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Abstract

This study investigates the relationship between sediment contamination and hydrodynamic conditions in the Gaeta Gulf
(Tyrrhenian Sea, Italy), an anthropogenically impacted and sheltered coastal area. The pollution levels, potential toxicity, and eco-
logical risk of trace metals were analysed in 16 sediment sampling sites using Sediment Quality Guidelines (SQGs), the Adverse
Effect Index (AEI), and the Mean ERM Quotient (m-ERM-Q). The bottom shear stress of the study area, evaluated using an annual
simulation of a 3D numerical model, was used to calculate a new Sediment Mobilisation Index (SMI) that detects the coastal zones
where a low probability of sediment resuspension occurs. As, Ni, and Cu concentrations exceeded the Threshold Effects Level
(TEL) guideline value and AEI limit in several sampling sites, indicating their ability to produce adverse effects on biota. More-
over m-ERM-Q showed the highest values of potential ecological risk in most of the sampling sites located in the inner part of the
Gulf of Gaeta. In this area, the highest SMI values were also identified, demonstrating that there is a tight relationship between the
two indexes (R?>=0.8214). The application of SMI in sheltered areas will help achieve high performance of monitoring and hazard

assessment tools through obtaining predictable responses on hotspot identification.

Keywords: Trace metals; sediments; pollution; ecological risk; contamination indices; numerical model.

Introduction

A sheltered or embayed coastal area is generally de-
fined by the presence of one or two natural or artificial
impermeable boundaries that cast a degree of curvature
on the beach platform (Harley et al., 2005). Sheltered
coastal areas occupy 9% of the Italian coast. Of these,
605.5 km are natural stretches, and 104.4 km are artifi-
cial stretches (Ferretti et al., 2003). The embayed coastal
areas are usually characterised by low wave energies and
by abundant sediment accumulation over the long term.

It has been widely reported in the international liter-
ature that potentially chemical pollutants, such as trace
metals, tend to bind to the finer-particle grain sizes due
to its larger surface area and geo-chemical composition
(Reddy et al., 2004; Zhang et al., 2014), and then fol-
low the sediment’s fate (Windom et al., 1989; Horowitz,
1991; Ligero et al., 2001; Mil-Homens et al., 2013). As
a result, the final receptors of pollutants in the sea are
the depositional areas of the pelitic fraction which are
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internationally considered as the main archive of pollut-
ants reflecting the pollution levels in the water column
(Chengxin et al., 2002; Selvaraj et al., 2004).

Trace metals are a threat in the marine environment
due to their abundance, persistence, and potential toxic
effects on marine organisms related to bioaccumulation
and biomagnification processes (Liu et al., 2009; Zhan
et al., 2010; Ghrefat et al., 2011; Gao & Chen, 2012).
Among marine organisms, the benthic community is
most exposed to the contaminants present in sediments
(Rainbow, 2007; Simpson & Batley, 2007) and can be
greatly impacted by them.

However, variations in physical and chemical param-
eters (e.g., pH, Eh, temperature, and salinity) may cause
chemicals to be released from the more stable pelitic de-
posits. This could lead to adverse effects on many other
marine organisms and might affect the ecological quality
of ecosystems.

Trace metals levels in sediments are used as a marker
to estimate the environmental status and pollution levels
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in aquatic ecosystems (Caccia et al., 2003). These chemi-
cal elements in marine environments can be derived from
natural and anthropogenic sources (Zhang et al., 2019).
Industrialisation and urbanisation strongly contribute to
trace-metal pollution in air, water, soil, and sediments
(Nriagu & Pacyna, 1988; Varol, 2011; Chaudhari et al.,
2012; Suresh et al., 2011; Bastami et al., 2014). Trace
metals released from natural and anthropogenic sources
are transported to the marine environment by various
pathways including river basin and urban runoff, atmos-
pheric deposition, and sewage discharges.

The hydrodynamic features of the marine environ-
ment (e.g., wind, waves, and tides) influence sediment
behaviour and consequently the fate of trace metals
(Roussiez et al.,2011). In wave-exposed coasts, sediment
dynamic mainly consists of intense resuspension and
transport processes. On the contrary, in the open sea and
sheltered coastal areas, the presence of weaker currents
favours the accumulation of sediments and associated
pollutants to the seabed.

Water circulation of lagoons, lakes, and sheltered
coastal areas has been frequently analysed using hydro-
dynamic models (Jouon et al., 2006; Grifoll et al., 2014;
Cucco et al., 2015; Bonamano et al., 2017). The mod-
el results provide hydrodynamic parameters (e.g., age,
flushing time, residence time, transit time, and turnover
time) that are useful to relate the dynamic processes with
pollutants distribution in the marine environment and
consequently with the health status of ecosystems (Jouon
et al., 20006).

Among the hydrodynamic parameters used in the lit-
erature that define the ecological risk in closed and semi-

closed environments, bottom shear stress allows for a
proper evaluation of the process of mobilisation of marine
sediment (i.e., suspension, deposition, and resuspension),
which is the basis of the evaluation of the trace-metal
contamination in bottom sediments. This hydrodynamic
parameter has already been successfully used by Mali et
al. (2017) within port basins to demonstrate the correla-
tion between bottom shear stress and sediment hazard
assessment indexes. This study evaluates the trace met-
als pollution in bottom sediments of the sheltered coastal
zone of Gulf of Gaeta (central-eastern Tyrrhenian Sea,
Italy), strongly affected by urbanisation and by the pres-
ence of several industrial activities. The aim of this study
is also to develop and apply a new index based on the
hydrodynamic parameters and verify the correlation with
pollution levels in the coastal sediments to use it as a tool
for the identification of the potential sampling sites useful
for the monitoring and hazard identification program.

Materials and Methods
Study area

The area of interest is the Gulf of Gaeta, located in
the Central-Eastern Tyrrhenian Sea, Italy (Fig. 1). It is a
non-tidal environment and represents a rocky embayed
area as it is enclosed between two coastal sectors with
heterogeneous morphology. The northern sector is char-
acterised by high rocky shorelines mainly composed of
carbonates while the southern sector shows arenaceous
formations and alluvial deposits (Ferretti et al., 1989).
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Fig. 1: Study area and sediment sampling sites. The coordinate system is expressed in UTM (WGS84).
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This sheltered coastal area (61 km?) is affected by po-
tential conflicts with the simultaneous presence of both
anthropogenic activities (i.e., Gaeta and Formia harbours,
mussel and fish farming, tourism facilities) (Orlandi et
al., 2014; Paladini de Mendoza et al., 2018) and sensitive
zones such as Sites of Community Importance (SClIs; Eu-
ropean Union Directive 92/43/EEC) located nearby the
gulf.

Four natural watercourses discharge into the Gulf of
Gaeta: the Itri and Santa Croce rivers (combined drainage
basins of 160.69 km?), the Minturno river (drainage basin
of 3.5 km?), the Garigliano river (drainage basin of 4984
km?) (Rossi et al., 2018) and the Volturno river (drainage
basin of 5680 km?), located further to the south of the
gulf.

Sediment contributions from Garigliano and Volturno
rivers profoundly affect sedimentation in the study area
(Ferretti et al., 1989; Maggi et al., 2009). Sediments
drained by the Garigliano river are mainly composed of
calcite and dolomite, while sediments transported by the
Volturno river show abundant quartz, feldspar, and smec-
tite contents (Brondi et al., 1979; Ferretti et al., 1989).

The water circulation of the Central-Eastern Tyrrhe-
nian Sea is composed of a coastal regime, characterised
by the formation of secondary cells, and an off-shore re-
gime, dominated by the cyclonic gyre of the Tyrrhenian
Sea (De Pippo et al., 2003).

Sediment sampling and analysis

Sediment sampling was performed in July 2018 using
a Van Veen grab (18-L volume). Surface sediment sam-
ples (n = 16) were collected in 16 sites between 10 and 40
m depth within the Gaeta Gulf and the surrounding area
(Fig. 1). The upper (1-4 cm) of sediment of each sam-
ple was homogenised, and placed into polyethylene bags.
Once transported (at 4° C) to the laboratory, sediments
were dried in an oven at 40° C for 48 h and crushed for
subsequent analysis.

Grain size analysis was performed through wet siev-
ing on sediments previously treated with dilute (< 10
%) hydrogen peroxide (H,O,) to remove organic matter
(Spagnoli et al. 2014; Shennan et al., 2015). Trace-met-
al extraction from sediment samples and analytical de-
termination was performed according to the United
States Environmental Protection Agency 3050B:1996
and 6010D:2014, respectively. Specifically, 1 g of each
sample was weighed and mineralised (DigiPREP sys-
tem, QuantAnalitica S.r.l - Italy) with a digestion solu-
tion prepared using 4.5 mL of hydrochloric acid (HCI)
and 1.5 mL of nitric acid (HNO,) (Carlo Erba Reagents
S.r.l — Italy). After digestion, ultrapure water was added
to the samples up to 50 mL. Trace metals analysis was
performed with an inductively coupled plasma-optical
emission spectrometer (ICP-OES; 710 Series, Agilent
Technologies S - USA). Standards for the instrument
calibration were prepared using a multi-element certified
reference solution ICP Standard (Chebios S.r.1 — Italy).

To assess the potential toxicity and to verify if a spe-
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cific metal represents a threat to aquatic ecosystems,
concentrations measured in sediment samples were com-
pared with sediment quality guidelines (SQGs), effects
range low (ERL), and effects range medium (ERM) de-
termined by Long & Morgan (1990) and later refined by
Long et al. (1995). The threshold effects level (TEL) and
probable effects level (PEL) determined by the Florida
Department of Environmental Protection (MacDonald,
1994) were also calculated. Concentrations below TEL
or ERL are rarely associated with adverse effects while
concentrations above the TEL or ERL, but below PEL or
ERM, are occasionally associated with adverse effects;
measured concentrations above the PEL or ERM are fre-
quently associated with adverse effects and sediments are
predicted to be toxic (Cardellicchio et al., 2007). Sub-
sequently, the adverse effect index (AEI) described by
Munoz-Barbosa et al. (2012) was used. AEI is defined
using the following equation:

AEl = —
ERL

X

where X is the metal concentration, and ERL is the
effects range low (Long et al., 1995). If AEI is less than
or equal to 1 the trace-metal concentration in the sample
is insufficient to produce adverse effects in biota. On the
contrary, trace-metal concentration in the sample can pro-
duce adverse effects when AEI is greater than or equal to
1 (Munoz-Barbosa et al., 2012).

Since pollutants occur in the environment as mixtures,
it is useful to assess the overall potential toxicity and eco-
logical risk considering multiple anthropogenic contami-
nations. Thus, the mean ERM quotient (m-ERM-Q, Long
& MacDonald 1998; Long et al., 2005; Gao & Chen,
2012) was used. The m-ERM-Q was applied using the
following equation (Birch, 2018; Zhang et al., 2019):

S T o 1) Ci
m— ERM Q - Zi:l ERML"

where Ciis the metal concentration in the sediment
sample, ERM is the ERM guideline value for the se-
lected metal, and n represents the number of metals
considered. Four classes of toxicity probabilities are
defined: m-ERM-Q < 0.1 (9% probability of toxicity);
0.1< m-ERM-Q < 0.5 (21% probability of toxicity); 0.5
< m-ERM-Q < 1.5 (49% probability of toxicity); 1.5 >
m-ERM-Q (76% probability of toxicity), which denote
four respective classes of sediment non-toxic, slight-
ly-toxic, medium-toxic, and highly-toxic (Long et al.,
1995; Ahmed et al., 2018).

The natural-neighbour gridding method, included in
the software Surfer 8 (Golden Software Inc., USA), was
used to analyse the spatial distribution of sediment frac-
tion percentages and trace metals values.

The presence of correlations among trace-metal con-
centrations and the pelitic fraction percentage was test-
ed. Before correlation analysis, the data distribution was
tested using the Shapiro—Wilk test. Because the data were
not normally distributed, Spearman’s Rank correlation
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was used; p-value < 0.01 was considered statistically sig-
nificant. In the 25% of the sampling sites Cu values were
below the limit of detection (LOD, 5.0 mg/kg). Thus, Cu
data were excluded from the statistical analysis. Final-
ly, a further Spearman’s Rank correlation analysis was
performed on trace-metal values previously normalised
applying the Dilution Factor (Horowitz, 1991) to account
for grain-size differences. The Dilution Factor (DL) is
given by:

100
DL = ———,
100—PSF
where PSF represents the percentage of size fraction
greater than the range of interest.

Hydrodynamic analysis

In this study, the hydrodynamic analysis was carried
out using the DELFT3D models which allows simulating
the current field by online coupling between DELFT3D-
FLOW (Lesser et al., 2004), that calculates marine cur-
rents induced by wind action, and SWAN (Booij et al.,
1999), that reproduces the propagation of the wave mo-
tion towards the coast.

The set-up of the hydrodynamic model was described
by Paladini de Mendoza et al. (2018) where it was spec-
ified that the DELFT3D-FLOW and SWAN models used
the same computational grid that covers the coastal area
for about 60 km. Because small errors could occur near
the boundaries, the study area was located far from the
model edges. The governing equations were solved in a
finite difference curvilinear grid with a resolution rang-
ing from 50 m in the area of the Gulf of Gaeta to about 1
km near the off-shore boundary positioned about 30 km
from the coast. In the vertical direction, ten sigma lay-
ers of equal thickness were considered to allow a greater
resolution in the coastal area. A time step of 60 s was
chosen to meet the Courant criterion and to reduce the
noise introduced by the initial conditions a spin-up time
of 1 day was used. The current field was calculated con-
sidering the wind drag coefficient linearly changing with
its speed (from 0.00063 with 0 m/s to 0.00723 with 100
m/s), eddy viscosity, and diffusivity equal to 1 m?/s and
vertical viscosity determined by k-e turbulence model.
The wind data (velocity and direction) were provided by
the weather station located inside the Gulf of Gaeta.

In the SWAN, the spectral action balance equation
was solved by including the contribution of the terms of
bottom friction, whitecapping, and depth induced break-
ing. In detail, the bottom friction was parametrised using
the JONSWAP formulation with a coefficient of 0.067
m?%/s®, whitecapping was based on the pulse-based mod-
el and the breaking was calculated using the Battjes &
Janssen model (1978) with a breaking parameter of 0.73.
The model was forced with the JONSWAP wave spec-
trum built using the off-shore wave parameters (signifi-
cant height, peak period, and mean direction) detected in
the study area. Then, the wave effect was included in the

Medit. Mar. Sci., 22/2 2021, 372-384

DELFT3D-FLOW model by running the SWAN model
every 30 min in the online mode.

Using this set-up, the results of both models were
validated with surface currents, wave spectral fields,
and wave height measured by X-band radar in the Gae-
ta Gulf during four storm events. The results showed a
close correlation between the measured data and model
predictions, mainly for the events coming from the south-
east direction (Paladini de Mendoza et al., 2018). Giv-
en the good reliability of the model in reproducing the
current field in the Gulf of Gaeta when it is forced by
wind and wave motion, the other forcing of coastal circu-
lation, such as the effect of the river discharge on density
variation of the water column, were neglected. This also
allowed for a reduction in the computational effort of the
model, allowing it to reproduce a long-period circulation
pattern (Mali et al., 2017, Lisi et al., 2009) in the Gulf of
Gaeta. Specifically, the entire year 2017 (from 1st Janu-
ary 2017 to 1st January 2018) was chosen because it was
the most representative period between 2006 and 2019 in
terms of wave height and direction.

SMI calculation

To detect the zones where a low probability of sed-
iment resuspension occurs, a new index based on the
hydrodynamic model results was developed. The index,
called Sediment Mobilisation Index (SMI), was built us-
ing the maximum shear bottom stress (mBSS) calculated
in the annual simulation in each point of numerical grid.
It was calculated as a ratio between the number of times
mBSS is less than a given critical value and the total
number of model outputs (n). Given that the trace met-
als were more bounded to the fine fraction of sediment,
in this study we have chosen a critical value of mBSS
of 0.05 N/m? (Gardner, 1989), representing the threshold
below which the fine sediment (< 0.063 mm) is not mo-
bilised from the sea bottom.

_ n(mBSS < Tyay)
n

SMI

To improve the comparison with the m-ERM-Q, the
resulting values for each point of the numerical grid were
normalised by scaling between 0 and 1.

Values close to 0 indicate that the fine sediment is eas-
ily mobilised by waves and currents; while values close
to 1 mean that the fine fraction remains on the bottom for
a long time, increasing the potential risk of trace-metal
contamination in the affected area.

Finally, a comparative analysis was carried out to ver-
ify the presence of correlation between the new SMI and
the m-ERM-Q, since m-ERM-Q identifies sediment sites
with a high probability of toxicity.
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Results

The original data set which includes the sampling
depth, sandy and pelitic fraction percentages, ranges of
trace metals and aluminium, and sediment quality guide-
lines (ERL/ERM, PEL/TEL), is given in Table 1.

Trace element average concentrations in surface sed-
iments collected from the Gulf of Gaeta followed the or-
der: Zn > Cr > Cu > Ni > Pb > As > Cd. The highest As
concentration has been found at the GA08 site while all
the other considered trace metals exhibited the highest
values at the GAO1 site.

Figure 2 shows the spatial distributions of trace metals
in sediments as well as the spatial distribution of Al, and
sandy and pelitic fraction percentages. The spatial sed-
iment distribution showed a progressive increase of the
pelitic fraction from the Garigliano River mouth to the
inner part of the gulf (Fig. 2).

The ERM and PEL guidelines were not exceeded in
any of the sampling sites (Table 1). However, As exceed-
ed the ERL and TEL guidelines in most of the sediment
samples (fourteen and fifteen, respectively out of sixteen
in total); Ni exceeded the ERL guideline in seven sam-
pling sites, and the TEL value in ten sampling sites; Cu
exceeded the TEL value in five sampling sites.

The AEI values (Fig. 3) show that the As, Ni, and Cu

Table 1. Trace metals data set.

concentrations in sediments could produce adverse ef-
fects in biota (AEI > 1). The As values were greater than
1 at all sampling sites except the GA20 sites; Ni showed
AEI > 1 values at ten out of sixteen sites; Cu exceeded
the AEI threshold at five sampling sites. The highest Cu
and Ni AEI values were found in the GAO1 site while the
highest As AEI value was found in GA0S.

The m-ERM-Q (Fig. 3) highlighted slight toxici-
ty (21% probability) of sediments at the GAO1, GA04,
GAO05, GA06, GA08, GA10, GA1l, GA1S, GA16, and
GA17 sites and no toxicity (9% probability) at the GA12,
GA13, GA14, GA18, GA19, and GA20 sites.

The distribution of trace metals measured in the Gulf
of Gaeta agreed with the pelitic fraction distribution: the
greater the fine component of the sediment, the greater
the concentration of trace metals in it. This statement
was further confirmed by the Spearman’s Rank correla-
tion analysis results between the trace metals values and
the pelitic fraction percentage (Table 2); all the consid-
ered trace metals were positively correlated with the
pelitic fraction percentage (p-value < 0.01). Moreover,
trace metals appeared positively correlated with each
other (p-value < 0.01) as highlighted by the results of
the Spearman’s Rank correlation analysis performed on
trace-metal values previously normalised applying the
Dilution Factor (Horowitz, 1991) (Table 3).

Sampling Depth fll'):clittii)cn ffjg?gn Al As Cd Ni Pb Zn Cr Cu
Sites (m) (%) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mgkg) (mg/kg) (mgke)
GAO1 15 94 6.45 33600 16.1 0.5 27.7 27 99.7 38 32
GA04 25 92 7.69 22900 13.7 0.37 19.8 8.4 64.7 26 16.4
GA05 17 95 5.44 29900 12.8 0.44 24.6 16 85 34 25
GA06 14 80 20.48 30400 17.9 0.43 242 216 86.7 32 26.7
GAO08 8 76 2421 25900 20.4 0.45 20.1 15.9 66.9 26 18.1
GA10 35 89 11.14 27800 12.6 0.45 24.1 12.1 77.4 32 21
GAll 24 76 24.35 22300 11.4 0.37 19.7 10.7 65.2 26 17.3
GA12 9 21 79.26 15500 10.4 0.29 13.4 15 47.1 18 10.4
GA13 14 10 89.53 8790 10.7 0.22 8.7 8.2 31.1 12.1 NA
GAl4 14 12 88.01 9420 10.3 0.23 9.1 8.3 31 11.8 NA
GA15 25 73 27.49 25200 13.6 0.41 21.6 10 67.8 29 18.6
GA16 35 93 6.74 24800 13.5 0.39 22 11.1 70.2 29 19.3
GA17 24 72 27.74 22400 15.1 0.21 20.2 22 61.8 26 16.7
GA18 15 1 98.67 57400 8.8 0.21 7 5.5 24.5 9.6 NA
GA19 9 4 95.58 7610 8.1 0.24 8.3 72 28.7 10.9 NA
GA20 2 4 96.28 8530 4.7 0.26 9.1 8.9 32.6 11.7 5.8
Range ) 1.33 5.44 7610 4.7 0.21 7 5.5 24.5 9.6 5.8
-9456  —98.67 -57400 —204 -05 277 —27 -99.7  -38 -32
ERL - - - - 8.2 1.2 209 467 150 81 34
ERM - - - - 70 9.6 51.6 218 410 370 270
TEL - - - - 7.2 0.68 159 302 124 523 18.7
PEL - - - - 41.6 0.76 428 1122 271 160 108

NA — concentrations below the detection limit (LOD)
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Fig. 2: Spatial distribution of sandy and pelitic fraction percentages, trace metals and Al concentrations. The coordinate system is

expressed in UTM (WGS84).

The velocity fields obtained by the DELFT3D-FLOW
model were analysed in the three different steps of the an-
nual simulation, corresponding to the meteomarine con-
ditions that favour the resuspension of the fine sediment
within the study area. The marine weather conditions
examined in this study, ordered in decreasing frequency
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of occurrence, concern: (i) strong gales and high waves
from the West (the West Condition, WC); (ii) intense
winds and moderate waves from southern quadrants (the
South Condition, SC); and (iii) intense north-eastern
gusts of wind coming from Garigliano valley (the Gari-
gliano Condition, GC). Figure 4 shows that higher current
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Fig. 3: AEI and m-ERM-Q values at the sampling sites.
0.60

As
0.75
0.73
0.74
0.74

Pelitic fraction
0.71%
0.80%*
0.89%*
0.67*
0.89%*
0.91*

Cd
Pb
/n
Cr

Table 2. Spearman’s Rank correlation of pelitic fraction and trace metals.

Pelitic fraction
* Correlation is significant at 0.01 level
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Table 3. Spearman’s Rank correlation of normalised trace metals dataset.

As Cd Ni Pb Zn Cr
As 1
Cd 0.87* 1
Ni 0.90* 0.90%* 1
Pb 0.89%* 0.80* 0.90* 1
Zn 0.84%* 0.94* 0.95* 0.88%* 1
Cr 0.82%* 0.87* 0.97* 0.90* 0.96* 1

* Correlation is significant at 0.01 level
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Fig. 4: Velocity fields within the Gulf of Gaeta induced by the South (A), Garigliano (B), and West conditions (C) occurred during
the simulation period.
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speeds occurred in the proximity of Monte Scauri in the
WC and in correspondence to Gaeta promontory in the
SC. Within the Gaeta Gulf, high-intensity currents were
detected during the Garigliano condition while a large
zone with low velocity was found in the WC (Fig. 4).

To evaluate the impact of current speed on the dynam-
ic of fine sediment, the mBSS parameter was computed
using the velocity fields calculated by the annual simula-
tion carried out with DELFT3D-FLOW model. The re-
sults were then employed to estimate SMI that was used
to analyse the movement of the fine fraction through the
critical value of 0.05 N/m? High index values indicate
areas where fine sediments have a high probability of re-
maining on the bottom, unless rare events coming from
the east (e.g., GC) can cause its resuspension, increasing
the ecological risk due to trace-metal contamination in
the area. Figure 5 shows that the zones with low sediment
mobility were located in the south west of the Gaeta Gulf
and at a depth greater than 50 m, while a low SMI oc-
curred in the north and in the south coastal zones of the
study area (Fig. 5).

SMI was then correlated to the m-ERM-Q as both the
indexes describe the potential risk due to high pollutants
levels in the bottom sediment. There was a positive lin-
ear correlation between the two indices (R?=0.8214; r =
0.9063; p-value < 0.01) (Fig. 6).

SMI (Sediment Mobilisation Index)

0 01 02 03 04 05 06 0.7 08 09 1

Fig. 5: Sediment Mobilisation index (SMI) distribution in the
study area.

Discussion

Several authors have investigated the degree of
trace-metal pollution in the bottom sediments of other
embayed coastal zones located in the nearby areas (Ro-
mano et al., 2009; Mangoni et al., 2016; Trifuoggi et
al.,2017) and in the Mediterranean Sea (Acquavita et al.,
2010; Di Leonardo et al., 2014; Schintu et al., 2015) (Ta-
ble 4). Considering the use of different extraction meth-
ods, the values of trace metals reported from the literature
were comparable to the concentrations measured in this
study. However, Pb and Zn values measured in the sedi-
ments at the Bagnoli site (Romano ez al., 2009; Trifuoggi
et al., 2017) were up to 10 times higher than those found
in the Gulf of Gaeta due to the presence of the disused
steel industrial site.

Sediment fractions distributions (Fig. 2) appeared to
be linked to the presence of the Garigliano and Volturno
rivers, the influence of which extends up to the Gulf of
Gaeta, where sediments finer than those normally found
at the same depths occurred, as previously reported by
Ferretti et al. (1989), and Maggi et al. (2009).

The comparison of measured concentrations with
SQGs showed that average As, Ni, and Cu concentrations
were above the TEL guideline value (Table 1). Further-
more, AEI results (Fig. 3) indicated As, Ni, and Cu con-
tamination in sediments and potential ecological risk in
most of the sampling sites.

Trace metals values in sediments of the Gulf of Gaeta
appeared positively correlated with each other (Table 3)
and followed the distribution of the pelitic fraction per-
centage (Fig. 2, and Table 2), confirming the existing af-
finity between pollutants and fine grain-size sediments
(Horowitz, 1991; Ligero et al., 2001; Mil-Homens et
al., 2013; Xu et al., 2019). Although Cu was excluded
from the statistical analysis due to the presence of sever-
al values below the LOD, its spatial distribution (Fig. 2)
showed a pattern consistent with the other metals. Con-
sidering these results, it was possible to assume mutual
dependence and a common source for the considered trace
metals, likely linked to the influence of the Garigliano
and Volturno rivers and governed mostly by sedimentary
inputs from the hinterland. Furthermore, the inner part of
the Gulf of Gaeta — that showed the highest fine grain-

f(x) = 0.1901 x + 0.0420
Rz=0.8214

0.2

0.05

0 0.1 02 03 0.4

0.5 0.6 0.7 0.8 0.9 1
SMI

Fig. 6: The relation between SMI and m-ERM-Q evaluated at the 16 sampling sites.
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Table 4. As, Cd, Ni, Pb, Zn, Cr, and Cu concentrations (mg/kg) in some Italian coastal areas.

D]/;:i;fs (lrflagllll%;) (mlgA/‘;fgr)a:%eSD Location References
As 4.7-20.4 12.51+3.85 Gulf of Gaeta, Tyrrhenian Sea, Italy This study
- 11 Monte di Procida, Tyrrhenian Sea, Italy Mangoni et al., 2016
12.3-100.4 35.2 Gulf of Pozzuoli, Tyrrhenian Sea, Italy Trifuoggi et al., 2017
0.01 -19.41 13+10 Bagnoli, Naples, Tyrrhenian Sea, Italy Romano et al., 2009
6.4—-18.2 - Gulf of Trieste, Adriatic Sea, Italy Acquavita et al., 2010
2.39-229 7.68 Sardinia, Tyrrhenian Sea, Italy Schintu et al., 2015
3.1-19.7 - Priolo Bay, lonian Sea, Italy Di Leonardo et al., 2014
Cd 0.21-0.5 0.34£0.10 Gulf of Gaeta, Tyrrhenian Sea, Italy This study
- 0.14 Monte di Procida, Tyrrhenian Sea, Italy Mangoni et al., 2016
0.0-0.7 0.04 Gulf of Pozzuoli, Tyrrhenian Sea, Italy Trifuoggi et al., 2017
0.01 -4.70 0.71 £ 1.16 Bagnoli, Naples, Tyrrhenian Sea, Italy Romano et al., 2009
0.16 — 0.45 0.24+0.07 Gulf of Trieste, Adriatic Sea, Italy Acquavita et al., 2010
0.02-7.34 0.68 Sardinia, Tyrrhenian Sea, Italy Schintu et al., 2015
0.1-0.2 0.15 Priolo Bay, Ionian Sea, Italy Di Leonardo et al., 2014
Ni 7-27.7 17.48 £7.00 Gulf of Gaeta, Tyrrhenian Sea, Italy This study
- 11 Monte di Procida, Tyrrhenian Sea, Italy Mangoni et al., 2016
0.0-35.4 9.9 Gulf of Pozzuoli, Tyrrhenian Sea, Italy Trifuoggi et al., 2017
34-181.3 65.5+55.4 Bagnoli, Naples, Tyrrhenian Sea, Italy Romano et al., 2009
20-231 - Gulf of Trieste, Adriatic Sea, Italy Acquavita et al., 2010
0.5-30.3 6.72 Sardinia, Tyrrhenian Sea, Italy Schintu et al., 2015
19.6 - 74.9 - Priolo Bay, Ionian Sea, Italy Di Leonardo et al., 2014
Pb 5.5-27 12.99 +6.13 Gulf of Gaeta, Tyrrhenian Sea, Italy This study
- 21.7 Monte di Procida, Tyrrhenian Sea, Italy Mangoni et al., 2016
11.5-378.4 105.8 Gulf of Pozzuoli, Tyrrhenian Sea, Italy Trifuoggi et al., 2017
21-1288 260 =281 Bagnoli, Naples, Tyrrhenian Sea, Italy Romano et al., 2009
12-170 - Gulf of Trieste, Adriatic Sea, Italy Acquavita et al., 2010
0.78 -117.9 4.54 Sardinia, Tyrrhenian Sea, Italy Schintu et al., 2015
1.8-72 - Priolo Bay, Ionian Sea, Italy Di Leonardo et al., 2014
Zn 24.5-99.7 58.78 £23.51 Gulf of Gaeta, Tyrrhenian Sea, Italy This study
- 54.6 Monte di Procida, Tyrrhenian Sea, Italy Mangoni et al., 2016
42.1 -869.9 224.5 Gulf of Pozzuoli, Tyrrhenian Sea, Italy Trifuoggi et al., 2017
111 — 2525 539 £ 538 Bagnoli, Naples, Tyrrhenian Sea, Italy Romano et al., 2009
50 — 400 150 £ 85 Gulf of Trieste, Adriatic Sea, Italy Acquavita et al., 2010
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Table 4 continued

Location

References

Trace Range Average
Metals (mg/kg) (mg/kg) £ SD
1.44 - 668.5 95.7
9.2-30.1 19.6
Cr 9.6 -38 23.26 +9.44
- 10.9
0.5-49.5 14
4-43 15+8
35-171 -
241 -64.1 20.03
5.6-20.5 -
Cu 25-32 18.94 + 6.96
- 7.2
3.5-86.2 25.6
6—165 40 + 35
14-70 -
0.5-202.6 29.63
1.5-15.7 -

Sardinia, Tyrrhenian Sea, Italy
Priolo Bay, Ionian Sea, Italy
Gulf of Gaeta, Tyrrhenian Sea, Italy
Monte di Procida, Tyrrhenian Sea, Italy
Gulf of Pozzuoli, Tyrrhenian Sea, Italy
Bagnoli, Naples, Tyrrhenian Sea, Italy
Gulf of Trieste, Adriatic Sea, Italy
Sardinia, Tyrrhenian Sea, Italy
Priolo Bay, Ionian Sea, Italy
Gulf of Gaeta, Tyrrhenian Sea, Italy
Monte di Procida, Tyrrhenian Sea, Italy
Gulf of Pozzuoli, Tyrrhenian Sea, Italy
Bagnoli, Naples, Tyrrhenian Sea, Italy
Gulf of Trieste, Adriatic Sea, Italy
Sardinia, Tyrrhenian Sea, Italy

Priolo Bay, Ionian Sea, Italy

Schintu et al., 2015
Di Leonardo et al., 2014
This study
Mangoni et al., 2016
Trifuoggi et al., 2017
Romano et al., 2009
Acquavita et al., 2010
Schintu et al., 2015
Di Leonardo et al., 2014
This study
Mangoni et al., 2016
Trifuoggi et al., 2017
Romano et al., 2009
Acquavita et al., 2010
Schintu et al., 2015

Di Leonardo et al., 2014

size component — could be the area mainly subject to the
highest potential ecological risk. This hypothesis was in
agreement with our results that showed a higher degree
of sediment pollution and greater ecological risk in GAO1
and GAOS sites (Fig. 3). These two sampling sites were
located at low depths and in an area in which m-ERM-Q
results identified a slight overall toxicity and ecological
risk of sediments (Fig. 3).

The zone with higher trace metal contamination was
also characterised by a low current field obtained during
the WC, which represents the most frequent condition in
the study area, as also highlighted by Paladini de Mendo-
za et al. (2018). High speed values of the sea current in
the southern part of the Gulf of Gaeta occur only during
the GC which is the least frequent of the meteomarine
conditions examined in this study. To demonstrate the
dependence between sediment contamination and hy-
drodynamic conditions, the m-ERM-Q (Fig. 3), which
reveals sediment sites with the greatest probability of
toxicity, was compared with the new SMI (Fig. 5), based
on the hydrodynamic parameters mBSS estimated by the
DELFT3D-FLOW model. A close and direct relationship
was found between the two indices in the coastal area of
Gaeta (Fig. 6), demonstrating that zones with high SMI
overlap with those with the greatest probability of sed-
iment toxicity. The fine sediment present in this area is
resuspended only during the GC thus becoming a source
of contaminants for the water column and biota.
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The index developed in this study is sensitive to small
variations in environmental stress as it can detect slight
toxicity of sediments (according to the m-ERM-Q), such
as those detected within the Gulf of Gaeta. SMI can also
be easily applied to the potential contamination analysis
of other sheltered coastal areas, such as those chosen to
compare the results of the trace metals concentration in
bottom sediments. It was developed so that it could be
modulated on other sediment size classes and used to
analyse the potential risk of seabed contamination by
other pollutants (e.g., PAH, PCB, chlorinated organic
compound, petroleum hydrocarbons, and nutrients). The
application of the new index in the embayed areas is rel-
evant for policy and management needs as it will help
in the development of high performance monitoring and
hazard assessment tools able to confidently identify hot-
spots (Mali et al., 2017).
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