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ABSTRACT

Most of the harbours can be considered as semi-enclosed areas where water stagnation leads to physical
and chemical alterations due to anthropogenic activities. These features affect the quality of the port
waters as well as the environmental health of coastal ecosystems in the surrounding areas. In order to
understand the potential degradation of water quality within the harbour area it is essential to evaluate
the hydrodynamic behaviour of the system. In this study, the DELFT3D-FLOW model, which allows to
estimate the three-dimensional field velocity, was used to spatially characterize the water renewal time
within the harbour. In particular, the flushing time (FT), which represents the time required for the total
mass of a conservative tracer originally within the water body to be reduced to a factor 1/e, was exam-
ined. The concentration of contaminants in sediments is indeed a proper parameter to test the reliability
of the calculated water renewal time within the semi-enclosed basins, since it relies on time-integrated
measurements compared to single observations of water column. This research aims at studying the
relation between the FT and the pollution due to trace metals in marine sediments. For this purpose,
surface sediment samples were collected along a series of stations located in the innermost part and near
the mouth of the Civitavecchia harbour. As, Cr, Hg, Ni, Cu, Zn, Pb and Al concentrations were analysed
to calculate the enrichment factor, which provides an estimate of the heavy metal contamination in the
harbour surface sediment. The obtained results show a high correlation between the FT and the enrich-
ment factor within the Civitavecchia port, confirming that water renewal can be used as an indicator of
water quality degradation in semi-enclosed areas.
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1 INTRODUCTION

Harbour basins are considered semi-enclosed areas and, as such, can be affected by water
quality degradation [1] and high contamination levels of marine sediments [2]. The mainte-
nance or achievement of Good Ecological Potential (GEP), as prescribed by the Water Frame-
work Directive (Council Directive 2000/60/EC), cannot be obtained without the knowledge
of hydrodynamic behaviour of port areas. The water circulation within lagoons, lakes and
semi-enclosed areas (e.g. harbours) is analysed by many authors through the use of hydrody-
namical models [3—7]. The model results are then used to calculate the hydrodynamic time
parameters (age, flushing time (FT), residence time, transit time and turnover time) that are
considered synthetic indicators to relate the dynamic processes with contaminant distribution
in marine environment and consequently with the health status of aquatic ecosystems [3]. The
hydrodynamic time parameter chosen in this study is FT, which is defined as the time taken
by a conservative tracer within the water body to be reduced to a factor of 1/e [8].

Among the chemical and biological data, the concentration of contaminants in marine sedi-
ments is probably the most representative parameter to evaluate the effects of water renewal
within the semi-enclosed areas as it gives a time-integrated measurement of chemical con-
centration over the whole exposure time, instead of an unrepresentative single measurement
[9-11]. The enrichment degree of contaminants in sediments can be assessed using different
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contamination indices. The enrichment factor (EF) [12] is one of the more widely used to
determine the possible anthropogenic impacts in the semi-enclosed areas [13, 14].

Correlations between biological and chemical data and hydrological time parameters
are shown by many authors [5, 15-17], even if few studies focus on harbour areas [2, 18].
Montero et al. [18] showed that the metal contamination gradient is in accordance with the
residence time calculated within the Pasaia harbour (Spain) and along the channel of the estu-
ary. Recently, an interesting relation was found within the Bari port basin (Italy) between the
bottom shear stress, selected as an indicator of the effects of marine currents and the hazard
assessment indexes such as cNWAC and mERMq [2].

In the present study, EF was used as a tool to investigate the correlation between the trace
metal concentrations in harbour sediments and the hydrodynamic time parameters properly
selected and strictly connected to water circulation in semi-enclosed areas, that is FT.

2 MATERIALS AND METHODS
This research integrates the use of observing systems, mathematical models and sediment
samplings, as better depicted in subsequent paragraphs.

2.1 The study area

The Civitavecchia harbour is located on the west coast of Central Italy (Western Mediter-
ranean Sea), not far from Rome (about 80 km) and for this reason it is also known as the
port of Rome. Thanks to this strategic position and the realization of new piers and docks;
in the last years, it has become the leader of cruise traffic in the Mediterranean record-
ing 2.6 million tourists in 2011 (data provided by booking and turnaround). Currently,
the harbour basin extends on 1.62 km? with an average depth of 15 m (Fig. 1). The water
exchange between the inner and outside areas of the port is regulated by the only entrance
located in the northern zone, making the southern part of the harbour basin more subject to
high water renewal time caused by low currents velocity [19, 20]. To address this problem,
a new south mouth will be created in the following years to ensure an efficient renewal of
harbour waters.

The enlargement works of Civitavecchia port performed in the recent years stimulated
the development of the Civitavecchia Coastal Environment Monitoring System (C-CEMS)
[21] to evaluate the potential effects of dredged materials on coastal ecosystems around the
Civitavecchia harbour. These ecosystems are included in two marine protected areas (Site of
Community Importance) established to protect the habitats (Posidonia oceanica and reefs of
rocky substrates and biogenic concretions) and species (Pinna nobilis and Corallium rubrum)
enclosed in attachments 1 and 2 of EU Directive 92/43/EEC.

2.2 FT estimation

The hydrodynamic time parameter chosen in this study is the FT, which is computed by
simulating the transport and diffusion processes of a conservative tracer released uniformly
within the Civitavecchia harbour with a concentration corresponding to 1. The reduction of
the tracer concentration is due to the water exchange between the source area and the outer
domain, where the concentration was set to 0. The FT (¢) as stated in eqn (1) is obtained [8]:

C(t)=C,.er €]
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Figure 1: Study area with the sampling points of marine sediments (a) and its location
along the north-eastern Tyrrhenian coast of Italy (b). Wind rose obtained by
weather station data of C-CEMS (c¢).

where C is the initial conservative tracer concentration, C(¢) is the concentration value
reduced by 37% and T is 1/e.

In this study, DELFT3D-FLOW [22] is used to calculate the diffusion and transport of a
passive tracer in Civitavecchia harbour zone. It allows to simulate non-steady and transport
phenomena induced by tidal and meteorological forcing on a curvilinear grid.

This grid type reduces the computational effort as it allows to obtain a higher resolution
inside the harbour basin and a lower resolution in the other parts of the computational domain.
Within the port area the mesh consists of 210 grid points in the along-shore direction and 48
grid points in the cross-shore direction with a 15 m grid resolution.

The study area is located in the centre of the model domain to avoid small errors that
may occur near the boundaries. To ensure that the solution of the mathematical boundary
value problem is well posed, Neumann boundary conditions were applied on the cross-shore
boundaries in combination with a water-level boundary on the seaward side. Free-slip condi-
tion is assigned at the closed coastal boundaries. To analyse the transport of a passive tracer
within the harbour basin, the horizontal diffusion coefficient equal to 0.05 m?%s, as reported
by Riddle and Lewis [23] and Jounon et al. [3], is used. The same model implementation
was used by Bonamano et al. [21] to analyse the water circulation along the Civitavecchia
coastal zone. In that work, the comparison between DELFT3D-FLOW model outputs and
Acoustic Doppler Profiler (ADP) current measurements has shown a good agreement.

In this study, idealized and real scenarios are reproduced using the data acquired by the
C-CEMS weather station. In the idealized scenarios, the wind directions are selected equal
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Table 1: Summary of computational scenarios.

Scenario Wind forcing

Speed (m/s) Direction (°N)
I-SE 6.67 130
I-NE 6.1 10
I-SW 4.75 200
R1 From 22 November 2008

to 2 December 2008
R2 From 17 December 2008

to 28 December 2008

Note: I, idealized; R, real.

to the more frequent for the three sectors of SE, NE and SW (Fig. 1c). For each of the three
sectors, wind speed was chosen with an exceedance frequency of about 100 days per year, in
order to reproduce the water circulation that frequently occurs [6]. To evaluate the hydrody-
namic field induced by variable wind conditions, we have selected two periods (R1 and R2) at
the end of 2008, in coincidence with the sampling of marine sediments in the harbour basin.

R1 period (scenario R1) lasts from 22 November to 2 December including four wind gusts
with the intensity between 12 and 16 m/s coming from southern sectors (top-left corner
of Fig. 3).

R2 period (scenario R2) lasts from 17 December to 28 December and is characterized by
mild winds except for two moderate storms (about 8 m/s) coming from northern quadrants
(top-left corner of Fig. 3).

All the simulated scenarios are synthesized in Table 1.

All of the simulations proposed in this work were carried out using a time step of 60 s,
which is sufficient to meet the Courant condition.

2.3 Sediment sampling and analysis

To evaluate the possible relationship between FT and trace metal pollution status, surface
sediment was collected at 13 sampling stations within the Civitavecchia harbour in 2008.

The surface layer (1 cm) of each sample was subsampled, homogenized and transported to
the laboratory at 4°C using polyethylene bags.

As, Cr, Hg, Ni, Cu, Zn, Pb and Al extraction from surface sediments was performed fol-
lowing EPA 3051A:2007 and 6020A:2007 methods, respectively. In particular, 1 g of sedi-
ment samples was weighed with an analytical scale and mineralized in a microwave system
with a digestion solution prepared using 9 mL of 65% HNO, and 3 mL of 30% HCI. Finally,
analytical determination of metals was performed using inductively coupled plasma mass
spectrometry.

In order to evaluate the enrichment degree of the selected trace metals, EF [12, 24] was
used. For EF calculation, trace metal concentrations were normalized using a sample ref-
erence metal (such as Fe or Al). Fe and Al are considered as ‘proxy’ for the clay content
[25, 26]. In this study, Al concentrations were used for the normalization of trace metals as
described by Woitke et al. [27]. The EF is expressed as
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(A1)
EF = Al Sample (2)
&1
Al Background
where (Me/Al)Sample is the metal to Al ratio in samples of interest; (Me/Al)Backgroun . is the natu-

ral background value of metal to Al ratio [28].

In the absence of data relating to the local trace metal background values, this study uses
those reported for the continental shale [29]. Sakan et al. [30] suggested that EF values <1
indicate no enrichment; <3 indicate minor enrichment; 3-5 indicate moderate enrichment;
5-10 indicate moderately severe enrichment; 10-25 indicate severe enrichment; 25-50 indi-
cate very severe enrichment; and >50 indicate extremely severe enrichment. In order to get
insights into possible inter-dependence between the hydrodynamic conditions (in terms of
FT) and the trace metal EF values, a Pearson’s correlation analysis was performed.

3 RESULTS
In this section, FT distribution induced by idealized and real weather conditions as well as
the trace metal contamination levels in the harbour sediments are reported. Finally, the com-
parison between the water renewal time and enrichment degree of contaminants in marine
sediments is evaluated.

3.1 FT distribution

The maps represented in Figs 2 and 3 show a time renewal gradient between the innermost
zone of Civitavecchia port and the northern entrance. In I-SW and I-SE scenarios, FT values
are greater than 220 h (about 9 days) in the southern area of harbour basin.

In the central part of the port, the two conditions show a slight discrepancy as the water
renewal time is about 100 h for I-SW and 130 h for I-SE. This difference is partly due to the
lower wind intensity of SW scenarios that generates a limited water circulation in the inner
part of the harbour basin. On the contrary, I-NE condition induces high currents velocity in
the Civitavecchia port, stimulating a better efficiency in the water renewal with respect to
the other two scenarios. In this case, FT values are, respectively, about 100 and 40 h in the
innermost and central part of the basin.

The real scenario characterized by high wind intensity (R1) highlights water renewal time
greater than 140 h in the southern zone and 70 h in the central part of Civitavecchia port. Oth-
erwise, when the weather conditions are less intense (R2), FT shows a slight increase with
values of 170 and 80 h in the innermost and central part of the harbour basin, respectively.

In all simulated scenarios, FT has low values in the northern zone of Civitavecchia port (<10 h)
because the harbour entrance allows a rapid exchange between the harbour and outside waters.

3.2 Trace metals enrichment in harbour sediments

The calculated EF values follow this order: As > Hg > Pb > Zn > Cu > Cr > Ni.

EF values range between 5.9 (moderately severe EF; station M2) and 63.4 (extremely
severe enrichment; station 14); Hg EF values range between 1.7 (minor enrichment; station
Mb6) and 62.4 (extremely severe enrichment; station 14); Pb EF values range between 2.4
(minor enrichment; station M2) and 59 (extremely severe EF; station 14); Zn EF values range



S. Bonamano et al., Int. J. Environ Impacts, Vol. 1, No. 4 (2018) 455

4,665,500

4,665,000 4,665,000

4,664,500 4,664,500
4,664,000 & 4,664,000 sW
eAmssscomcoma e
4,663,500 |° 500m 1,000m| 4,663,500 Io 500m _ 1,000m
728,500 729,000 729,500 730,000 730,500 7233500 729:000 729',500 7301,000 730,500
Flushing time (h) Flushing time (h)
[] [ [
0 30 60 9 120 150 180 210 0 3 60 9 120 150 180 210

4,665,500

4,665,000

4,664,500

4,664,000

| e——
4,663,500- Io 500m 1,ooom|

T T T T
728,500 729,000 729,500 730,000 730,500
Flushing time (h)

L] 20 35 50 65 80 95

Figure 2: FT distribution of the idealized scenarios.

between 1.5 (minor enrichment; station M5) and 44.7 (very severe enrichment; station 14);
Cu EF values range between 1.5 (minor enrichment; station M2) and 21.8 (severe enrich-
ment; station 14); Cr EF values range between 0.1 (no enrichment; station M6) and 12 (severe
enrichment; station 14); Ni EF values range between 0.4 (no enrichment; station M2) and 5.7
(moderately severe enrichment; station 14).

EF values of As, Cr, Hg, Ni, Cu, Zn and Pb agree with the results reported by Piazzolla et
al. [31]. In particular, As enrichment exhibited the highest values due to the overlap with the
high natural As levels derived from local rivers and the intense human activities located in
the surrounding area.
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Figure 3: FT distribution of R1 (on the left) and R2 (on the right) scenarios calculated
with the wind conditions showed at the top.

3.3 Correlation analysis between FT and EF

The results of Pearson’s correlation performed between the enrichment degree of contami-

nants in marine sediments (EF) and water renewal
reported in Table 2.

time (FT) for all simulated scenarios are

Analysing the distribution of EF and FT values, it is evident that the correlation between two

indices can be represented by a positive linear trend.

This means that a higher water recircula-

tion time corresponds to a higher contamination level in the marine sediments and vice versa.

Table 2: Results of Pearson’s correlation analysis between trace metals EF values and FT

in the idealized (I) and real (R) scenarios.

I-SE I-SW I-NE R1 R2

R p-val R p-val R p-val R p-val R  p-val
EF(As) 0.88 <0.001 0.86 <0.001 0.93 <0.001 091 <0.001 0.88 <0.001
EF(Cr) 091 <0.001 091 <0.001 091 <0.001 093 <0.001 0.90 <0.001
EFHg) 0.73 0.004 0.71 0.006 0.85 <0.001 0.81 <0.001 0.75 0.003
EF(Ni) 096 <0.001 096 <0.001 0.94 <0.001 095 <0.001 0.96 <0.001
EF®Pb) 068 001 066 0.015 0.81 <0.001 0.77 <0.001 0.70 0.0077
EF(Cu) 0.84 <0.001 0.82 <0.001 0.92 <0.001 0.89 <0.001 0.85 <0.001
EF(Zn) 0.83 <0.001 0.81 <0.001 0.92 <0.001 0.89 <0.001 0.84 <0.001
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The correlation coefficient is always greater than 0.67, highlighting that a significant corre-
spondence (p-val < 0.05) occurs between hydrodynamic and contamination index. In particu-
lar, all metal tracers show higher correlations in I-NE and R1 conditions and lower agreement
in I-SE and I-SW scenarios. Among the trace metals, Ni and Cr show best correlations in all
the considered scenarios.

4 DISCUSSION AND CONCLUSION

Although a marked difference exists in the wind intensity between R1 (maximum value of
8 m/s) and R2 (maximum value of 16 m/s) scenarios, a slight discrepancy occurs among the
FT values between the two real conditions in the inner and central parts of Civitavecchia
port. This means that the external current direction induced by wind conditions is the main
factor regulating the inner harbour hydrodynamic and hence the water renewal time in this
zone. A previous article [19] highlighted that the northward current outside the port produces
a low circulation in the inner part of the harbour basin, while the southward external current
directly influences the inner dynamic of Civitavecchia port, inducing higher velocity with
respect to the previous case. The role of external current direction on the water exchange
between the inner part of the port and the open sea is also confirmed by the FT lower values
calculated in I-NE condition with respect to I-SE and I-SW ones.

Since this exchange rate is able to affect significantly the fate of contaminants within the
harbour domain [32, 33], this study focused on the relation between EF of the metal tracer
analysed in the harbour sediment and FT. The significant positive correlation between hydro-
dynamics and contamination index in semi-enclosed area suggests that high water renewal
time increases the enrichment level of the considered elements in marine sediments allowing
them more time to associate with suspended fine particles along the water column and then
settle on the bottom. A further confirmation about the role of external current direction is
given by the trace metal contamination in harbour basins, as high correlation results between
EF values and FT calculated in I-NE scenario. The better fit of Ni and Cr probably reflects the
influence caused by iron materials handling inside the harbour, providing a direct input of Ni
and Cr, hence explaining the largest EF values inside the harbour basin.

In conclusion, this study shows that FT can be used as a suitable indicator to determine the
harbour zones particularly affected by trace metal contamination, and thus, the water quality
degradation. Port managers could use this knowledge to take specific measures for each site,
hence contributing effectively to maintain or achieve the GEP in the harbour areas.

Furthermore, the analysis of FT distribution is strongly recommended before defining a
proper assessment survey of the port basin.
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