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Port dredging operations inevitably create a turbid plume around the dredge and it is necessary to follow
the movement of this to impede its diffusion into the surrounding environment and reduce any negative
impacts. To characterise the extension and concentration of the plume induced by dredging it is necessary
to study the physical properties of the water, the residence time of the sediments in the water column
and the diffusion velocity of the water and sediments. It is also essential to characterise the area and
determine the specifics of the port environment under so-called normal maritime-traffic conditions. During
the initial stage of such a study it is necessary to obtain measurements under diverse wind—wave conditions
to characterise the physical features of the water column of the port area, the turbidity, the quantity and
dimension of the suspended particulate matter and the current dynamics. In this article we present a series
of physico-sedimentological operations to characterise a zone to be dredged based upon our experience
during pre-dredging work in the Port of Genoa (ltaly).

Keywords. dredging; ADCP; turbidity; dimensional analysis; TPM; Port of Genoa

1. Introduction

Coastal work, such as port dredging, beach and coastline stabilisation, and drain construction,
is often carried out near fragile or protected areas; for this reason, the responsible authorities
generally try to mitigate the impact of such works through the imposition of environmental tools
and obligations [1].

As part of this mitigation process the responsible authorities often request the enactment of a
precise control programme to avoid environmental damage that could assume major proportions.
Such programmes include all the routine procedures for monitoring the quality of the water (from a
biogeochemical point of view) [2], preferring to pre-empt the occurrence of undesired side effects,
such asthose outlined by Gray and Jensen [3], rather than undertake mitigation work after the event.

Dredging can often induce notable resuspension phenomena with an increase in turbidity and
a consequent mobilisation of the contaminants associated with such suspended particles [4].
Therefore, particular attention has to be given to determine the properties of the solid fraction
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Figure 1. Localisation of the Port of Genoa in the Ligurian Sea. In this scheme the mouths of the two torrents inside and
outside the actual port area are shown. The different grey areas indicate the zones where the dredging will be carried out:
part of the dredging will be outside the port area proper, in the ship access canal to the east of the entrance. ‘A’ (Bettolo
Quay) and ‘B’ (Derna Quay) represent the two basins that will be closed and filled with dredged material, with containers
of 2.0 and 0.7 x 10% m? of sediments respectively. nm = nautical miles.

resuspended in the dredged areas, in both the short- and long-term, in terms of possible damage
to the marine habitat of the surrounding area [5-8].

Whereas some nations have the possibility of managing dredged sediments through, for exam-
ple, offshore capping (Norway [9], Germany [10], USA [11-13]), the relevant legislation in Italy
and many other countries specifies that the dredging works must not have any negative effect on
marine plants and meadows (e.g. Posidonia oceanica [14] and Zostera marina [15] meadows).
A clear indication of this is evident in the European BEACHMED-E Project which specifies that
all proposed dredging work must be studied beforehand, using mathematical models to deter-
mine the possible impact and the best mitigation procedures, to avoid damage to phanerogamic
meadows [16].

We have recently been involved in a project to find a method to characterise the physical,
dynamic and sedimentological components of the water masses during a dredging and reclamation
project in the Port of Genoa. In this case, the goal was to safeguard several nearby Posidonia ocean-
ica meadows and the economically important tourist activities to the east of the port [17] from
increased turbidity during dredging and reclamation works.

The work, conducted before the dredging, enabled us to define the characteristics of the area
to be dredged, and to determine the critical limits of the turbidity and current velocity during the
operations that would involve dredging ~ 2.7 x 108 m® of sediment in the port itself and outside
its two entrances, with the sediment to be used for landfill operations [18-21].

The Port of Genoa (Figure 1) is situated in the northernmost part of the Ligurian Sea (north-
western Mediterranean Sea) and extends almost uninterrupted for 15 km from the centre of the
city (Old Port of Genoa) to its westernmost sector, with a total port surface area of ~ 7 x 10% m?.

The areas to be dredged lie in the innermost part of the port and along its entire protective sea
wall. At the eastern and western ends of the area lie the mouths of the two most important city
torrents, which, in the case of heavy rain, can notably increase the turbidity of the port waters.
The supply of these two water courses is very variable but significant and, in the case of heavy
rain, influences the chemico-physical and sedimentological characteristics of the port area.

2. Methods

In February—March 2008, we collected samples from 24 sites during 5 campaigns, conducted
under different wind-wave conditions to evaluate the situation in the port area with the wind
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coming from the southeast, southwest and north, under calm conditions and after intense rain. In
this way we were able to characterise all the variables that influence the port waters.

The current-meter measurements were obtained with an acoustic current doppler profiler
(ADCP), RDI 600 kHz Workhorse Sentinel, fixed to the research vessel with the transducers
at a depth of 50 cm, and were visualised in real-time using WinADCP software [22,23].

Physical profiles were made for each sampling point with an Idromar IP10 conductivity—
temperature—depth (CTD) probe with turbidity and dissolved-oxygen sensors. The hydrological
data were then corrected and processed according to international procedures [24]. Standard
algorithms [25] were used to compute the potential temperature, salinity and potential density
anomaly.

Water samples, collected with a Niskin bottle, were used to calibrate the acoustic backscatter
and to convert the ADCP signal into suspended material concentrations in the water [26] using
DRL SediView Software and Method [27,28]. The quality of the calibration depends very much
on collecting sufficient water samples, which must be representative of the material present in
the water column and the concentration gradient found by measuring water with a high particle
concentration (potential plume induced by the dredging) and water not influenced by the induced
turbidity [29]. To obtain this double characterisation, the sampling depth was established on the
basis of the turbid profiles obtained with the CTD sensor (we sampled the turbid plume, when
present, the ‘clear waters’ [30] and the bottom waters [31]).

Sedimentary transport data was obtained through turbidity measurements and direct concen-
tration measurements [31,32]. Such measurements are related to the sediment size and particulate
matter composition [33,34], and so we also made direct measurements of the particulate matter
grain sizes and concentrations.

Turbidity measurements were made with a Seapoint Turbidity Meter and the total particulate
matter (TPM) concentration was determined during the cruises using a Seapoint sensor and
collecting water samples. The latter were collected during these cruises and filtered to measure
the concentration and to calibrate the observed turbidity with the TPM concentration inmg - L.
The depths at which the water samples were collected were chosen to coincide with selected
layers with high optical turbidity, following the turbidity profile in real-time. In the laboratory,
the TPM concentration was determined as described previously [27,35].

Linear regression of the data (TPM vs. turbidity) yielded a very good correlation with
R? = 0.94 (TPM = 6.92 x turbidity — 27.28. N-pair = 38, p = 0.038, alpha = 5%); Pearson’s
coefficient = 0.97).

The dimensional analyses were carried out in laboratory using a Coulter Counter® Multisizer™ 3
with a triple sampling cell [36]: a 50 um capillary was used to define the fine fraction
(1-30 um), and 100 um (2-60 wm) and 280 um (6-168 wm) capillaries were used to define the
larger fractions; these analyses provided reliable results in the range 1-168 ywm [37-39].

Furthermore, to calibrate the response of the instruments to a very turbid plume, such as that
generated by dredging operations, we sampled the turbid plume generated by the berthing of a
ferry (Grimaldi Lines). This simulation was used to try to understand the behaviour, development
and diffusion of a turbid plume and the residence time of the resuspended sediments in the water
column.

During sampling inside the port, it was noted how ferry berthing raised a turbid plume that
propagated towards the surface. We, therefore, decided to use this event to simulate what might
happen during the port-dredging operations and to study the effects of a turbid plume (representa-
tive of reality even if at a reduced scale). It was noted that this plume initially propagated towards
the surface, increasing in extent but diminishing in concentration, before rapidly resettling.

During the berthing of a ferry we took a series of five CTD profiles, eight water samples, and cur-
rent and particulate measurements with an ADCP. During this test we recalibrated the turbidimeter
to transform the mg - L= into FTU because the resuspended sediments were different from those
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normally found in port waters, being largely composed of heavy particles. This experiment (called
the Grimaldi experiment, which lasted ~30 min) is described below (see Section 3.4).

3. Resultsand discussion

3.1. Physical characteristics of the water masses

The characteristics of the water masses inside the port were always strongly influenced by the
wind-wave conditions, the supply of the two main water courses (the Polcevera and Bisagno
Torrents) and run-off in the port area.

The horizontal temperature distribution highlighted how the lowest values were concentrated in
the internal zone of the Old Port and the easternmost part of the port (12.28 and 11.73 °C, respec-
tively), whereas the westernmost area of the port channel had higher values (max. 15.41 °C). These
differences were less evident in the bottom water layer, where there was greater homogeneity.

Near the mouths of the two torrents, which empty near the port and inside the protective sea
wall, a thick surface layer of relatively fresh water was often noted: this layer tended to drift into
the port from the Polcevera Torrent when the wind blew from the north or north-west and from
the Bisagno Torrent when the wind blew from the south-east.

The possibility of fresh water entering the port area adds a new variable to our scenario. In
fact, the TPM values obtained at a depth of 1 m at the mouth of the Bisagno were 7mg - L~ and
the turbidity values were 17 FTU. If we compare these values with those from inside the port we
note that a turbidity value of 17 FTU corresponds to a TPM value >70mg - L~. This apparent
contradiction in the measurements can be explained by the difference in the composition and
grain size of the particles of continental and port origin.

3.2. Hydrodynamics of the water masses

The dynamics of the port area are very complex and the existence of structures jutting into the
water interfere with the normal circulation, and the relative shallowness of the port area further
accentuates the influence of the wind on the entire water column.

Our measurements revealed that the winds from the southern quadrants tended to confine the
water masses to the port area, whereas winds from the northern quadrants tended to induce currents
in the western area of the port, which flowed towards the south—south-west with a maximum
velocity of 50 cm - s71. Instead, in the eastern area of the port the waters tended to flow towards
the inner part of the protective sea wall from where they flowed out of the port area through the
eastern port entrance with maximum velocities of 20-25cm - s~ (Figure 2).

During the last cruise of March, we noted how, in the internal part of the port, independent of sea
and weather conditions, the direction and intensity of the currents were substantially influenced
by the complicated geometry of the area, characterised by the presence of piers of different shape,
size and orientation. The results obtained were a series of current vectors going in all directions
with different intensities (Figure 3).

Our measurements revealed that the currents of greater intensity tended to move outwards from
the port, whereas there were practically no flows towards the innermost area. This situation induces
slow, limited changes in this circulation cell, creating a confined area with low oxygen content.

3.3. Sedimentological characteristics of the water masses

The turbidity values of the water column were relatively constant, varying between 2 and
6 FTU and in general, the majority of the suspended particulate matter had small dimensions
(D < 20 um).
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Figure 2. Surface current vectors obtained from the ADCP measurements (beginning of March campaign, characterised
by a strong wind swinging from north-east to north): vectors, magnified only for graphic reasons, are proportional to
the intensity (with the highest values of 50 cm - s~) and direction of the current (from Google Earth, 5.0.11337.1968
(beta ver.)).

Figure 3. The dock: vectors of the surface current obtained from the ADCP measurements (end of March campaign,
with strong wind from south-east): the dimensions are proportional to the intensity (with higher values of 25 cm - s~ for
the largest vector) and direction of the current (from Google Earth, 5.0.11337.1968 (beta ver.)).
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Starting from the equation of the regression line (Section 2), hypothesising TPM = 0 then the
turbidity (with value # 0) had an important component related to the presence of very small
particles, bacteria, chlorophyll, pico-phytoplankton, air bubbles and so on [40-42], characterised
by a load practically = 0.

As a consequence, the characteristics of the waters inside the port have turbidity values, cor-
responding to TPM in mg - L™, higher than those found at sea, probably because of the greater
presence of vegetable and decomposed organic matter. Instead, if we examine the turbidity and
TPM values found during a ferry berthing experiment, to be discussed below, we can see that
high FTU values correspond to very high TPM values because the ferry berthing induced a major
resuspension of sediments characterised by a large number of particles of small-medium size
but great weight (iron oxides, deriving from port activities). This difference shows how the con-
centration values of the material in the water (in mg - L~1) can rapidly change from low to very
high. Under normal conditions, only the port waters near the mouth of the Bisagno Torrent have
relatively high FTU values in the surface layer (max. value ~24 FTU).

Dimensional analysis of the samples revealed a relatively low number of particles in Febru-
ary, between 3.4 and 13.0 x 10° parts - L=2, and a decidedly low number in March, between
0.2 and 1.6 x 10° parts - L. The water sample taken from the station near the mouth of the
Bisagno at the end of February had 32.5 x 10 parts - L~1. This value was even higher than
the those found in the turbid plume raised by the ferry berthing (max. 20.2 x 108 parts - L~1).
This demonstrates that conditions similar to those induced inside the port by ships of major
dimensions often occur near the mouth of the Bisagno Torrent, but with decisively lower TPM
values.

To emphasise the presence and dynamics of particulate matter in the port, a series of samples
was taken from along the inside of the protective sea wall to establish the vertical TPM distribution.
This distribution (Figure 4) highlighted how, for example, at the end of February, with the wind
swinging from the south-east to the south-west, the TPM was confined to the port. Winds from the
southern quadrants tend to drive the suspended particulate matter from the Bisagno Torrent (station
16 with a TPM of 10-12mg - L™1) into the port as far as the eastern entrance: this particulate
matter tends to enter the surface layers. All the other sampling stations had relatively low TPM
values (between 2.4 and 5mg - L) and even stations 8 and 9, near the mouth of the Polcevera
Torrent, did not reveal the presence of such matter.

TPM (mg.L™") - 27.02.08

9 8 7 4 3 16 10 1 9.4
== — e A

E 51 ; : ; ; i N
= | e Ml I
= -10 | i . i ) : 6.9
a l ! 6.3
15 —= st 3 56

0 1nm 2nm 3nm 4 nm S
Distance | b

37
3.0

24
Figure 4. \Vertical TPM distribution found during the campaign at the end of February, with the wind swinging from

south-east to south-west; TPM values are in mg - L~1. The unbroken line represents the outer protective sea wall while
the broken line represents the western entrance to the port. nm = nautical miles.
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3.4. Grimaldi experiments

Measurements taken around the ferry revealed that the turbid plume did not disperse beyond the
waters directly influenced by the ferry manoeuvre. In fact, at a distance of 20-30 m from the ferry
the turbidity profile did not demonstrate any change from the ‘normal’ conditions found before
the creation of the plume.

The time required for conditions to return to normal was relatively short, ~20 min. The graph of
the five turbidity measurements obtained near the ferry during the manoeuvre (10.30-10.55a.m.)
reveals that the temporal trend of the plume that initially involved the bottom 10 m (with con-
centrations around 50-60 FTU) reaches the surface waters after only a few minutes. After 15 min
the surface layer begins to lose its turbid load and return to normal. After ~20 min the underlying
waters also tend to return to normal with a constant drop in turbid values (Figure 5).

The development of the plume was studied contemporaneously with a different method, taking
ADCP measurements and subsequently elaborating them with SediView software to obtain the
TPM concentration in mg - L=, The results are reported in Figure 6 which shows how the turbid
plume resettles almost completely in this period; after an initial increase in TPM, reaching and
even surpassing 200 mg - L1, there is a rapid decrease in values, which remain high for a longer
time only near the bottom.

"Grimaldi" Experiment — Turbidity profile — 05.03.08 56

44
\ 40
£ 5 36
=4 32
£
o 28
a : 24
=10

= 20
16
| 12

10:32  10:45 10:53 8

Time 4

Figure 5. Turbidity time profile during the Grimaldi experiment carried out at the beginning of March (the variation in
the bottom profile is due to a slight movement of the boat because of the leeway, which did not, however, affect the data).
Values in FTU.
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Figure 6. \ertical profile of the TPM time distribution processed with SediView, starting from current values measured
with the ADCP, and calibrated with the turbidity data. Values inmg - L~1.
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Figure 7. Dimensional spectra diagram (in number, on the left, and in vol. %, on the right) of the same sample relative
to the “maximum disturbance’ phase of the Grimaldi experiment.

This experiment gave similar results for all the campaigns: the turbid plume generated by the
ferry manoeuvre resettled within 30 min, re-establishing ‘normal’ conditions.

During this study of the development of a turbid plume, water samples were taken to calibrate
the instruments and conduct the dimensional analyses of the particles. The resuspended matter

"Grimaldi" Experiment — 05.03.2009
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Figure 8. Inthisdiagram the four phases of the experiment are shown: we report the dimensional spectra of the samples
taken and analysed with a Coulter® Counter Multisizer™ 3, using a 280 jum capillary; the spectra represent the distribution
of the particle number versus their dimensions (values in um). Following the experiment we could easily determine how
the particulate matter was resuspended during the berthing of the ferry and the particle grain sizes.
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contained a high percentage of particles with diameters between 6 and 20 wm (Figure 7), but
there was also a good percentage of particles of larger grain sizes, @ > 50 um (4%), which
strongly influenced the calculations of the volume of resuspended matter (these larger particles
represented 84% of the total sample volume) and, resettled rapidly, obscuring the particles of
small grain size. The number of particles counted in these water samples, varying between 1.4
and 20.2 x 10° parts - L=1, was notably greater than that of ‘normal’ port conditions.

The third phase of the study took the residence time of the particles in the turbid plume into
consideration using the grain sizes of the particles themselves. Various water samples taken at
different times were analysed to better understand how the particles resettle.

In Figure 8 we have reported the dimensional spectra of the samples collected at different times:
Grimaldi 0, taken before the beginning of the berthing manoeuvre, had 1 x 10° parts - L~* of small
grain sizes. The successive samples showed a dramatic increase in the number and grain size of the
particles (maximum disturbance, Grimaldi 1) with > 6 x 10° parts - L=1. The number of particles
then diminished over time until initial conditions were re-established (Grimaldi 11) in ~60 min.
It should be noted here that during the berthing, particles of very large dimension (>100 um)
were resuspended, whereas under normal conditions the dimension never reaches 70 jm.

4. Conclusions

In this article, we have presented a straightforward method for determining the dynamics and
sedimentological characteristics of an area to be dredged; this method was applied to the pre-
dredging operations of the Port of Genoa during five oceanographic campaigns.

The programme enabled us to establish the basis for monitoring to be carried out during the
dredging operations in a zone near areas that need to be protected from the negative effects of
sediment mobilisation (Posidonia oceanica meadows, swimming beaches, marine parks, etc.),
and also allowed us to establish which physical characteristics of the zone would be determinant
in selecting the monitoring programme and managing the turbid plume.

The sampling and analyses carried out following this method demonstrated that there is extreme
variability in the current direction in the port, due to the morphological complexity of the basin
and the existence of port structures jutting out in all directions, and this induces a series of fluxes
and vortexes without any specific direction around the wharves. Furthermore, during ferry and tug
manoeuvres the turbidity increases notably, reaching a maximum corresponding to a maximum
concentration and quantity of TPM and particles per litre. It seems that the turbid plume generated
by ferries and tugs, and probably that of a dredge, does not disperse outside the port proper,
reaching only a diameter of about a few hundred metres around the point of maximum disturbance
which tends to settle rapidly with the water column returning to its ‘normal’ conditions within 1 h.

On the basis of these results, we were able to determine where to install fixed stations at the
two port entrances to continuously monitor the inward and outward water movement during the
dredging and, in the case of the development of a turbid plume, to provide sufficient warning in
time to stop the dredging until more favourable conditions prevail.

Finally, this method, although site specific, could be adapted to other sites requiring spe-
cific monitoring but where the complex morphology of the area makes the use of predictive
mathematical models difficult.
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