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In this study we have examined the currents and hydrological characteristics of the water column off the mouth of the
Gromolo Torrent (north-western Italy) in relation to the grain-size, mineralogical characteristics and metal distribution
in the marine sediment sampled. Our purpose was to quantify and map the contamination that was carried out to sea from
the abandoned Libiola Fe-Cu sulphide mine that has heavily impacted the torrent. Our results show high concentrations
of Cu and Zn, and relatively high concentrations of Cd and Ni inside the bay into which the Gromolo Torrent flows.
However, high concentrations of As, Cr, Hg, Mn, Pb, and V found in the northern and/or eastern parts of the study area
originated from other sources. The subdivision of study stations in terms of metal and mineral contents in the bottom
sediments highlighted the clear influence of the currents on their dispersion and distribution in the area



Introduction

Human activities, such as mining, can cause high levels of
contamination in the nearby coastal environment. In particular, the
discharge from mining activity, such as mine drainage, characterised by
high metal concentrations, represents a long-term source of metal
contamination in rivers and torrents that can persist long after the end of
the mining operations (da Silva et al., 2009).

The evidence of river and torrent contamination due to Acid Mine
Drainage (AMD) is extensive and many researchers have focused on the
different aspects of both geochemically- and biologically-related
processes, studying the characteristics and behaviour of the
contaminants in river environments (Edraki et al., 2005; Blowes et al.,
2003; Matlock et al., 2002) and the impact of AMD on biological
communities (Adlassnig et al., 2013; Baker et al., 2009; DeNicola and
Stapleton, 2002; Gerhardt et al., 2004; Halter et al., 2012; Harding,
2005; Luis et al., 2009). Studies of the treatment and reclamation of
AMD are also numerous (Akcil and Koldas, 2006; Johnson and
Hallberg, 2005; Sheoran and Sheoran, 2006).

Due to the fact that rivers and torrents are major contributors to
marine contamination, the impact of this input on the marine
environment cannot be ignored (Nicolau et al., 2006). The processes that
take place during the mixing of contaminated fresh waters and sea
waters at river mouths and regulate the initial diffusion and dispersion
of metals in the marine environment are complex and include
dissolution, desorption, transformation and migration across the
sediment/water interface (Asta et al., 2014). The physical-chemical
parameters that mostly affect the metal diffusion in the marine system
are salinity, pH, the water temperature, the properties of the sediments
and the dynamics of the area (Duran et al., 2012; Nieto et al., 2007).

AMD from the Libiola Fe-Cu sulphide mine, located about 8 km
NE of Sestri Levante (north-western Italy) and extended over an area
of about 4 km? within the basin of the Gromolo Torrent, has
contaminated the waters and sediments of the torrent (Carbone et al.,
2005). The mine was extensively exploited from 1864 until 1962,
with more than one million tonnes of minerals extracted, and then
abandoned, but it still presents serious environmental problems due
to various processes, such as supergenic sulphide oxidation, erosion
of waste deposits, and easily accessible mine adits, which
continuously discharge strong acid waters and, sometimes, toxic
gases (Carbone et al., 2005).

In recent years, geochemical studies have been conducted on the
chemistry of the water and particulate matter that leak from the
mining area into the waters of the Gromolo Torrent (Dinelli et al.,
2001; Dinelli and Tateo, 2002), the contamination rate of the torrent
waters and sediments (Accornero et al., 2005; Carbone et al., 2013;
Cortecci et al., 2008; Dinelli et al., 2001), and the impact of the mine
waters on the biological sector (Cantonati et al., 2014). Up to now,
no research has been carried out on the marine environment (neither
sea waters nor sea sediments) off the torrent mouth to determine
which contaminants have been transferred from the Gromolo Torrent
to the sea and their distribution in the marine bottom sediments.

Therefore, the aim of this study is to determine the level of
contamination of the marine bottom sediments off the mouth of the

Gromolo Torrent (“Baia delle Favole” of Sestri Levante) and to

identify the main sources and diffusion paths of the contaminants,
considering the currents of the area, the mineralogy, and the
sedimentary characteristics of the bottom sediments.

Study area
The coast and sea of Sestri Levante

The study area (Fig. 1) is situated between the mouth of the Entella
Torrent (west) and the Punta Manara headland (east), and comprises
the headland of Sestri Levante with two bays, the western named
“Baia delle Favole” and the eastern named “Baia del Silenzio”.

As reported by Doglioli et al. (2004a, b) the study area is
characterised by the presence of a permanent north-westward current
flowing roughly along the isobath and following the narrow shelf,
with only short inversion time periods. The surface current intensity
is generally of 25 cm s2, with a maximum of 100 cm s during very
strong winter winds. The bottom current velocity is 10 cm s, with a
winter maximum of 40 cm s™1. A south-eastward gyre is generated by
the presence of the headland (Doglioli et al., 2004a) and, moreover,
an eastward counter-current is present along the north coast with a
resulting drift of the coastal materials from the Entella Torrent to the
Sestri Levante bay area (CNR and MURST, 1997).

The wave regime in the area is mainly determined by southern
winds (SE, Scirocco, and SW, Libeccio), with the greatest storms
caused by the autumnal south-western winds, with a maximum wave
height of about 7 m.

The western bay of Sestri Levante (Baia delle Favole) is
characterised by a shoreline extending for about 1300 m, interrupted by
the mouth of the Gromolo Torrent: the northern section extends for 800
m from the NE to the SW, and the southern section for 500 m from the
NW to the SE. The southern section extends to the headland with the
breakwater of the marina of Sestri Levante (about 120 m-length).

As shown in Di Matteo and Milli (2008) the bathymetry of the bay
is characterised by a gradual deepening of the bottom in the northern
part of the study area and a shallower slope inside the bay off the
Gromolo Torrent mouth, with the maximum depth of 14 m at the head
of the marina breakwater.

The coast of the area consists mainly of sandstones with alluvial
sediments around the mouth of the Gromolo Torrent (Dinelli et al.,
2001).

The Gromolo Torrent

The Gromolo Torrent originates about 11 km from the coast of Sestri
Levante (850 m a.s.l.), and has a catchment surface of 18.2 km?, and a
main sector length of 9 km oriented NE-SW. The catchment basin is
characterised by a unimodal rain distribution with a maximum in
November (thirty-year mean rain N180 mm) and minimum in July
(Provincia di Genova, 2009). The corresponding flow rate of the torrent
is at a minimum in July—August (minimum in the period 2010-2014 of
—0.13 m with respect to the reference hydrometric level) and a
maximum in October and November (maximum in the period 2010-
2014 of 0.47 m with respect to the reference hydrometric level) (http://
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www.cartografiarl.regione.liguria.it/SiraQualMeteo/script/
PubAccessoDatiMeteo.asp).

Geologically, the catchment area of the Gromolo Torrent can be divided
into three macro sectors: a north-eastern sector, which is characterised
by a Jurassic ophiolithic sequence of serpentinites and basalts with their
sedimentary cover, where the Libiola mine is located; a central sector
that includes the central and lower parts of the Gromolo Torrent valley,
where a turbidite sequence of sandstones and shales of an underwater
cone crops out; and a south-western sector consisting of the flood plain
of the final stretch of the torrent (Dinelli et al., 2001).

The Gromolo Torrent catchment area is characterised by woods in
its upper reaches, woods alternating with cultivated areas in the valley
bottom and terraced slopes, and the city of Sestri Levante and its hamlets
close to the coast (about 19,000 inhabitants). The most important
activity in the area is the shipyard of Riva Trigoso (Fig. 1) and smaller
companies operating in the construction, paper and wood, engineering
and textile sectors (Passarelli, 2001). Moreover, from 1905 to 1995 a
metal factory producing pipes in iron, steel, copper and other metals
(120,000 m? of maximum surface) operated along the torrent.

The Libiola Mine area (Fig. 1), located between 230 and 335 m a.s..,
is delimited by three tributaries of the Gromolo Torrent, and the mine
waters flow into these creeks and directly into the Gromolo Torrent. The
hydrological regime of the mining area is characterised by a constant
outflow of water from the tunnels due to the presence of over 30 km of
underground passages plus extensive open-cut mines that facilitate the
drainage of rainwater. The main ore-forming minerals are pyrite,
chalcopyrite and sphalerite, hosted in a quartz and/or calcite gangue.
The water circulating in the mining area is mostly acidic sulphate water
with a high percentage of dissolved Fe, Al, Cu, Zn, Ni, and other metals.
A wide variety of secondary minerals precipitate from these solutions,
mainly as colloids occurring in the AMD-impacted streams and runoff.
These precipitates can scavenge high percentages of dissolved metals
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from solution and can subsequently act as a secondary source of
contaminants through desorption or destabilisation processes. In
particular, the Libiola mine colloidal precipitates can release Al, Cu, Fe,
and Zn in solution, and, to a lower extent, Cd, Co, Mn, and Ni (Carbone
et al., 2013; Consani et al., 2016). At two different sites along the
Gromolo Torrent these acidic, metal-rich solutions (pH = 2.6 and EC =
6000 pS) are discharged directly into the alkaline water of the torrent,
and the formation of an amorphous, metal-rich precipitate takes place
(Accornero et al., 2005; Dinelli et al., 2001; Dinelli and Tateo, 2002;
Marini et al., 2003). These colloids contribute to the dispersion of metals
along the entire torrent course to its mouth and then into the sea.

Materials and methods
Instrumentations and sampling strategy

The distribution of the sampling stations was adapted to the
characteristics of the area, with a higher concentration of stations in
the western bay of Sestri Levante and more widely spaced stations
westwards along the coast and off the bay (Fig. 2). A reference station
(mentioned as “Bianco”) was situated on the other side of the
headland of Sestri Levante (in front of the eastern bay).

Superficial bottom sediments were sampled using a 5-L VVan Veen
grab. About 500 mL of sediment was collected at each station and
stored in wide-necked plastic jars.

The hydrological data were collected using a conductivity—
temperature—depth (CTD) multiparametric probe (IdromarAmbiente)
equipped with a turbidimeter (Turner Designs), an optical sensor that
determines the concentration of suspended particles in the water by
measuring the incident light scattered at right angles, and expresses it
in Formazin Turbidity Units (FTU). The Formazin is a polymer used
to calibrate the sensor, and the sensor utilised in this study had a
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Fig. 1. The study area of Sestri Levante, in north-western ltaly, lies between the mouth of the Entella Torrent and Punta Manara; the Gromc
Torrent is indicated by a light blue line and the Libiola mine is indicated by a red circle (satellite imagery from Google Earth, Version 7.1.1.188:
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3. 2. Sample stations in the study area. The letters indicate the stations where only the dynamics and hydrological data were collected, while
2 numbers correspond to the stations where the bottom sediments were also sampled. The light blue line indicates the Gromolo Torrent; the
ick dashes indicate the sewer outlet of the city of Sestri Levante (depth of the wastewater discharge: 35.5 m).



Laboratory analysis and data treatment

Sediment samples were homogenised and then divided into two
portions for the intended analyses (grain-size distribution,
mineralogical composition, and chemical content) and storage.

The grain-size analysis was obtained using wet sieving to divide
the fine fraction (& b 63 um) from the coarse one (& > 63 um), and
then dry sieving to split the coarse fraction into the various sand and
gravel granulometric classes (125, 250, 500, 1000 pum for sand, and
@ N 2000 pm for gravel). The results of grain-size distribution were
expressed in % values.

Due to the fact that extensive precipitation of Fe(lll)-bearing
colloids takes place throughout the entire area of the mine in acidic
water and as a result of the mixing of acid mine-waters with local
streams and ground waters (Dinelli and Tateo, 2002; Grosbois et al.,
2007; Kimball et al., 1995; Marescotti et al., 2008), and that metals
tend to concentrate in particles of silt-clay size (Morillo et al., 2004;
Villaescusa-Celaya et al., 2000), we only performed the chemical and
mineralogical analyses on the two finest dimensional fractions of the
marine sediment (& b 63 um and 63 <@ <125 um fractions) derived
from the sieving.

Therefore, after the grain-size separation, a portion of fine fraction
(@ < 63 um) and a portion of very fine sand (63 < @ < 125 um,
hereafter called “coarse fraction”) were analysed for the
mineralogical characterisation using X-ray Powder Diffraction
(XRD) analysis with CoKa radiation (current 20 mA, voltage 40 kV):
the dry sediment portions were primarily ground with an agate mortar
and pestle, and then mounted on zero-background silicon plates.
After, each sample was scanned for 20 (total scattering angle)
between 5° and 80° at a scan rate of 5° min™2.

The minerals of the samples analysed in the different XRD data
were identified using the Powder Diffraction File™ (PDF) database
of the International Centre for Diffraction Data (ICDD). Their
quantification was performed using the Reference Intensity Ratio
(RIR) method, which permits the mineralogical composition scaling
of all diffraction data to the diffraction of standard reference
materials.

The results of the mineralogical composition of the samples were
expressed in % values.

Eleven metals and trace elements (As, Cd, Cr, Cu, Fe, Hg, Mn, Ni,
Pb, V, and Zn), from the two sediment fractions studied (fine and coarse
fractions) from each station, were determined and then considered in
this work. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
analysis was applied to 0.5 g of dry and ground sample after modified
Aqua Regia digestion (ISO 15587), a method based on an acid mixture
containing three volumes of concentrated hydrochloric acid and one of
nitric acid used for the digestion of solid samples and the subsequent
analysis of elements. The Aqua Regia digestion and ICP-MS analysis
(AQ250 standard package) was performed by Bureau Veritas Mineral
Laboratories (Canada; 1SO9001 Quality Management Systems).
Standard quality assurance procedures include: analysis of blanks
within each batch; a routine testing of certified reference
materialstandards; duplicate samples included in each batch to ensure
that reproducible results are being achieved.

The distribution maps of the analytical results of the currents,
hydrological characteristics, and sediment dimensions were drawn

using the standard Kriging method of interpolation, while the
distribution maps of the contaminant concentrations were drawn using
the Classed Post Map; both methods were performed with Surfer®
software (Golden Software Inc., ver. 10).

To define and discuss the relationship between the metals and
mineralogical characteristics of the sediment samples, the Spearman's
rank correlation was employed (Preda and Cox, 2002). In addition,
principal component analysis (PCA) was used to simplify the
interpretation of the grouping of the stations due to the metal distribution
in the bottom sediments.

Results

Our sediment samples were principally characterised by coarse
materials (@ N 63 um; Table 2), mostly consisting of fine sand, with
values between 56 and 84% at all the sampling stations, with the
exception of station 2, which had 36% fine sand and a prevalence of
mean sand (42%). The highest value recorded for fine materials (& b 63
um) was 17%, with an average of about 9% in the analysed samples.

The horizontal distribution of the fine (& b 63 um) and coarse (3 N
63 um) sediments in the study area (Fig. 3) highlighted a general
prevalence of the coarse materials, but in the bay the percentage of
coarse sediment decreased (83% at stations 1 and 9) and, consequently,
the fine sediment increased. On the contrary, outside the bay the coarse
sediment percentages were higher, reaching a maximum of 95.8% at
Bianco station.

In the offshore surface layer (Fig. 4), currents flowed from E to W
following the general circulation of the Ligurian Sea (Millot and
TaupierLetage, 2005), while inshore, a counter-current flowed from W
to E, following the profile of the bay and the headland of Sestri Levante,
producing a gyre inside the bay. The counter-current was also present in
the

Table 2
Basic statistics for grain-size variations in the 16 sediment samples.
Values are expressed in % of the total sample.

Fi Coarse Very fine  Fine sand
ine i
. sediment  sand (225
sediment
(@b 63 (@N (63<@<
um) 125 pm) <@ <250
63 um) um)
Minimum 3.9 82.8 6.8 36.0
Maximum 12.9 95.8 30.4 83.5
Mean 8.6 88.6 15.9 67.9
Median 9.3 88.0 154 71.2
Standard 3.0 3.9 7.0 11.2
deviation
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Fig. 3. Distribution of sediment fractions. The ranges of the classes are
in %. We considered the coarse-sediment fraction as sand + gravel as
the gravel fraction was negligible (only 0.1% of the whole sample.

bottom layer, flowing W-E, and was also followed by the offshore
currents, which are, therefore, contrary to the general current trend of
the Ligurian Sea. The current intensity was relatively low, above all
inshore and inside the bay, and in general did not exceed 20 cm s™2.

The salinity (Sal) of the water column (range 37.6-38.4; Fig. 5a) was
lower in the bay and at Bianco station than off the headland of Sestri
Levante and along the northern coast of the study area. The water
temperature (T) (range 17.6-24.8 °C; Fig. 5b) had relatively lower
values in the entire water column inside the bay and in the surface layer
off the headland than in the northern part of the area. In the bottom layer
of the northern part, the water temperature was affected by surface
warming inshore where the depths are shallow, and showed a gradual
decrease towards the open sea with the deepening of the sea bottom. The

water turbidity (Tu) (0.6-3.3 FTU; Fig. 5¢) was low in the entire study
area and was lower in the surface layer than in the bottom layer. In
particular, turbidity was lower in the surface layer inside the bay (with
the exception of station 6) than offshore, while it was the contrary in the
bottom layer.

The concentration ranges for each contaminant found in the two
considered sediment fractions (& b 63 um and 63 <@ <125 um) are
reported in Table 3. Contaminant concentrations found were
compared to values adopted in the national regulatory guidelines
legislation for monitoring Italian coastal marine areas (D.M. 367/03;
Table 3). In the fine fraction (@ b 63 pm), the Cr and Ni
concentrations were always higher than the legal limit, while As and
Pb exceeded it only in some samples. Hg was always lower than the
limit but, the maximum concentration was very close to it (285.0
ppb). In the coarse fraction (63 < @ < 125 um), As, Cr, and Ni
exceeded the limit, even for the minimum values, while Cd, Pb and
Hg were all lower than the reference values.

The ratios between the contaminant concentrations found in the

bottom sediments and the legal limit defined for As, Cd, Cr, Hg, Ni,
and Pb (Italian D.M. 367/03) shown in Fig. 6, have been calculated
to better highlight the sediment contamination rate and its distribution
in the study area. In the case of both the fine and coarse fractions (Fig.
6), Ni and Cr were always up to 11 and 6 times higher, respectively,
than the legal limit, with the minimum values at Bianco station. The
highest Ni values were concentrated in the bay, while the distribution
of the highest Cr concentrations was wider and also included the
northwestern coast. Pb was below the legal limit in the coarse
fraction, while conversely As was slightly higher. In the fine fraction,
As and Pb were higher than the legal limit at only a few stations,
including Bianco station and the north-western areas (e.g. stations 15
and 16), but not in the bay. As already highlighted in Table 3, Hg and
Cd were below the legal limit in both sediment fractions at all the
stations. Hg, even if always under the legal limit, had its peak in the
fine fraction of the Bianco station sediments.
There are no legal limits set for Cu and Zn, therefore the mean
concentrations found in Bertolotto et al. (2005) off Riva Trigoso
(eastwards of Sestri Levante, where there is a shipyard; Fig. 1) were
considered as comparison values. These values correspond to the mean
concentrations found in the sediments of three different stations sampled
at 500, 700 and 1000 m from the shore. The resulting comparison values
are 69.3 ppm of Cu and 111.3 ppm of Zn, and the ratios with the
concentrations of this study were calculated and are shown in Fig. 7. Cu
exceeded the comparison value more than Zn in the fine fraction, and,
while Zn was higher than the comparison value at all the stations (with
a decrease from W to E), Cu was lower than the comparison value at
stations 13-16 and was more concentrated off the mouth of the Gromolo
Torrent. In the coarse fraction, this metal exceeded the comparison value
a few times, but only at Bianco station and inside the bay.
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Fig. 4. Horizontal distribution of current vectors (in cm s™) in the surface layer (2 m-depth; left) and in the bottom layer (right).
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Table 3

Concentrations of the national regulatory guideline (Italian Ministerial Decree D.M. 367/03) and minimum, mean and maximum concentration
of contaminants found in the two dimensional fractions studied (@ b 63 um and 63 < @ < 125 pm) in the 16 samples of bottom sediments.
Minimum and maximum values exceeding the legal limits are highlighted in bold. All values are reported in parts per million (ppm) of dry weight,
except for Fe, reported in percentages (%), and Hg, reported in parts per billion (ppb).

As (ppm) Cd (ppm)  Cr (ppm) Cu (ppm) Mn (ppm) Ni (ppm) Pb (ppm) V (ppm) Zn (ppm) Hg (ppb) Fe

(%)
D.M. 367/03 12.0 0.30 50.0 30.0 30.0 300.0
@ b 63 um fraction
Minimum 9.3 0.07 103.2 56.2 538.0 99.0 16.6 38.0 111.4 20.0 3.3
Maximum 15.7 0.25 384.3 452.2 1207.0 342.5 43.3 241.0 262.7 285.0 8.8
Mean 124 0.11 295.8 158.4 927.9 269.6 23.8 71.9 167.3 90.7 45
Median 12.2 0.10 308.7 105.0 947.5 285.9 21.0 57.0 157.1 55.5 4.1
Standard 2.0 0.05 63.5 128.7 153.4 65.5 6.9 473 43.8 729 1.2
deviation
63<@<125um
fraction
Minimum 12.1 0.03 755 26.8 299.0 64.8 13.9 26.0 78.7 7.0 1.8
Maximum 225 0.09 319.8 229.2 1099.0 339.8 23.9 98.0 195.5 24.0 4.9
Mean 17.1 0.06 271.0 78.8 849.8 271.4 17.0 55.1 111.7 14.2 3.6
Median 17.1 0.05 289.9 49.7 851.0 270.7 15.6 50.5 97.9 125 3.6
Standard 2.9 0.02 59.3 63.2 178.9 62.6 34 18.7 36.5 4.6 0.7
deviation
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Fig. 6. Trend of the ratio between metal concentrations and legal limits (y axis) at all the study stations (x axis) in the fine (& b 63 um, above) and
coarse (63 <@ <125 um, below) fractions.

The areal distribution of the metal concentrations in both the
sediment fractions studied are shown in Fig. 8 (to simplify, only V, Cu,
and Zn distributions are shown, while all the other metal maps are
reported in the supplementary materials, Fig. S1 and Fig. S2).
Generally, the fine fraction showed higher values than the coarse one,
with the exception of As, which had higher concentrations in the coarse
fraction. The distributions of the maximum concentrations were
different for each of the metals. In the fine sediment fraction, As, Cr,
Fe, Pb, and V had their maxima in the western stations, while Cd, Cu,
Mn, and Ni had theirs inside the bay. In the coarse fraction, As, Cr, Fe,
Hg, Mn, Pb and V had their maximum in the western part of the study
area, while Cu, Ni, and Cd had their highest values off the mouth of

the Gromolo Torrent. Bianco station had the highest concentration of
Zn (263 ppm) and Hg (285 ppb) in the fine fraction, and Zn (196 ppm)
in the coarse fraction, but the lowest values of Cr, Fe, Mn, Ni, and VV
in the fine fraction, and As, Cr, Cd, Fe, Mn, Ni, and V in the coarse
fraction.

The mineralogy of the marine sediments was characterised by a
general homogeneity, both at the different stations and in the different
analysed fractions (Table 4a and Table 4b). Quartz and illite were the
main phases inside the sediments in both fractions, followed by albite
and chlorite. Calcite, serpentine and talc were also present in all the
samples, with the exception of talc in the fine fraction at Bianco station.
Amphibole was another common mineral, while pyroxenes and, to a



minor extent, calcite tended to concentrate in the fine fraction. Neither
amphibole nor pyroxenes were detected at the Bianco sampling point,
and serpentine seemed to be present in smaller amounts than at the
other stations, especially in the coarse fraction while, on the contrary,
talc and albite reached their maximum concentration in this fraction. It
is worth noting that cuprite, a mineral deriving from AMD-related
precipitates, was detected only at station 1, while hematite, magnetite,
and garnet were detected only at stations 15 and 16.

Pearson's correlation coefficient matrix was used to evaluate the
relationships between the observed metals, the mineralogical
composition of the sediments, and the physical-chemical properties (T
and Sal) of the water in the bottom layer of the water column (Tables
5a and 5b). In particular, the correlation analysis was conducted to
determine the eventual influence of physical-chemical parameters of
the bottom water (Nicolau et al., 2006) and the mineralogical
characteristics of the sediments (Cox and Preda, 2003) on the metal
concentrations.

In the fine fraction (Table 5a), two different but related groups of
elements were observed: the first group contained Fe, V, Pb, As, and
Mn, while the second group contained Cu, Zn, Cd, and Ni. Hg, Cr, and,
to some extent, Ni tended to be correlated with elements belonging to
both groups. Arsenic showed a high negative correlation with Cu and
Ni (r = —0.72 and —0.88, respectively). The only mineral showing a
positive correlation with some elements, in particular As, Hg, and less
clearly Pb, was chlorite.

Some positive and negative correlations found in the fine fraction
were also observed in the coarse one (Table 5b), but new relationships
were highlighted, primarily between Zn-Cu, and between Mn, Fe, As,
V, and Cr. As in the case of the fine fraction, two groups of metals
could be distinguished in the coarse fraction: Fe, V, Pb, As, and Mn
were again positively correlated with each other, but Cr and Ni also
belonged to this group; while the second group was composed of Cu,
Zn, Cd, and Hg. In the fine fraction, Ni and Cu showed an r = 0.60

due to their concentration in the stations with the maximum
percentage of fine sediments, while they were not correlated in the
coarse fraction. In the coarse fraction, chlorite was again the only
mineral presenting a positive correlation with metals, although in this
fraction it was correlated to Ni and Cd.

With regard to the influence of the physical-chemical parameters
of the water, in the fine fraction, T and Sal showed a negative
correlation with Zn and Hg (Table 5a). In the coarse fraction, Mn, Fe,
As, and Cr were positively linked to both T and Sal, while Zn was
again negatively correlated to the physical characteristics of the water
(Table 5h).

The principal component analysis (PCA) was used to highlight the

main differences between the sample stations and summarise their
characteristics and their possible grouping. The PCA results are
shown in Fig. 9 and Fig. 10 for the fine and coarse sediment fractions,
respectively. In the fine fraction, the first three principal components
explain a cumulative variance in the data of 80.04% (factorl: 32.76%,
factor 2: 26.30%, and factor 3: 20.98%) and clearly separate Bianco
station, characterised by Zn, Hg, illite and chlorite, from the group of
western stations (14-16), characterised by Fe, V, As, and Pb, and
from stations 2 and 6, and, to a minor extent, station 1, off the mouth
of the torrent, due to the presence of Cu, Cd, Ni and quartz.
In the coarse sediment fraction (Fig. 10), the first three principal
components explain a cumulative variance in the data of 78.89%
(factor 1: 41.08%, factor 2: 24.18%, and factor 3: 13.63%) and show
a similar separation in the fine fraction (Fig. 9), confirming the
different characteristics of the different groups of stations and the
different inputs of contaminants to which they are subjected. In fact,
also in this case, Bianco station was clearly separated from all the other
stations, as well as the group of western stations (from 14 to 16), and
stations 1, 2 and 6 off the mouth of the Gromolo Torrent.
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Fig. 7. Trend of the ratio between metal concentrations and mean values found in Bertolotto et al. (2005) (y axis) at all the study stations (x axis) in
the fine (@ b 63 um, above) and coarse (63 < @ <125 um, below) fractions.
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Table 4a
Summary table of the mineralogical features of the fine (& b 63 um) fraction of the bottom sediment samples. Values are expressed in percentage;
values equal to zero have not been reported.

Sampling stations

Minerals Bianco 1 2 4 5 6 7 8 9 10 11 12 13 14 15 16
Quartz 27 28 34 36 39 34 31 34 36 34 38 33 33 29 33 30
Calcite 5 3 3 3 3 2 3 4 4 3 3 2 3 3 3 2
Albite 13 11 5 15 11 11 15 9 13 14 9 15 10 16 9 9
Talc 4 2 4 2 2 2 2 2 2 2 3 2 2 2 6
Chlorite 16 7 11 6 9 9 10 10 6 10 10 10 12 13 13 10
Ilite 37 27 28 33 32 32 31 30 28 36 33 32 28 26 29 26
Serpentine 2 3 4 3 3 3 3 3 3 2 3 3 2 2 2 1
Amphibole 2 2 2 3 3 2 3 2 2 3 4 3
Diopside 5 5 6 6 8 6 6 6
Ortopyroxene 11 U 6

Magnetite 2
Garnet 4
Hematite 1

Discussion

The distribution of the dimensional classes of the bottom sediments (Fig. 3), with high percentages of fine sediments inside the bay, is in

agreement with the bathymetry of the bottom found by Di Matteo and Milli (2008). This is also in agreement with the coastal topography and the
slow currents of the area (Fig. 4) that control the distribution of the chemical-physical parameters of the sea water (Fig. 5a-b) and the dispersion
of the sediment and torrent discharge, allowing the transport and deposition of fine material inside the bay. This phenomenon is also confirmed
by the distribution of the turbidity (Fig. 5c) that has higher values inside the bay than outside it.
The high level of Ni and Cr found in the sediments in the entire study area (Fig. 6) agrees with the bulk chemistry composition of the rocks
outcropping in the area; in fact, ophiolite-related soils and stream sediments contain very high concentrations of these two metals (Albanese et
al., 2015). Moreover, these elements tend to be concentrated in the sediments as they are not easily soluble and their related minerals (for example,
chromite and serpentine) are stable under these conditions (Albanese et al., 2015). The high values of As and Pb, found at the southeastern and
northwestern extremities of the study area, suggest that these elements are not derived from the mine discharge or the mineralogy of the area.
Moreover, Zaccarini and Garuti (2008) and Carbone et al. (2012) demonstrated that only very small quantities of As and Pb were present in the
sulphide mineralisations of the Libiola mining area. Arsenic sources could be related to industry as observed by Amano et al. (2011) and Pb is
both produced by and used in different industrial activities (such as the burning of coal and oil fuel, painting, electronics, alloys, etc.) and is also
involved in different biological processes (e.g. associated with marine plankton) (Amano et al., 2011). In our case, they were probably due to
human activities along this section of the coast (ports, cities, etc.) or inputs from sources further to the west (e.g. the Entella Torrent). The high
Hg content at Bianco station may be partly explained by the presence of the nearby sewage outlet (Fig. 1); in fact, as indicated by Shoham-Frider
et al. (2007), half of the Hg in the sewage can derive from municipal households, drinking water supply systems, dental clinics and industrial
sources (such as caustic soda production), while the source of the other half is unknown.

Sampling stations

Minerals Bianco 1 2 4 5 6 7 8 9 10 11 12 13 14 15 16
Quartz 33 38 35 35 32 36 37 39 30 35 37 33 37 30 30 30
Calcite 1 2 1 2 1 2 2 2 2 2 2 2 3 2 2 3
Albite 18 6 9 16 5 9 12 10 13 12 7 14 10 8 13 12
Talc 10 7 3 4 1 2 5 3 7 5 4 5 2 2

Chlorite 4 8 8 6 5 8 6 6 6 8 5 6 7 6 6 6
Ilite 33 35 36 34 28 38 30 38 31 33 31 35 35 40 38 30
Serpentine 1 4 4 3 2 3 2 2 2 2 2 2 2 2 2 2
Amphibole 5 1 1 3 6 1 2 3 2 3 4 2 1 2

Diopside 25 8 11 8 5 10



Magnetite
Hematite

Cuprite

Table 5a

Pearson's correlation coefficients among metal concentrations in the sediments, physical-chemical parameters of the bottom water and
mineralogical characteristics of the sediments. Observation number: 17. Significant and strong correlations (positive or negative) are marked in
bold at the 0.05 level and in italic bold at 0.01 level. Sediment fraction: @ b 63 um. T: water temperature; S: water salinity.

Cu Pb Zn Ni Mn Fe As Cd \ Cr Hg Quartz Albite Chlorite Illite T  Sal
Cu 1.00
Pb -0.06 1.00
Zn 059 034 1.00
Ni 0.60 -0.50 —-0.22 1.00
Mn -0.11 0.20 041 026 1.00
Fe -0.21 077 -0.15 -0.20 0.58 1.00
As -0.72 061 -0.02 -0.88 0.17 048 1.00
Cd 090 019 068 0.34 -0.28 -0.11 -052 1.00
Y, -0.30 078 -0.20 -0.25 051 099 052 -0.16 1.00
Cr 0.26 002 044 075 0.60 046 -044 0.10 042 1.00
Hg 0.03 0.64 060 056 -0.20 0.23 044 027 0.24 -045 1.00
Quartz 0.03 -0.52 046 051 0.06 -0.20 -0.47 -0.11 -0.21 0.36 -0.48 1.00
Albite -0.35 -0.26 -0.16 —-0.24 0.04 -0.18 0.24 -052 -0.18 —0.30 -0.14 -0.20 1.00
Chlorite —0.19 049 047 -0.79 -024 003 064 009 0.05 -0.72 060 -047 -0.10 1.00
Ilite -0.01 -0.27 038 025 -0.50 -042 0.01 -0.11 042 -055 022 018 032 0.18 1.00
T -0.23 -0.10 -0.67 020 0.22 013 -0.03 -0.23 017 0.30 -065 031 -024 -019 -0.69 1.00
Sal -0.45 —-0.04 -0.69 0.01 023 024 017 -046 027 023 -063 019 -0.04 -0.11 -0.64 0.90 1.00

The comparison of Cu and Zn concentrations with the values found

in Bertolotto et al. (2005) (Fig. 7) highlights how Zn and Cu have the
highest values inside the Sestri Levante bay and are more linked to the
residual fraction than the coarse fraction of the sediments, as already
found in Yuan et al. (2004).

This situation confirms that their distribution is strongly influenced
by the currents of the area and the resulting distribution of sediments:
in fact, they have accumulated inside the bay where the current
intensity is minimal and the fine sediments are concentrated, and have
lower concentrations along the north-western coast where the currents
are stronger and the effect of waves on sediment resuspension and
metal remobilisation is greater (Duran et al., 2012).

The fact that both metals show their highest values in the two
stations nearest the mouth of the Gromolo Torrent (stations 2 and 6) is
evidence that they derived from the torrent input. Naturally, Cu can be
discharged into the environment from forest fires, weathering process
of exposed soil, and decaying vegetation, while anthropogenic sources
of Cu may come from domestic use of Cu-based chemicals, untreated
municipal sewage sludge, and corrosion of Cu materials (Shaari et al.,
2015). Instead, the possible sources of Zn are motor oil and grease,
fertilizers, sewage sludge, transmission fluid and concrete (Shaari et
al., 2015). Moreover, landfill leachate and iron hydroxides can
transport and adsorb, respectively, large quantities of metals, and iron
oxides can also play an important role in trapping metals in aquatic
sediments (Guigue et al., 2013; Salomons and Forstner, 1984).
However, in the case of Sestri Levante, all the above- mentioned
processes can explain only a small part of the Cu and Zn in comparison



to the huge quantity of these metals derived from the pyrite and
chalcopyrite mineralisations of the Libiola mine discharge and
transported by the Gromolo Torrent to the sea (Dinelli et al., 2001;
Zaccarini and Garuti, 2008).

The interpretation of Pearson's coefficients (Tables 5a and 5b) was
elaborated because of the complexity of the sedimentology of the area
and the multitude of processes taking place, such as biological activity
and absorption, which have an especially important role in the fine
fraction. Nevertheless, the first difference resulting from the
comparison of the correlations in the two considered sediment

fractions is the large number of good correlations in the coarse fraction.
These correlations are found among the metals themselves, but also
between the metals and the chemical-physical parameters of the water.
These metal correlations with the chemical-physical parameters of the
water could be due to the fact that some elements, such as Cu and Zn,
for example, display similar behaviour in similar condition (Duran et
al., 2012).

Table 5b Pearson's correlation coefficients among metal concentrations in the sediments, physical-chemical parameters of the bottom water and
mineralogical characteristics of the sediments. Observation number: 17. Significant and strong correlations (positive or negative) are marked in
bold at the 0.05 level and in italic bold at 0.01 level. Sediment fraction: 63 < @ < 125 um. T: water temperature; S: water salinity.

Cu Pb Zn Ni Mn Fe As Cd

\Y Cr Hg Quartz Albite Chlorite Illite T  Sal

Cu 1.00

Pb -0.19 1.00

Zn 0.90 -0.30 1.00

Ni —-0.04 -0.08 -0.38 1.00

Mn -057 051 -0.75 057 1.00

Fe -046 0.73 -0.64 042 093 1.00

As -079 057 081 016 084 0.78 1.00
Cd 0.57 -0.05 022 068 003 0.04 —0.37
\ —-051 083 -059 012 081 094 0.78 —0.16
Cr -029 035 060 086 084 080 0.0
Hg 051 027 035 014 005 0.23 -0.31
Quartz 032 -0.67 029 018 -0.28 —0.50 —0.44
Albite —-0.01 0.07 023 -0.55 -0.37 -0.27 -0.09
Chlorite 0.34 -0.05 0.00 0.61 018 0.20 —0.18
Ilite 0.15 035 0.02 010 0.18 020 0.24
T —-042 042 -062 058 066 057 0.74
Sal -0.65 050 -0.80 047 0.67 0.63 0.83

1.00

0.46

0.43

0.31

—-0.37

0.71

0.27

0.37

0.12

1.00

0.60 1.00

021 022 1.00

-0.65 -0.24 -0.07 1.00

-0.09 -0.48 -0.02 -0.25 1.00

-0.02 043 026 032 —-0.32 1.00

0.14 011 -024 0.08 -0.01 0.37 1.00

047 0.65 -0.20 -0.29 -0.42 0.23 0.41 1.00
057 063 -032 -0.46 -0.30 0.26 0.40 0.90 1.00
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Fig. 9. Results of Principal Component Analysis (PCA) of 15 metal and mineralogical parameters from the fine fraction (& b 63 um)

of the sediments.

Moreover, the presence of two similar groups of correlated metals in
both the fractions suggests that two different metal sources can be
distinguished. In the fine fraction (Table 5a), the high negative
correlation found between As and Cu and Ni suggests that these metals
could have originated from different sources (Shaari et al., 2015). The
positive correlation between chlorite and As, Hg and Pb could be
explained by adsorption processes (Lin and Puls, 2000; Wainipee et al.,
2013). It is worth noting that neither the clay minerals (illite) nor the
other minerals show any positive correlation with the metal content.
This fact may be explained by the low capacity of these minerals to host
in their crystalline structures or selectively absorb metals (Alamgir,
2016).

The close association of Ni and Cr in both the fractions could be due
to their very similar areal distribution in the sediments, and this is further
evidence of their coming from the same source and their common
dispersion by the dynamics of the area (Albanese et al., 2015). Because
Mn does not derive from the mine discharge (Carbone et al., 2013), the
appearance of this element in the positive relationship in the coarse
fraction (Table 5b) can be explained by the chemical composition and

6

diagenesis of the sediment that could affect the metal accumulation
process (Shaari et al., 2015). The positive correlation between Chlorite,
Ni and Cd in this fraction may be due to incorporation processes, as this
mineral can host Ni and almost every transition metal in its structure
(Bailey, 1988).

According to the correlation between metals and physicalchemical
water parameters, the metals present in the coarse fraction seem to be
more affected by the temperature and salinity of the bottom water
than the elements found in the fine fraction. This situation could be
caused by the similar distribution of the coarse fraction, metals such
as Mn, Fe, and As, and the physicalchemical parameters of the water
in the study area; in fact, thanks to the currents and the more intense
hydrodynamism present in the northern sector of the study area, the
coarse fraction is more concentrated there, and in the presence of this
abundant coarse fraction both the temperature and salinity and the
aforementioned metals have high values.

The differences observed in the PCA (Figs 9 and 10) at Bianco
station could be related to the presence of the sewage outlet, as
previously mentioned, and the different mineralogy due to the extensive
presence in the this area of shales (Bortolotti et al., 2014), rich in
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phyllosilicates (mica and chlorite), whose alteration pathway is mainly
illite.

The different metal values recorded at stations 14-16, particularly
for Fe, Pb, and V, may be related to the sediments carried by the
eastward counter-current which carries coastal material from the mouth
of the Entella Torrent, testified to by the presence of hematite and
magnetite in both the sediment fractions (Tables 4a and 4b). In fact,
these minerals are present in the formations of the Entella Torrent
catchment area that is divided into three sub-basins characterised by:
1)Cretaceous silty flysch sedimentary formations and significant
alluvial, colluvial, and eluvial debris deposits, and a succession of
argillite shales;2) formations of Palombini Shale and Sandstones from
Mount Gottero; 3) outcrops of ophiolitic sequences that consist of
peridotites, gabbros, and jasper, and Calpionella Limestone (Barsanti et
al., 2003; Ducci et al., 1995).

Stations 1, 2, and 6, the nearest to the mouth of the Gromolo Torrent,
are more affected by the materials carried by this torrent, which are
characterised by very high concentrations of Cd, Cu, and Zn, coming
from the Libiola mine mineralisations (Dinelli et al., 2001). These
elements could be related to the presence of chlorite, as already
suggested by the correlation matrix, but the concentration of these
minerals is fairly constant in the study area. The presence of small
amounts of amorphous, metal-rich colloids, transported by the Gromolo
Torrent (Dinelli and Tateo, 2002) and deposited at its mouth is
supported by the situation found at these stations.

Finally, to evaluate the degree of contamination of the Sestri Levante
sediments, a comparison of metal compositions found in this study with
other research carried out in regions with different values of crustal
metals, as well as different human activities, was made. An overview of
the mean concentrations of metals found in the bottom sediments of
different natural and anthropic sites in Italy and in the rest of the world,
is reported in Table 6. Some concentrations measured in this study are
lower than or comparable to those found in the less disturbed sediments:
e.g. Cd, despite having relatively higher concentrations near the mouth
of the Gromolo Torrent than outside the bay (Fig. S1), has values under
the legal limit and also similar to concentrations measured at the
Archipelago of La Maddalena (Schintu et al., 2015). Conversely, other
metals show higher concentrations than those measured in strongly
impacted sites in the world, such as Cr, Cu, Ni, and Mn in the Gulf of
Izmir (Turkey; Bergin et al., 2006) or Beppu Bay (Japan; Amano et al.,
2011). These different conditions show that any contamination is site-
specific, depending on the human activities that are the vehicle of
contamination input and the mineralogical characteristics of the area
that is the natural source of the metals (Van Meirvenne and Goovaerts,
2001).

The complexity of the study of metal sources is highlighted by the
very different results found in various parts of the world, but notably
different results can also found within a small area, as in the case of
Sestri Levante. In fact, here, within a few kilometres, different
mineralogical compositions, inputs from very different human
activities, inputs from different torrents and complex marine
dynamics, due to the presence of bays and headlands, produce a
complex situation that makes the determination of metal sources very
difficult. 6. Conclusions

This preliminary study of the distribution of contaminants in the
bottom sediments of the “Baia delle Favole” of Sestri Levante (ltaly)
shows the existence of a high concentrations of Cu and Zn, and
relatively high concentrations of Cd and Ni in the bay, especially off the
mouth of the Gromolo Torrent, whose catchment area includes the
mineralisations of the Libiola mine. During this study, high
concentrations of As, Cr, Hg, Mn, Pb, and V were also found in the
northern part of the study area and, in some cases, to the east (Bianco
station). These contaminants are not attributable to the Gromolo Torrent
input, but some could be attributable to the discharge of the nearby
Entella Torrent and/or other source (such as sewage).

The subdivision of the study stations obtained from the Principal
Component Analysis highlights the complex set of factors that affects
the distribution of metals and minerals in the area and the influence of
the currents on the dispersion of these in the area.

Due to the interesting characteristics found in the stations at the edge
of the study area, a more extensive study, both westwards and eastwards
is essential to better understand the source of the contaminants found in
the bottom sediments.

Moreover, based on the results obtained from this study, additional
research is needed to highlight the possible seasonal differences in the
contributionofthe ~ GromoloTorrent  tothe  metalcontent  of
thebottomsediments in the coastal area. In fact, as the Libiola mine and
the Gromolo Torrent belong to the Mediterranean area, characterised by
notable variations in rainfall patterns with long dry spells (when the
torrent waters are at their lowest) interrupted by short periods of heavy
rain (often causing severe floods), some seasonal differences could be
found in the metal input from the mine to the torrent and, successively,
from the torrent to the sea.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marpolbul.2016.06.010.
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Table 6 Mean concentrationsof metals found in bottom sediments sampled in natural and contaminated area in the world. Values area
expressed in ppm of dry weight, with the exception of Fe (in %) and Hg (in ppb); n.a.: values not available.

References Study area Characteristics of ~ As Cd Cr Cu Fe Hg Pb Zn Ni Mn \Y
the study area (ppm) (ppm) (ppm) (ppm) (%) (ppb) (ppm) (ppm)  (ppm) (ppm) (Ppm)
45
' Sestri Levante, . 124 01+ 2958 158.4 907+ 238+ 1673+ 269.6 927.9 719
This study Ital @ b 63 um fraction * 0.0 * * + 29 69 438 + t *
y 20 %9 635 1287 12 Y © 655 1534 473
3.6
Thissugy SSSUi Levante,  63=@<125um Ul ooxs 270 7ggx 77 142 170 1174 24 308 9S4
Ital fraction N - - -~ - -
y 29 00 593 632 . 46 34 35 565 1789 187
Bertolotto Between500and 9.7+ 04+ 196.7 310z 577+ 343+ 126.7%
etal., Chiavari, Italy 1000 m from the 2.1 0.3 + 2.6 na 252 59 15.3 n.a. n.a. n.a.
2005 coast 49.3
Bertolotto . i Between 500 and  10.3 0.6 4233 69.3% 90.0+ 410+ 111.3%
Riva Trigoso,
etal., ltal 1000 m from + 0.4 + 4.2 na. 173 4.0 33.8 n.a. n.a. n.a.
2005 y the coast 21 121.0
Romano Baanoli. Napl 547 04+ 245+ 415+ 350.7 187.4 591.8+
etal., Itslg Oft, Naples, Industrial area + 0.3 8.0 703 na £ + 5919 na. n.a. n.a.
2008 y 17.7 286.8 118.3
Guerra . . . 22+ 903+ 2440 2900 117.0 316
Pialassa Baiona,  Eutrophic lagoon
etal., Ravenna. lial svstem na. 0.1 42 + na = + n.a. + n.a. n.a.
2009 ey sy 9.0 200 20 2.4
Schintu ial distri 0.4
Portoscuso, Industrial district g 44 594 116+ 129+ 800+ 458+ 1726+
etal., Sardinia, of 8.4 3.2 185 272 + 1300 461 2800 na  na n.a.
2015 Italy Portovesme ’ ' ' ' 0.5 ' '
Schintu 1.0
Porto Torres, Industrial and 52+ 02+ 274+ 167+ 1300 4614 7204
etal., Sardinia, civilian port 20 01 253 132 + * 121 326 na  na n.a.
2015 ltaly P : : : © 07 2100 © '
Schintu La Maddalena SCI - Site of 0.7
etal., Archipelago, - 84+ 01% 215+ 447+ 4 600+ 318+ 63.1%
L Community n.a. n.a. n.a.
2015 Sardinia, | 6.5 0.0 191 652 5 1000 261 708
Italy mportance
Berginet Gulf of Izmir, Densely populated 00+ 1096 224+ 200+ 484+ 999+ 108.1 5111
al., Western and industrialised n.a. 0.0 + 124 na. 100 149 558 + * n.a.
2006 Turkey area 427 423 1494
Martins 13.2 480+ 8.8+ 259+ 428+ 8.1+ 35.7
etal., Portugal Oceanic coast + n.a. 275 6.3 na. n.a. 176  38.0 5.8 n.a. *
2012 12.7 27.0
Cox and The largest 42 + 25+
Preda, Gulf of _ embayment on the 1.2 289 + 166 + 0.7
2003 Carpentaria, coastline of the na na na. n.a. 346+ 8 n.a. n.a.
. . 6 7
Australia Australian
continent.
Zhuetal., Xi Port 70.0 302.0 502.0 2840.0
2012 C;ﬁ\r’]v:n ort Industry zone na * n.a + na. na. + * na  na. n.a.
66.0 109.9 335.5 1650.2
Buruaem . . 09+ 254+ 85+ 3.3+ 3104+ 141
Mucuripe harbour, Commercial 40 +
etal., Brazil harbour na. 0.3 164 6.1 n.a. 10 1.7 2003 % n.a. n.a.
2012 6.0
Buruaem Pecém harb 09+ 423+ 131+ 40+ 4639+ 18.8
etal., ecef“ arbour, Industrial complex n.a. 0.5 19.7 5.7 n.a. - na 1878 n.a. n.a.
Brazil 10
2012 6.6
Buruaem Commercial and 323+ 162+ 260+ 123+ 787.2% 14.2
Santos harbour, . .
etal., Brazil industrial na. na 6.6 7.0 na. 230 4.0 2273 % n.a. n.a.
2012 harbour 4.9
i 1748 7.6 273.4
Shaari et East. Coast of Exclusive 63.01 +
al., Peninsular economic zone na. na na + + n.a. n.a. 15.49 n.a. * n.a.
2015 Malaysia 214 05 ' 57.9
Amano 116 03+ 438+ 334+ 285+ 1292+ 801.3 70.8
etal, Beppu Bay, Japan Industrial zone + 0.1 100 3.1 na na 2.0 9.2 * +
2011 4.3 507.8 9.9
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