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We report on the experiment of in-situ bottom sediment oxygenation by forced aeration, in the industrial harbour of
Marghera, with the aim of reducing heavy metal and organic pollutant content. Many of these are particularly
resistant to biodegradation due to the presence of one or more aromatic rings in their molecular structure. In the
presence of appropriate oxygenation conditions however, several species of bacteria rich in enzymes, known as
“cyclo-oxygenase” can break the aromatic rings and use for their energetic metabolism. With the aim of
determining possible variations of heavy metal and organic pollutants concentration, five sets of three sediment
cores, where collected before, during and after two oxygenation campaigns, in three different sites, with a 7 month
interval of no aeration. Fast freezing of the cores, after extraction, was applied, in order to avoid adding any artificial
sediment mixing, in particular for the top part of the sediment core that is very fluid and sediment mixing can easily
occur. The comparison of the heavy metal concentration averages of the top 6 cm of each core collected before,
during and after the aeration activities gave a good indication of the oxygenation effects, of their persistence in time
and of the general reduction of the heavy metal concentration in the surficial sediments. The study has also indicated
that bottom sediment mixing plays a very important role: where sediment reworking and mixing are strong the effect
of oxygenation is very limited and irregular.
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ABSTRACT

Environmental Recovery of Coastal Areas: The Bio - Remediation Study Case of
the Industrial Harbour of Marghera, Venice, Italy

M. Bonardi†; G. Ravagnan‡; C. Morucchio‡; L. Tosi †; P. Almeida† and S. De Sanctis�

INTRODUCTION

Coastal areas are nowadays one of the most threatened zones
all over the world. The fact that more than 60% of the total world
population tends to concentrate on these zones makes them very
vulnerable due to the high environmental stress, especially related
to industrial and urbanpollution.

Uncontrolled anthropogenic activities in coastal areas have
caused severe damage to these ecosystems (water-land), some of
them, now impossible to recover. Population growth and their
concentration in coastal zones are causing severe pollution
problems, especially related to industrial development (heavy
metals) and domestic discharges (organic matter), that not only
pollute water itself but also sediments (superficial and sub-
superficial). Another fact to be taken into consideration once
damage has been made is the high cost involved in the recovery of
ecosystems (when possible), as well as time consuming. The
environmental recovery of contaminated coastal areas is
becoming a significant issue worldwide. Sediments in highly
urbanized and/or industrialized areas have reached harmful levels
of contamination that requires a better understanding of the
contamination problem and the development of new cost
effective and environmentally non-intrusive technologies for
dealing with the contaminated sediments. Different techniques
have been suggested for the recovery of coastal areas: dredging
and removal of contaminated sediments, dredging and in-situ
chemical treatment, capping with a 20 to 60 cm layer of inert
material, and so forth.

Since most modern techniques applied to recover coastal
environments are related to long-term results, forced aeration, is
quite an innovative and interesting approach used for recovery
of polluted water bodies (water and surface sediments) with
almost immediate results.

The aim of this experiment was to decrease the content of
organic and inorganic pollutants in the bottom sediments of the
study area. In particular the scope of our study was to determine:
a) the effect of forced aeration and oxygenation on bottom and

sub-bottom sediments, b) the heavy metal down core content
variation, c) the heavy metal content variation with time, d) a
natural reference base for the correct quantification of h

The Lagoon of Venice (VL) with a surface area of about 550

Km and an average depth of 0.6 m is located in the northern part
of theAdriatic Sea (Figure 1).

The Industrial district of Porto Marghera was built in the
south internal margin of the lagoon on marshes reclaimed
through landfill from industrial and canal excavation materials.
Until the 1970s it was one of the most important port in Italy,
with plants producing a great variety of products such as:
ammonia, sulphuric acid, fibers, fertilizers, glass, coke, paints,
detergent, fire-bricks,Al, petrochemicals and others (P

., 1992) and had greatly contributed to the contamination of
the lagoon waters and the sediments of Venice.

Since the industrial discharge of metals has been recently
reduced, polluted sediments of the industrial canals are
presently the most likely source of toxic metals into the lagoon
(P , 1997; B ., 1999; B ,
2002).

The study area is located inside the industrial harbour (Figure
2) at the end of the Canale Industriale Sud within the industrial
district of Porto Marghera. The port, excavated in 1962, has an
octagonal shape, is approximately 387 m long and 403 m wide
with a total surface of 10 ha and an average depth of 8 m. With
no significant fresh water discharges it is subject only to tide
action.

The bottom sediments of the harbour, particularly in the
central area, are subjected to an intense reworking and mixing
due to the action of the propellers and the keels of the full loaded
ships and tug boats during their maneuverings.

eavy
metal enrichment in the surficial sediment of the industrial
harbour of Marghera.

Study Area: The Industrial Harbour of
Marghera, Venice Lagoon
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Figure 1. The Lagoon of Venice and the Industrial Area of Porto Marghera.

Geological Setting

The Lagoon of Venice is underlain by about 1000 m of
Quaternary sediments of unconsolidated sand, silt, clay and
peat. Within this sequence are calcareous mud layers a few cm
to a few m thick. One of these mud layers, locally known as
caranto, is over consolidated (G and P ,
1974), marks the Pleistocene-Holocene boundary and is linked
to the evolution and origin of the lagoon.

The stratigraphy of the industrial area reflects the general
lithological sequence of the lagoon. At the top of the sequence,
a 4 to 5 m landfill layer (Figure 2) of industrial and canal
excavation material covers a thin layer of Holocenic lagoonal
sediments, mainly clay, peat and sandy silt. The Pleistocene
continental sedimentation that follows in the stratigraphic

column, is characterized by a series of clay, sandy silt and silty
sand typical of the fluvial-lacustrine environment and is topped
by a caranto layer, about 25 cm thick at the depth between -4.75
and -5.00 m.

Presently the bottom sediments of the harbour of Marghera
consist of the original continental sediments mixed with the
polluted material of the landfill from the edge of the
surrounding reclaimed marsh (industrial district) that has been
eroded, re-suspended and deposited at the bottom.

ATTO REVIATELLO

The apparatus for the forced oxygenation and aeration,
supplied by SAPIO Industries (Figure 3), was located on the
dock adjacent to the experimental area of the harbour. Two sets
of aerators (nozzles), positioned 50 cm above the bottom
sediments provided a 12-hour continuous forced aeration from
8 pm to 8 am during the two aeration campaigns.

A detailed sedimentological study has been carried out in
order to evaluate the effect of forced oxygenation on bottom
sediments in the highly polluted study area.

A preliminary investigation of the harbour, during which
several sediment cores were collected and examined, was
carried out in order to recognize the most suitable area for the
forced aeration activities.

The experiment took place during a 28-month period with
two phases of forced aeration separated by a 7-month interval of
no aeration. In total five sets of three sediment cores, 50 to 100
cm in length, were collected, using a Beeker corer, from each
one of the three sites, (Figure 2) for a total of 15 cores.

For convenience the cores collected during the five
campaigns at the three locations are here indicated as A, B, and
C followed by the number of the campaign.

During the first 4-month long aeration phase (24/07/01 to
24/11/01), 3 sets of 3 cores each, were collected before, during
and after the aeration from sitesA, B and C.

The second aeration phase (15/06/02 to 12/11/02) took place
after 7 months of no oxygenation. Three cores were collected at
the beginning of the aeration and 3 more at the end of the five-
month forced aeration.

One of the objectives of this second phase was to verify the
persistence of the oxygenation effects on the bottom sediments,
after the seven-month pause period.

Core B0101 was collected during the preliminary survey of
the harbour twelve months before the beginning of the first
aeration, at a site very close to site B. CoresA1,A2,A3, B1 and
C1 were obtained within a very short distance at sites A, B, C as
planned.

Cores B2, B3, C2, and C3, due to the presence of an
unloading barge at the dock at the time of collection, were
extracted about 20 m towards the centre of the harbour where
the propeller of the tug boats and
caused an intense and uneven reworking of the bottom
sediments bringing to surface deeper sediments that may have
been exposed to aeration and oxygenation for a time shorter
than for cores B1 and C1.

With the purpose of obtaining a natural sediment reference
base, a 20-m long core (S1) was collected from the nearby
marsh with
industrial landfill (4 to 5 m above m.s.l.)

the keel of the big ships

(4 to 5 m above m.s.l.) (Figure 2) reclaimed
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Figure 2. Study area: top) core location; bottom) industrial
landfills in the surrounding reclaimed salt marsh.



The sub-samples of core S1, selected at a depth from 12 to 15
m from ground level, with 4 to 5 m of industrial land fill, belong
to the same depositional event as the samples from the cores
collected at the nearby sites A, B, and C at an average water
depth of 8 meters.

in fact
resulted to be very similar for all samples from the four coring
sites (Figure 4).

The stratigraphic column at site S1 shows that the analysed
S1 sub-samples are overlain by several clay, silt, silty sand
layers and the over-consolidated unit, that may have
prevented any possible contamination by percolation of the
lower sediments, making them a very good candidate for a
natural reference base for pollution rate and enrichment factor
quantification.

Each core, after extraction, was carefully kept upright and a
fast freezing was applied to each core in order to avoid adding
any artificial sediment mixing, in particular for the top part of
the sediment core, that, being in direct contact with the water
column above, is very fluid and sediment mixing can easily
occur.

After a preliminary description, the frozen cores were sliced
every 2 cm for the top 15 cm and every 5 cm from the 15 cm
there after to obtain sufficient sub-samples for grain-size,
mineralogical and geochemical composition determination.

After removing the organic matter with H O , a vertical

settling tower was used to determine the sand fraction (62.5
<D<2mm), while the mud fraction (d<62.5 ìm) was analyzed
using a FRITSCHAnalysette 20 SediGraph.

The mineralogy of bulk material and their clay-size separates
were determined by X-ray powder diffraction analysis (XRD),
while an Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) was used for geochemical analysis.

The average grain size, mineralogical and geochemical
compositions of the samples from S1, to be considered as the
natural reference base and from sites A, B and C are very
similar, confirming the assumption that all the analyzed
sediments belong to the same depositional event. Grain size and
mineralogical composition (Figure 4) are fairly similar in all
sediments samples from the three sites and no remarkable
variation was detected during the entire experiment.

In general the heavy metal content variations are limited to
the top 10-15 cm of each core, (Figure 5) unless the lower
sediments are affected by strong mixing. The comparison of the
heavy metal concentrations of the top 6 cm, the most likely
affected by the forced oxygenation, of each sediment core,
collected before, during and after the two forced aeration
campaigns, gives a good indication of the effect of the
oxygenation on the bottom sediments and of its persistence in
time during the period of no aeration. Samples from site A,
located close to the aerators, show higher reduction of heavy
metal concentration. Samples from site B collected about 20 m
towards the centre of the harbour, show the effect of intense and
uneven reworking with consequent uneven exposure to forced
oxygenation. Samples from site C, located about 50 m from
aerators, show little impact of forced oxygenation.

In general the seven-month period of no forced oxygenation,
between cores X3 and X4 has caused a return to pre-experiment
values (X1) of the heavy metal concentrations (Figure 6).

A negative trend in heavy metal concentration variation is
quite evident for the sediments of site A where local mixing is
low and due mainly to bioturbation. In fact, the heavy metal
concentration is higher for the samples collected before the
aeration (A1 and A4) and lower for those obtained after the
oxygenation (A3 andA5).

For sediments of site B instead the general trend of heavy
metal concentration variation is not constant and seems to

Average mineralogical composition and grain size

caranto
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Figure 4. Average mineralogical composition (above) and
grain-size (below) of coresA, B, C and S1. .
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Figure 3. Forced aeration and oxygenation set up (SAPIO
Industries).
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Figure 5. Vertical heavy metal concentration variations.



reflect the uneven oxygenation of the bottom sediments due to
intense reworking and mixing caused by harbour activities.

The effects of forced aeration on sediments from site C,
located at greater distance (about 50 m) from the oxidation
source appear to be generally reduced (Figure 6).

The study has also indicated that bottom sediment mixing is a
very important factor to be considered: where sediment
reworking and mixing are strong the effect of oxygenation is
very limited. It is therefore most critical that maximum care
should be used during coring, transportation, sub-sampling, in
order to avoid adding any artificial sediment mixing, in
particular for the top part of the sediment core, that, being in
direct contact with the water column above, is very fluid and
sediment mixing easily occurs.

Our study has indicated that: a) the experiment of forced
aeration and oxygenation was effective in reducing the heavy
metal content in surficial bottom sediments (top 5-6 cm), in the
highly polluted industrial harbour of Marghera; b) bottom
sediment mixing plays an important role in the reduction of the
heavy metal content; c) if the effect of forced aeration is
required for a thicker sediment layer, an even and continuous
mixing of the sediments is recommended; d) forced aeration
could represent a cost effective and environmentally non
intrusive way of reducing heavy metal content in coastal
environments where removing, capping with a layer of inert
material or in situ chemical treatment of the bottom sediments
may not be environmentally and/or economically feasible.

The funding by Sapio Industrie s.r.l. Monza (mi) for this
work is thankfully acknowledged. The effective editing by jane
frankenfield zanin, ismar-cnr, venice greatly improved the

original manuscript. Some information used was obtained
within the framework of the subproject 3.2: hydrodynamics and
morphology financed by co.ri.la.
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Figure 6. Example of heavy metal concentration variations in relation to the distance from the aeration source. Site A was located close to
the forced aeration source: all cores were collected within very short distance; in general a negative trend is quite evident within each of the
two forced oxygenation campaigns A1-A2-A3 and A4A5. Cores B2 and B3, C2 and C3 were collected about 20 m towards the centre of
the harbour; the samples from site B not evenly exposed to oxygenation show a non constant trend. Little impact is shown for bottom
sediments from site C.
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