributions of specific elevations in
1970 (dotted line) and 2002 (solid line) in SD (a) and MSE
(b) sub-areas (see Figure 3). In (b), note shift of mode from
—1.1 to —1.60, and increase in areas deeper than —1.4 m.

The SIN clearly shifted towards lower elevations, but
only in the area south of the Vittorio Emanuele III chan-
nel, where the highest frequency depth in 2002 was
around —2 m. The differences in elevation for the two
periods are presented in the form of a deposition/erosion
map (Figure 2). A decrease in depth between the two
time periods indicates sediment deposition (light brown
colours). An increase in depth indicates sediment erosion
(green and dark green representing moderate and strong
erosion respectively). Deposition and stability prevailed
in the northern part of the SIN. The sheltered areas on the
landward side of the lagoon north of the Vittorio Ema-
nuele III ship channel were the most stable and were cha-
racterised by deposition.

4.2. Differences in Tidal Flats in the SD and
MSE Sub-Areas

Changes in bathymetry between the 1970s and 2002 pro-
vide data for the zonation of the SIN. The SIN should not
be considered as a single unit, but as divided into two
sub-areas. Changes occurring during the 30-year period
are specific to each sub-area and reflect erosion versus
deposition and hydrodynamic energy. The navigation
channels dredged in this part of the lagoon have deeply
modified the hydrography and significantly altered water

Copyright © 2013 SciRes.

circulation in the area. Moreover, the south-easterly winds
cause significant waves with heights of up to 0.2 m. The
area located to the north of the Vittorio Emanuele I1I chan-
nel is mainly stable-depositional (SD) (total surface arca
~11 km®); the area south of this is mostly characterised
by moderate to severe erosion (MSE) (total surface area
~12 km?).

Focusing on the tidal flats, the specific characteristics
of each sub-area were investigated. Figure 3 shows the
comparative hypsometries (1970 vs. 2002) for each sub-
area of the SIN: in the SD sub-area, the morphology is
relatively similar for the two periods considered, with
beds mainly stable or rising. The frequency curves indi-
cate broad similarity for the most frequent elevations
(—1.1 m), associated with an increased frequency of ele-
vations in the ranges —0.8 m to —0.6 m and —1.4 m to
—1.0 m. Within the SD sub-area, 4.2 km® were stable and
4.4 km® were depositional. Therefore ~80% of the sur-
face area was either shallower in 2002 than in 1970 or
the same depth. The amount of material deposited was ~1
Mm?® with an altimetric rise of ~10 cm. Sediment supply
to the SD sub-area is the result of the settling of suspen-
ded particles in freshwater inputs from the Silone, Dese
and Osellino rivers, which are located in the northern
part of the LV and account for about 15 x 10° t-y ', i.e.
~50% of the total riverine inputs to the lagoon [31]. The
sediments also originate from the erosion of pre-existing
saltmarshes, caused or exacerbated by human activities
[32].

The MSE sub-area saw the greatest changes in mor-
phology. Most of the sub-area experienced moderate ero-
sion (—0.5/=0.1 m) .The hypsometries show a clear drop
of 0.5 m in the modal depth (from —1.1 to —1.6 m), ac-
companied by net losses of tidal flats (elevations between
—0.8 and —1.2 m). Comparison of the two curves in Fig-
ure 3 highlights the greater frequency of depths of below
—1.4 m in 2002. The main phenomenon affecting this
sub-area is thus progressive deepening, with an increase
in the frequency of sub-tidal flats from —1.3 to —2.0 m
deep. In total, 10 km® experienced deepening, of which 9
km” saw moderate erosion and 1 km’ severe erosion.
Therefore ~85% of the surface area was deeper in 2002
than in 1970. The amount of material eroded was ~3
Mm® with a mean deepening of ~30 cm. The recorded dee-
pening of tidal and sub-tidal flats coincides with further
sediment loss due to higher energy levels (currents) re-
sulting from the excavation of the Malamocco-Marghe-
ra channel.

4.3. Changes in Sediment Textural
Characteristics

In the Lido sub-basin [5] showed that most of the recent
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sediments had lower mud content than those of the 1970s,
but did not discuss the differences between northern and
southern parts. For this study we investigated the grain-
size composition of the two datasets in the SD and MSE
sub-areas and the differences were highlighted. The tex-
tural trends are represented on a ternary diagram (modi-
fied from [33]) based on the >63 pum, 63 - 8 um and <8
um fractions (Figure 4). The 8 um size boundary marks
the transition between the sortable coarser-grained and the
aggregated finer-grained sub-populations. The <8 um fra-
ction is the non-sortable silt fraction, consisting of both
single and aggregated or flocculated particles, whereas
the 8 - 63 um fraction is considered to consist of non-
aggregated silt particles [34-36]. Fine sediments (<8 pm)
play a fundamental role in the study of metal mobility in
polluted aquatic sediments due to their capacity to store
pollutants [37]. The diagram enhances the environmental
sensitivity of textural sediment classification by distin-
guishing between different hydrodynamic conditions. This
is reflected in the location of the data points within the
diagram, with energy increasing from <8 pm to 63 - 8 pm.
In the SD sub-area the textural gradient shows a shift to-
wards higher 63 - 8 um content between 1970 and 2002,
indicating a general increase in energy in this sub-area.

In the MSE sub-area, most of the sediments show de-
pletion of the finer fraction, and consequently an increase
in the coarser fractions (>63 pm, 63 - 8 um). In both sub-
areas the result is a coarsening of the sedimentary facies
due to distinct sedimentary processes.

In order to explore the relationship between variations
in sediment texture and erosion/sedimentation patterns,
the different erosion/deposition characteristics of the two
sub-areas were considered and the grain-size fraction for
each of them was analysed. The average differences be-

<8 ym

O Lag70 SD
W Lag70 MSE

O Lag0s SD
W Lag08 MSE

63 ym 9 50 10 3-8 ym

Figure 4. Ternary diagram of surficial sediments based on
>63/63 - 8/<8 nm ratios.

Copyright © 2013 SciRes.

tween the Lag70 and Lag08 values of two grain-size in-
tervals (63 - 8 um and <8 um) in the SD and MSE sub-
areas were calculated. The SD sub-area was found to have
experienced an increase of ~11% (and hence deposition)
in the 63 - 8 um grain-size fraction. The MSE sub-area
experienced a reduction of ~13% (and hence erosion) in
the <8 um grain-size fraction. The changes in the textural
properties of the sediments in the two sub-areas thus in-
dicate hydrodynamic processes characterised by different
energy levels. The spatial distribution of changes in 63 -
8 pm content in the SD sub-area and in <8 um content in
the MSE sub-area is presented in Figure 5.

4.4. Characterisation of Sediments in Term of
Heavy Metals

Sediment is an essential, integral and dynamic part of
any lagoon basin, as a source of life in a healthy environ-
ment. Unfortunately, sediment also acts as a potential
sink for many hazardous chemicals, and above a certain
level of contamination this will result in negative impacts
such as loss of biodiversity. Concentrations of mercury

2 Kilometers

SD area
63-8 pm fractiom
(difference %)
<0

70116

B> 10

7

<8 um fraction
(difference %)
| <10
HEEE 4070
77 0110
BB >0

Figure 5. Differences between Lag08 and Lag70 in distri-
bution of 63 - 8 um fraction (SD sub-area) and <8 pm frac-
tion (MSE sub-area).
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and zinc were highest in soils inside the industrial zone
and in the industrial channel sediments, with mean values
of up to 10 pg/g for Hg and ~1000 pg/g for Zn (Table 1),
posing the risk of dispersion of historically contamina-
ted sediments. Hg poses problems with respect to stan-
dards for ex situ management of dredged sediments, since
it frequently exceeds the limit of 0.5 ng/g for material
that can be reused in the lagoon [25]. In addition, Hg is
known to exert neurotoxic and genotoxic effects on hu-
mans once transformed into the bioaccumulable organo-
metallic form mono-methylmercury [38-40], and its redi-
stribution in the LV due to tidal forcing was recently re-
viewed [41]. Zn was found to exceed the limit (200 pg/g)
less frequently, but it is by far the most abundant anth-
ropogenic metal in the Lagoon of Venice [28,42-44].

The concentrations of Hg and Zn in the SIN sediments

are summarized in Table 1. Analysis of the average
heavy metal content of the SIN as a whole shows much
higher values in Lag70 sediments (Hg: 1.7 ug/g, Zn: 754
pg/g) than Lag08 sediments (Hg: 0.9 ug/g, Zn: 225 pg/g).
In Lag70 the Zn content of the SD sub-area (~1000 pg/g)
is more than twice the value in the MSE sub-area, whilst
Hg values are slightly higher in the MSE sub-area. In both
sub-areas, the concentrations of both heavy metals are
much lower in Lag08 than in Lag70. Our data are in close
agreement with those of the subarea off Porto Marghera
described in [19], who found a decrease in Hg values from
1.6 to 1.1 pg/g and in Zn from 430 to 250 pg/g, from 1987
to 1998.

The spatial distribution of Hg and Zn content in the
surface sediments in the two years of sampling is shown
in Figure 6, together with background levels [7]. The
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Figure 6. Spatial distribution of Hg and Zn content in surface sediments in Lag70 and Lag08.
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levels of the two metals were higher than the reference
background in both Lag70 and Lag08 sediments, but
there was a clear-cut overall reduction of sediment con-
tamination, with differences of up to 70%, observed for
both metals at almost all stations. In the Lag70 dataset,
the maximum Hg values were detected at stations 14 and
18, while the maximum Zn values were detected at Sta-
tions 6, 8 and 4. In Lag08, high Hg values were found in
both the SD and MSE sub-areas (Stations 4 and 26),
while the highest Zn values were seen in the SD sub-area,
at Stations 6, 3 and 4, in the same area as 30 years before,
where there are still signs of inputs from the industrial
area.

4.5. Igeo

The geoaccumulation index (Igeo) introduced by [45]

makes it possible to evaluate contamination by compare-
ing the current concentration of a trace element and its
preindustrial levels. It is therefore a quantitative measure
of metal pollution in aquatic sediments [46]. The index is
expressed as follows:

Cn
lgeo =log2| —*Bn
g & (1.5 ]

where Cn is the measured concentration of element n in
Lag70 and Lag80 sediment samples and B, is its geo-
chemical background level. A factor of 1.5 was intro-
duced to include possible variation of background values
due to lithogenic variations. 1geo class 0 indicates the ab-
sence of contamination while Igeo class 6 represents the
maximum possible contamination.

Figure 7 shows the geo-accumulation index for the
two datasets. At most of the sampling stations in Lag70,
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Figure 7. Igeo values for Lag70 and Lag08 at sampling sites in SIN area. 1geo < 0 unpolluted; 0 < Igeo <1 unpolluted to mod-
erately polluted; 1 < 1geo < 2 moderately polluted; 2 < Igeo < 3 moderately to highly polluted; 3 < Igeo < 4 highly polluted; 4
< l1geo <5 highly to extremely polluted; 5 < 1geo extremely polluted.
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contamination ranges from moderately to extremely pol-
luted for Zn, and from moderately to highly polluted for
Hg. The Lag08 sediments are mostly unpolluted to mod-
erately polluted (Igeo values of less than 2), although
three stations in the SD sub-area were found to be mod-
erately to highly polluted for Zn. Contamination was lower
in the MSE sub-area than the SD sub-area for both metals.

In summary, the Igeo trend showed that in the 1970s
the SIN was highly polluted and posed a risk to the health
of the environment. For the data from the 2008 campaign
both indices showed a decrease in pollution, particularly
in the MSE sub-area.

4.6. Morpho-Sedimentological Changes as a
Factor in Secondary Pollution

The sedimentological and morphological characterisa-
tions of the SIN provide better knowledge of pollutant
mobility in the area. The hydrodynamic variations and
consequently the morpho-sedimentological modifications
of the study area establish the background to the present
pollutant situation.

Sediment grain-size is a significant factor influencing
the concentration of heavy metals in lagoon sediments,
with metal concentrations tending to be significantly en-
riched in fine-grained sediments [47]. Fine particles ad-
sorb soluble metals from the waters and carry them to the
bottom sediments [48,49]. Indeed, the correlation coeffi-
cients between the two metals and the textural properties
of sediments in Lag08 show that in the SD area Zn is
highly positively correlated with the <8 pum fraction (r =
0.81, p < 0.05). For Hg the correlation is positive but
weaker (r = 0.76, p < 0.05). Zn is highly negatively cor-
related with the 63 - 8 pm fraction (r = —0.80, p < 0.05).
Hg also shows a negative correlation (r = —0.57, p < 0.05).
In Lag08-MSE, Zn is again strongly positively correlated
with the <8 pm fraction (r = 0.80, p < 0.05), and Hg even
more so (r = 0.91, p < 0.05); no correlation was found
between the metals and the 63 - 8 um fraction.

In summary the SD and MSE sub-areas both show a
decrease in the two metals over the last 30 years. The
decreased pollution in the northern area (SD) is associ-
ated with significant deposition of coarse-grained sedi-
ments (63 - 8§ um) (Figure 5), rich in carbonates but with
depleted metal concentrations. The decreased pollution in
the southern area (MSE) is related to the erosion of fine
grained sediments (<8 um) (Figure 5), the eroded mate-
rial being deposited either in the channels or transported
all over the LV and out to sea through the inlets.

4.7. Budget Calculations

Figure 6 shows that in the period 1978-2008 there was a
“natural” clean-up of the southern part of the SIN (MSE)
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due to an almost complete erosion of the top 30 cm of the
polluted sediments of 1978. On the other hand, in the
northern part of the SIN (SD), ~10 cm of “new” unpol-
luted sediments have settled over the “old” ones of 1978.
It was our goal to calculate the amount of Hg and Zn
eroded from the MSE, in order to compare it to other
sources of Hg and Zn in the LV (i.e. industrial channels,
water discharges and atmospheric deposition). We cal-
culated the heavy metal budget in two different ways:

a) for the MSE sub-area, the “lost” metals were calcu-
lated with reference to the volume of eroded sediments
and the Lag70 heavy metal concentrations. We used the
following equation:

HM yearly(mass)=C * D *V

where HM is the mass (g) of heavy metal; C = average
heavy metal concentrations-(ug/g) in Lag70; D = bulk
dry density = 0.5 (g/cm’); V = bathymetric differences
between 1970 and 2002 (m) multiplied by surface area
(cm?).

b) for the SD sub-area we calculated the sum of the
“new” sediments deposited plus the “old” sediments still
in place below them. We used the same equation, with
“C” = average heavy metal concentrations (ug/g) in
Lag08 for the “new” sediments and C = average heavy
metal concentrations (ug/g) in Lag70 for the “old” ones.

The amount of Hg lost from the SIN was calculated to
be ~ 2.5 tons (i.e., 80 kg'y ') and the amount of Zn was
~750 tons (23 tons-y ). Bettiol at al. [50] reported that
the annual Hg contribution from riverine and atmos-
pheric loading to the lagoon as a whole was 24 kg and 15
kg respectively, while for Zn it was 18 tons for riverine
and atmospheric sources combined. Therefore the MSE
sub-area is a significant source of pollution, comparable
to riverine and atmospheric loading. Contamination lev-
els fall along a gradient towards the open lagoon over
short distances, but this does not alter the actual quantity
of contaminants. Moreover, Bernardello et al. [19] show-
ed a redistribution of contamination around Porto Mar-
ghera, and found evidence that fine sediments (<8 pum)
eroded from the SIN reach the southern basin of the LV.
Berto et al. [51] reported a positive correlation between
Hg concentrations in fine sediments and Nassarius reti-
culatus, and proposed that the fine suspended sediments
associated with tidal flushing are a vehicle for pollutant
dispersal from the industrial area.

In the northern part of the SIN (SD), which is still sta-
ble or subject to deposition, the amount of metals stored
in the first 20 cm was found to be ~1.5 tons of Hg and
~800 tons of Zn.

4.8. Conclusions

* The National Interest Site (SIN) within the LV should
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not be considered as a single area, but rather as di-
vided into two sub-areas: the northern sub-area is sta-
ble-depositional (SD) (11 km?) and the southern sub-
area is characterised by moderate to severe erosion
(MSE) (~12 km?). The changes occurring in the 30-
year period are specific to each sub-area, due to dis-
tinctions in erosion versus deposition and hydrody-
namic energy.

In the SD sub-area 4.2 km® were stable, while 4.4 km®
experienced an altimetric rise (an increase in the fre-
quency of depths of —0.6 to —0.8 m); the amount of
deposited material was ~1 Mm®. Therefore ~80% of
the surface area was no deeper in 2002 than in 1970.
In the MSE sub-area a total of 10 km? experienced
deepening, of which 1 km” saw severe erosion and 9
km? moderate erosion (an increase in the frequency of
depths of —1.4 to —1.8); the amount of eroded mate-
rial was ~3 Mm’. Therefore ~85% of the surface area
was deeper in 2002 than in 1970.

Comparison of sediment textures in Lag08 shows that
the SD sub-area experienced deposition of sediments
in the 63 - 8 um fraction (~11% increase), while the
MSE sub-area saw erosion of the finer sediments (<8
um) (~13% decrease). The result is a coarsening of
the sedimentary facies in both the SD and MSE sub-
areas, though this is due to contrasting sedimentary pro-
cesses.

Based on the geoaccumulation index (Igeo), the range
of concentrations and degree of contamination from
mercury and zinc in Lag70 constitute moderate to ex-
treme pollution. The Lag08 sediments were classified
as being from unpolluted to moderately or highly pol-
luted. With respect to Lag70, the contamination de-
creased more sharply in the MSE sub-area than the
SD for both metals.

The SD and MSE sub-areas show a fall in contamina-
tion for the two metals over the last 30 years. The de-
creased pollution in the SD sub-area is associated with
significant deposition of coarse-grained sediments (63 -
8 um) (the “dilution” effect), while the decreased pol-
lution in the MSE sub-area is related to the erosion of
fine-grained sediments (<8 pm) (the “erosion” effect).
In the MSE sub-area the yearly budget of heavy metal
loss in the 32-year period (1970-2002) was 80 kg-y '
for Hg and 23 tonsy ' for Zn. Therefore the MSE
was a “hot spot”, an important secondary source of
pollution for the rest of the lagoon, the eroded sedi-
ments becoming a source of pollution as a result of
their being transported and deposited all over LV. In
the SD, the top 20 cm of sediment held ~1.5 tons of
Hg and ~800 tons of Zn.

In terms of management, the metals stored in the la-
goon sediments of the SIN (i.e. of the SD and MSE

Copyright © 2013 SciRes.

areas) are a tiny fraction (less than 1%) of what is
held in the soils of Porto Marghera and the industrial
channels (see Table 1), but can still receive sediments
from these industrial channels that might then be re-
distributed all around the lagoon.
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