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1. Introduction
Fig. 1. Map of the study area.
Coastal lagoons are shallow water bodies located between land and
sea, characterized by high fluctuations of physical, chemical and biolog-
ical properties (Pérez-Ruzafa et al., 2013). The dynamics and fragility of
these environments are often threatened by human activities (e.g. har-
bor and industrial activities, fishing, and tourism) mostly concentrated
in coastal areas, which can affect both water and sediment quality. Sed-
iments are the compartment of major concern, since they can be an im-
portant sink for potentially harmful inorganic and organic
contaminants, acting as good scavengers and decreasing their bioavail-
ability (Jonathan et al., 2011). They can also act as a secondary source of
contamination when environmental conditions change (e.g. pH, redox
potential), releasing contaminants in the water column. Trace metals
are included in environmental monitoring programs given their bioac-
cumulation and toxic effects on aquatic organisms (Roussiez et al.,
2011; Arfaeinia et al., 2016). Tracemetals can occur in sediments in var-
ious forms, in association with different geochemical phases that deter-
mine their mobility, bioavailability and potential toxicity (Yu et al.,
2001). Therefore, knowing their total content in the sediment alone is
not exhaustive to assess their potential ecological risk for aquatic organ-
isms (Baran and Tarnawski, 2015; Botwe et al., 2017). Analysis of Simul-
taneously Extracted Metals (SEM) coupled with the Acid-Volatile
Sulfides (AVS) represent a useful approach to determine the potential
bioavailability of trace metals. Sulfide minerals bind with trace metals
under anoxic conditions, limiting their bioavailability in porewaters
(Li et al., 2014). Based on the SEM-AVS model, the mobility of divalent
metals (Cd, Cu, Ni, Pb and Zn) is expected to increase if total SEM ex-
ceeds AVS content (Zhang et al., 2014). A broader vision of the metal
mobility is further given by the analysis of the metal fractionation
through a Sequential Extraction Procedure (SEP). This methodology en-
ables the determination of trace metals distribution within different
sediment fractions, their mobility and consequent bioavailability.

The aim of this study was to evaluate the sediment quality of the
Pialassa Piomboni, a coastal lagoon located in the south-eastern part
of the Po delta area (northern Italy) in close connection with the Ra-
venna harbor, one of the largest commercial harbors in Italy. To this
end, the geochemical composition of surficial sediments have been de-
termined to quantify the level of contamination, and SEM-AVS and the
SEP analyses have been accomplished to quantify and explain the spa-
tial distribution, bioavailability and potential ecological risk of trace
metals (Cd, Cr, Cu, Ni, Pb, Zn).

2. Materials and methods

2.1. Study area

The Pialassa Piomboni lagoon is part of a wetland system formed
over the last 250 years together with the northern lagoon area, the
Pialassa Baiona, as a result of the dynamic evolution of the Po delta sys-
tem. It is located 8 km North-East of the city of Ravenna (Fig. 1). The
Pialassa Piomboni has a significant relevance from an ecological point
of view. It was designated as a Site of Community Importance (SCI)
and Special Protection Area (SPA), according to Habitats Directive 92/
43/CEE, and it belongs to the Natura 2000 network. However, its west-
ern and northern sectors are in connection with the Ravenna harbor
area, also known as the Candiano Channel directly flowing in the
Adriatic Sea, and are affected by intense and diversified human
activities.

The current morphology of the Pialassa Piomboni is the result of
both natural and human actions aimed at maintaining the hydrological
characteristics of the area (Airoldi et al., 2016). The water depth is shal-
low in the eastern, central and southern areas (maximum 1.50 m),
whereas in the western part and in connection with the main harbor
channel, water depth is N10 m. Water circulation is dominated by the
tidal flows, which guarantee a natural water exchange, and also by
freshwater inputs coming from a number of artificial channels. The
most important freshwater input is the San Vitale draining pump, situ-
ated in the southern part of the Pialassa Piomboni, which collects mu-
nicipal wastewaters and agricultural effluents (Farina et al., 1994;
Soprani and Giaquinta, 1992). Water quality in this area is poor because
of the high amounts of organic compounds and chemical and biological
contaminants released by human and harbor activities that occur along
the perimeter of the study area (Bandini, 1996; Soprani and Giaquinta,
1992; Migani et al., 2015).

2.2. Sample collection and chemical analysis

Fifty sediment samples were collected over an area of about 3 km2

using a 0.1 × 0.1 km regular grid. The top 5-cm of sediment was col-
lected by manual coring; sediment samples were then placed in pre-
cleaned glass containers, transported to the laboratory and stored at
+4 °C for sample treatment and further analysis.

The sampled sediments were treated with deionized water to re-
move sea salts; they were then centrifuged, dried in the oven at 60 °C
and ground in an agate mortar.

The X-ray fluorescence spectrometer Philips PW1480 with Rh tube
was used for the detection of major and trace elements (SiO2, TiO2,
Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5, V, Cr, Co, Ni, Cu, Zn, As,
Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pb, Th, S, Br, Mo, Sn) on pressed powder pel-
lets, following the matrix correction methods of Franzini et al. (1972,
1975), Leoni and Saitta (1976), and Leoni et al. (1986). Precision and ac-
curacy have been tested including certified reference material SCo-1
(Silty Marine Shale, United States Geological Survey, USGS) in the ana-
lytical routine; trace elements determinationwas better than 5%, except
for those elements at 10 ppm or lower (10–15%).

The total Hg content was determined using a Direct Mercury Ana-
lyzer (DMA-80, Milestone®) on approximately 30 mg of material ac-
cording to US-EPA Method 7473. Quality control was tested using
Certified Reference Material PACS-2 (Harbour Sediment, NCR-CNRC,



Canada; certified valued 3.040 ± 0.2 μg/g). Results obtained were in
good agreement with the certified values, with recovery between 98%
and 100% (n = 12). Loss On Ignition (LOI) was determined gravimetri-
cally after heating 1 g aliquot of sample at 950 °C for 12 h.

Acid volatile sulfides (AVS) and simultaneously extracted metals
(SEM) were determined following the purge-and-trap method
(Allen et al., 1993). An aliquot of sediment (5 g wet weight) was
stirred for 1 h with HCl 6 M under constant N2 flux, and the S2−

ions trapped in a 0.5 M NaOH solution were measured spectrophoto-
metrically at 690 nm. The remaining sediment was centrifuged at
3000 rpm for 10 min, and the supernatant was analyzed for Cd, Cu,
Pb and Ni by means of a graphite furnace atomic absorption spectro-
photometry (GF-AAS, Perkin Elmer AAnalyst 100) and for Zn by
flame atomic absorption spectrophotometry (FAAS). Quality control
of AVS extraction was assured by calibrating the procedure against
known amounts of Na2S·9H2O (Durán et al., 2012), and recoveries
were within 80–90%. Replicates for 20% of samples were made as
part of the quality assurance and the relative standard deviation
was always ±10%.

Sequential Extraction Procedure (SEP) was applied following the
three-step BCR methodology (Rauret et al., 1999; Sahuquillo et al.,
1999). The summary of the method steps are: (I) water/acid soluble
and exchangeable fraction/carbonate (fraction A), operationally
consisting in adding a 0.11 M acetic acid solution to 1 g of sample and
shaking at room temperature for 16 h; (II) reducible/bound to Fe–Mn
Oxides (fraction B), a 0.5 M of NH2OHHCl solution (adjusted to pH 2
by adding HNO3) was added to the residue from Step I, and the extrac-
tion was performed as described in Step I; (III) oxidizable fraction/
bound to organic matter (fraction C), where the residue from (II) was
added with a 8.8 M H2O2 solution and left to digest for 1 h at 90 °C,
and 1 M NH4OAc was then added; (IV) residual (fraction R),
representing the fraction of the element bound the sediment-forming
minerals, defined as the difference between the total content of the ele-
ment (XRF) and the sum of the first three steps (R = XRF − ∑[A + B
+ C]).

Blanks (i.e. reagents without the sediment matrix) were run in par-
allel with each batch of sediment SEP, and Al, Fe, Co, Cr, Cu, Mn, Ni, Pb,
and Zn were measured in each fraction by using an iCAP 6200 dual-
view ICP Emission Spectrometer (Thermo Scientific). In order to check
the accuracy and precision of the BCR extraction, reagent blanks, ran-
dom sample replicates and referencematerial BCR-701 (Lake sediment)
were analyzed in parallel with sample batches. Measured concentra-
tions in BCR-701 included in the analysis were in good agreement
against their certified values (Table S1 of the Supplementary Material),
and the standard deviation of replicated samples was on average ± 7%.
2.3. Data analysis

ArcGIS 9.3® softwarewas employed to study the spatial distribution
of selectedmajor elements and tracemetals in the Pialassa Piomboni la-
goon. Dot maps were grouped into five classes, on the basis of percen-
tiles: I class (0–10th); II class (10th–25th); III class (25th–75th); IV
class (75th–90th); V class (90th–100th). To obtain the overall spatial
patterns, the spatial interpolation method using the Inverse Distance
Weighting technique (IDW) was applied to draw interpolated geo-
chemical maps; for a better visualization of their distribution, concen-
tration values were grouped into six classes, according to percentiles: I
class (0–10th); II class (10th–25th); III class (25th–50th); IV class
(50th–75th); V class (75th–90th); VI class (90th–100th).

Factor analysis was conducted to facilitate interpretation by visualiz-
ing the correlations that exist between the original variables (major el-
ements and trace metals) in the sediment. Observations that presented
outlierswere not considered; variables below the detection limit in over
15% of samples were removed; the remaining variables were standard-
ized, and MATLAB® Software was run for factor analysis.
2.4. Sediment quality assessment

A regional trace metals background was established on the basis
of a consistent geochemical dataset, which refers to lagoon areas lo-
cated in the south-eastern Po delta (Amorosi et al., 2002; Bonanni,
2010; Dinelli et al., 2012). Samples from borehole sections deeper
than 1mwere selected, in order to determine the pre-industrial con-
centrations of trace metals (Huisman et al., 1997). Attention was
paid to select samples corresponding to sediments deposited in la-
goon environments (according to sedimentary facies analysis and
micropaleontological observations), providing a sound reference sit-
uation. The regional background values were estimated following
the APAT guidelines (APAT, 2006), with the geochemical dataset pre-
liminary tested for distribution and outliers, and then the upper limit
of background set as the 95th percentile of cumulative frequency
distributions.

The level of contamination of tracemetals (Cr, Cu, Hg, Ni, Pb, and Zn)
was assessed by the Enrichment Factor (EF) calculated in accordance
with Müller (1979):

EF ¼ Me=Alð Þsample

Me=Alð Þbackground

where (Me/Al) is the ratio of the concentration of the element of inter-
est and the concentration of the normalization element in the sample
and in the background reference samples. In this study, Al has been
used as a geochemical normalizer since it is a good grain-size proxy use-
ful to compensate the granulometric andmineralogical effects on metal
distribution; moreover, it is a conservative element, which is not af-
fected by changes in environmental conditions (Dung et al., 2013).
The obtained EFs were interpreted according to six degrees of contam-
ination likely related to anthropogenic inputs: EF b 1.5: no enrichment
(i.e. no contamination); EF 1.5–3: minor enrichment; 3–5: moderate
enrichment; 5–10: moderately severe enrichment; 10–25: severe en-
richment; 25–50: very severe enrichment, and N50: extremely severe
enrichment (Birch and Olmos, 2008; Celis-Hernandez et al., 2017). In
this study, an EF value of 1.5 was chosen as baseline to compensate for
lithological effects that can influence the background limit (Zhang and
Liu, 2002).

The bioavailability of tracemetals (Co, Cr, Cu, Ni, Pb, and Zn)was fur-
ther analyzed through the Risk Assessment Code (RAC) (Perin et al.,
1985), based on the percentage of metal associated with the exchange-
able and carbonates fraction in the sediment (fraction A). Trace metals
associated with this fraction are easily leachable and thus potentially
bioavailable, and may pose a risk on aquatic biota.

According to the RAC approach, the associated risk with this poten-
tially bioavailable fraction was defined by the corresponding criteria:
(i) metal bound in fraction A b 1% (no risk); (ii) between 1 and 10%
(low risk); (iii) from 11 to 30% (medium risk); 31–50% (high risk);
and N50% (very high risk) (Jain, 2004; Botwe et al., 2017).

The∑SEM-AVS approachwas also used as an indicator of themetal
bioavailability (Cd, Cu, Ni, Pb, and Zn) and associated with adverse ef-
fects on aquatic biota according to US EPA guidelines (US EPA, 2004).
This assessment method is based on the assumption that when
∑SEM-AVS b 0 (on a molar basis), there is enough AVS combining
phase to react with divalent metals and form insoluble sulfides, which
are thus not bioavailable for benthic organisms. On the contrary, when
∑SEM-AVS N 0, the exceeding fraction of metals might exist as free
metal ions in porewater and could become potentially bioavailable
and toxic for aquatic organisms. Based on this assumption, US EPA pro-
posed the following classification criteria for sediments: no indication of
adverse toxic effects when ∑SEM-AVS b 0; possible adverse effects
when 0 b ∑SEM-AVS b 5; and probable adverse effects when ∑SEM-
AVS N 5 (US EPA, 2004; Li et al., 2014).



3. Results and discussion

3.1. Sediment geochemical characterization

Table 1 reports the geochemical composition of the Pialassa
Piomboni sediments. The ranges of variation for major elements are
limited, whereas a wider scattering occurs for trace elements like Cu,
Zn, Pb, Sr, Hg, and S. An insight into the spatial distribution of oxides
such as SiO2, Al2O3, CaO and LOI (Fig. S1 of the SupplementaryMaterial)
provides key information on the composition of sediments.

Surface sediments from the Pialassa Piomboni lagoon are character-
ized by a SiO2 and Al2O3 content of 40.2 ± 4.1 wt% and 11.9 ± 1.3 wt%,
respectively. The highest Al2O3 content is recorded in the northern and
southern sectors in tandem with medium to high SiO2 content,
reflecting a sediment composition dominated by clayminerals (e.g. alu-
minum silicates). Conversely, the high SiO2 and the lowest Al2O3 con-
tent is found in the western sector of the lagoon, and these findings
are indicative of a predominant sandy fraction enriched in quartz. The
lowest content of both SiO2 andAl2O3was detected in the eastern sector
of the lagoon, suggesting a sediment composition depending on other
factors. Sediments from the study area reported a CaO content of 14
± 2 wt%, with the highest and lowest values confined in the central
and the southern/northern sectors of the Pialassa Piomboni lagoon, re-
spectively. LOI (mean of 21 ± 3 wt%), which is representative of both
carbonate and organic matter content, shows increasing values along
awester-eastern gradient, with the central-eastern sectors being partic-
ularly enriched in carbonates and organic matter.

In order to evaluate sediment quality in the Pialassa Piomboni la-
goon, the spatial distribution of trace metals (Cr, Cu, Hg, Ni, Pb, Zn)
Table 1
Statistical parameters calculated for the analyzed elements: average, standard deviation,
median, minimum value, 25th and 75th percentile, maximum value.

Element Min Max Average SD 25th 50th 75th

Major oxidesa

Al2O3 8.8 14.0 11.9 1.3 11.3 12.1 12.8
CaO 10.9 20 14 2 13 14 16
Fe2O3 2.4 5.8 4.6 0.7 4.4 4.6 5.1
K2O 1.6 2.3 2.0 0.2 1.9 2 2.2
LOI 13 29 21 3 19 21 23
MgO 2.4 4.4 3.9 0.4 3.8 4.0 4.2
MnO 0.11 0.14 0.12 0.01 0.11 0.12 0.13
Na2O 1.3 2.9 1.7 0.3 1.5 1.6 1.7
P2O5 0.04 0.17 0.10 0.03 0.08 0.1 0.13
SiO2 30.1 53.4 40.2 4.1 38.5 40.3 41.8
TiO2 0.32 0.62 0.50 0.06 0.50 0.52 0.56

Trace elementsb

As b2 15 4 3 2 3 5
Ba 222 440 325 39 305 323 343
Br 143 1779 659 409 319 571 816
Ce 18 77 52 14 44 54 63
Cr 78 160 128 17 120 125 142
Co b2 21 13 3 12 14 15
Cu 20 187 42 24 30 37 46
Hg 0.04 9.9 1.7 2.2 0.3 0.8 1.9
La 11 45 28 8 22 29 34
Mo b2 16 6 3 3 5 8
Nb 4 16 11 3 9 11 12
Ni 33 93 71 13 66 72 80
Pb 11 257 32 35 21 26 32
Rb 73 146 114 20 101 116 129
S 1470 9880 6533 2344 5260 6795 8525
Sn b2 14 3 2.5 2 2 4
Sr 320 872 447 101 376 416 510
Th b2 21 8 4 6 8 11
V 53 125 104 17 98 108 116
Y 13 29 22 4 19 22 25
Zn 81 383 167 69 119 151 191
Zr 26 157 96 28 75 98 115

a wt%.
b mg/kg.
has also been investigated by geochemical mapping (Fig. 2). Chromium
shows a fairly homogeneous spatial distribution over the study area
with values ranging between 120 and 142 mg/kg (25th–75th percen-
tile). The highest concentrations are registered in the southern and
northern portion of the Pialassa Piomboni. Nickel spatial distribution
(range: 33–93 mg/kg) reflects that observed for Al2O3 and SiO2, which
are indicative of clay minerals (Fig. S1), with the lowest and highest
values (b66 mg/kg and N72 mg/kg, respectively) located in the central
and the northern/southern sectors, respectively. Copper, lead and zinc
display a similar spatial distribution showing increasing concentrations
from thewestern to the eastern sector of the lagoon, ranging from 20 to
187 mg/kg, 11 to 257 mg/kg, and from 81 to 383 mg/kg, respectively.
Zinc shows a fairly homogeneous spatial distributionwithin the Pialassa
Piomboni lagoon, with few samples falling in the first class (b10th per-
centile) or in the last class (N90th percentile), whereas Cu and Pb dis-
play a more discontinuous spatial distribution. Copper and lead
geochemical maps show several samples associated with very low
levels (b10th percentile) surrounded by sediments with higher levels
(N75th percentile). Cu and Pbmaxima aremarked outliers as evidenced
by the difference between the 90th percentile and their highest value
(55 and 187 mg/kg, and 40 and 257 mg/kg for Cu and Pb, respectively).
A previous study conducted by Migani et al. (2015) reported similar
levels in the sediments from the Pialassa Piomboni, ranging from 27 to
86 mg/kg, from 91 to 327 mg/kg, and from 8 to 33 mg/kg for Cu, Zn
and Pb, respectively. Previous studies on trace metals contamination
in the nearby Pialassa Baiona lagoon reported comparable levels with
a significant enrichment of Cu, Zn and Pb in the sediments deposited
after the 1950s, following the industrial development that begun in
the harbor area (Candiano Channel), in close connection with both the
Pialassa Piomboni and the Pialassa Baiona lagoons (Matteucci et al.,
2005). The high levels of Pb found in our work can be related to atmo-
spheric inputs andwaterfowl hunting activities practiced in the Pialassa
Piomboni, whereas for Cu and Zn domestic and agricultural effluents as
well as the use of paints and galvanization products in the shipyards lo-
cated in the eastern bank near to the Pialassa Piomboni are also impor-
tant sources (Miserocchi et al., 1990;Migani et al., 2015).Mercury levels
found in our study range from 0.04 to 9.9mg/kg displaying a spatial dis-
tribution pattern different from that observed for Cu, Pb and Zn, with
the highest values recorded in the northern sector of the Pialassa
Piomboni, and the lowest ones in the southern sector. The Hg geochem-
icalmap shows gradually decreasing concentrations along aNE-SWgra-
dient with only few outliers far exceeding the 90th percentile
(~4 mg/kg) in the northern sector of the lagoon (Fig. 2). The spatial dis-
tribution of Hg suggests a provenance from the Candiano Channel con-
nected to the northern end of the Pialassa Piomboni; the presence of
high amounts of clay minerals in this area (as highlighted by the distri-
bution of Al2O3 and SiO2; see Fig. S1) might contribute to partially ad-
sorb this metal in the surface sediments, acting as geochemical barrier
and thus determining a pronounced increase of Hg concentrations in
this sector. Previous studies on sediment contamination in the Pialassa
Baiona lagoon reported even higher concentrations due to the direct
discharge of several tons of mercury used as catalyst in a vinyl chlo-
ride chemical plant. Even though this chemical plant was shut down
in the early 70s, high concentrations of Hg are still detected in sur-
face sediments of the Pialassa Baiona, especially in the southern
area close to the discharge input, registering concentrations as high
as 57 mg/kg of Hg (Fabbri et al., 1998); 11–43 mg/kg (Matteucci
et al., 2005); 0.1–22 mg/kg (Guerra et al., 2014). Lower concentra-
tions have been measured in the central and northern sectors of
the Pialassa Baiona (0.4–5.5 mg/kg; Guerra et al., 2009) suggesting
Hg dilution due to increasing distance from the source input, and
these levels are comparable to those detected in the Pialassa
Piomboni in this study. In addition, it must be stressed that Hg is cy-
clically released from the sedimentary environment to the water col-
umn in the most polluted area of the Pialassa Baiona (Covelli et al.,
2011).



Fig. 2. Spatial distribution maps of Cr (a), Cu (b), Ni (c), Pb (d), Zn (e) and Hg (f).
3.1.1. Factor analysis
Factor analysis was run in order to investigate the multivariate rela-

tionship between the studied variables. Table 2 reports the rotated
(Varimax) factor loadings obtained for each variable, along with the
principal parameters calculated, useful to better evaluate the
goodness-of-fit. The selection of factors to be considered was based on
eigenvalues N1. The selected factors explain 82% of the total variance;
the high communalities suggest that all analyzed elements arewell rep-
resented by the selected factors.

Factor 1 explains 37% of the total variance, with a marked biparti-
tion: on one hand, elements with positive factor loadings (Al2O3,
Fe2O3, MgO, K2O, TiO2, Co, Nb, Ni, Rb, V, Y, Zr) are related to clay min-
erals; on the other hand, elements with negative factor loadings (CaO
and, to a lower degree, Sr) can be related to carbonates.

Factor 2 accounts for 23% of the total variance and indicates the
organic component in sediments (positive values). Indeed, it
includes LOI and P2O5, which can be linked to the organic matter,
although P2O5 can also have a detrital source that cannot be distin-
guished from the organic one through this type of analysis. Ele-
ments such as S, Br and Mo are also present in this group, since
they have a high affinity with organic compounds (De Vivo et al.,
2004). Copper and zinc show a very strong relationship with this
factor, instead of being related to clay minerals, as it is to be ex-
pected in uncontaminated areas (De Vivo et al., 2004; Alloway,
2013) and this reveals the importance of the organic matter in con-
trolling the distribution of these metals. Lead has a high factor
score, as well, despite the presence of a very anomalous value.
The negative factor scores for SiO2, MnO and partly K2O could indi-
cate the areas where the organic matter deposition is low, in partic-
ular those with coarse-grained sediments (SiO2 and K2O) and those
where more oxidizing conditions allow Mn oxy-hydroxides
precipitation.



Table 2
Factor loadings of each variable, communalities, eigenvalues, percentage of variance ex-
plained and cumulative variance for each selected factor. Factor loadings are classified as
follows: black border for negative values; bold for very high values (N0.7); bold and italic
for high values (0.5–0.7); italic formoderate values (0.35–0.5); grey indicates not elevated
values (b0.35).

Element
Factor loadings

Communali�es
1 2 3 4 5 6

Al2O3 0.949 −0.153 −0.077 0.100 0.047 −0.006 0.941
CaO −0.775 0.058 0.470 −0.135 0.156 0.081 0.874
Fe2O3 0.890 0.049 0.030 0.102 0.031 0.206 0.849
K2O 0.826 −0.394 −0.293 0.102 0.017 0.044 0.936
LOI 0.047 0.733 0.641 −0.007 0.092 −0.076 0.964
MgO 0.910 0.177 0.150 −0.027 0.041 0.046 0.887
MnO 0.219 −0.488 0.069 0.142 0.242 0.653 0.796
Na2O −0.204 −0.162 0.032 0.059 −0.898 −0.060 0.882
P2O5 −0.067 0.665 −0.049 −0.136 0.252 −0.017 0.532
SiO2 −0.219 −0.566 −0.738 0.022 −0.126 −0.021 0.930
TiO2 0.954 −0.145 −0.029 −0.056 0.074 0.072 0.945
Ba −0.154 0.094 −0.756 0.014 0.361 −0.081 0.741
Br −0.108 0.891 0.217 −0.002 0.063 −0.072 0.861
Ce 0.436 0.027 −0.371 −0.316 −0.387 0.454 0.784
Co 0.860 0.074 0.146 0.013 0.234 0.174 0.852
Cr 0.511 0.221 −0.447 0.305 0.083 0.122 0.624
Cu 0.147 0.872 −0.050 −0.019 0.118 −0.019 0.800
Hg 0.403 0.130 −0.047 0.786 0.173 0.016 0.830
La 0.507 −0.097 −0.134 −0.115 0.352 0.356 0.548
Mo −0.124 0.819 0.217 0.073 −0.113 0.003 0.751
Ni 0.878 0.323 0.057 0.092 0.081 0.149 0.915
Nb 0.848 0.131 0.075 −0.065 −0.024 −0.100 0.757
Pb −0.018 0.530 0.291 0.209 −0.190 0.472 0.668
Rb 0.926 −0.059 0.020 0.155 −0.025 0.038 0.888
S 0.196 0.722 0.059 0.418 −0.094 −0.096 0.756
Sr −0.380 0.423 0.739 0.054 0.225 −0.015 0.922
Th 0.225 0.172 0.020 −0.635 0.316 −0.068 0.589
V 0.847 0.314 0.042 −0.031 0.173 0.099 0.858
Y 0.891 −0.175 −0.126 −0.068 −0.001 −0.007 0.845
Zn 0.069 0.939 −0.060 −0.077 0.040 0.015 0.897
Zr 0.706 −0.126 −0.399 −0.345 −0.066 −0.185 0.831

Eigenvalues 11.454 7.116 2.314 1.802 1.547 1.018
%Variance 
explained 37 23 7.5 5.8 5.0 3.3

%Cumula�ve 
variance 37 60 68 74 79 82

Fig. 3. Map showing surface sediment composition of the Pialassa Piomboni.

Table 3
Summary table of sulfides (AVS) and simultaneously extracted metals (SEM): range of
values (min–max), mean, standard deviation, 25th, 50th and 75th percentile. Values are
expressed as μmol/g.

Min Max Mean SD 25th 50th 75th

AVS 0.03 8.8 3.1 2.8 0.6 2.0 5.0
Cd-SEM 0.001 0.007 0.003 0.001 0.002 0.003 0.004
Cu-SEM 0.005 1.4 0.1 0.2 0.05 0.08 0.2
Ni-SEM 0.04 0.3 0.2 0.05 0.1 0.2 0.2
Pb-SEM 0.02 0.2 0.06 0.03 0.04 0.05 0.1
Zn-SEM 0.2 6.1 1.4 1.2 0.5 1.1 3.5
∑SEM 0.3 6.6 1.7 1.3 0.8 1.3 2.0
∑SEM/AVS 0.1 34 2.5 6.2 0.4 0.8 1.5
∑SEM-AVS −6.7 2.0 −1.4 2.3 −2.7 −0.5 0.3
Factor 3, corresponding to 7.5% of the total variance, depends pri-
marily on elements such as SiO2 and Ba, and secondarily on Cr, Zr and
Ce, with negative values, and reflects the presence of feldspathic sands
in sediments and eventually enrichments related to sorting effect for
the presence of heavy minerals (Vital and Stattegger, 2000; Dypvik
and Harris, 2001; Garcia et al., 2004; Donnini et al., 2007). LOI, CaO
and Sr are represented by this factor in an opposite direction (positive
factor loadings), reflecting the different behavior of carbonates, either
detrital or biogenic.

Factors 4, 5 and 6 explain very little variability (b6%) and do not con-
tribute with additional information (Preacher and MacCallum, 2002);
therefore, they will not be discussed in this section.

Since the majority of data variability (~70%) is explained by the first
three factors, their combination can be used to define the main features
of the sediments of Pialassa Piomboni lagoon. Fig. 3 reports a combined
summary map that identifies the areas of prevalence of the four main
sediment components: clays and carbonates (corresponding to Factor
1), organic matter (corresponding to Factor 2) and feldspathic sands
(corresponding to Factor 3). The map highlights areas of the Pialassa
Piomboni with a dominant composition of sediments. In particular,
the northern and southern sectors of the lagoon display a prevalent
clayey composition, while the central sector is characterized by a
carbonatic belt extending from East toWest. Organic matter is predom-
inant in the eastern/middle-eastern sector, partly overlapping with the
spatial distribution of carbonate and clayey sediments in the North.
Coarse-grained sandy deposits are prevalent on the south-western sec-
tor and on the eastern side of the lagoon, partly overlappingwith the or-
ganic matter distribution.
3.2. SEM-AVS analysis

The results of AVS and SEM analysis are summarized in Table 3. Sul-
fides concentrations in sediments (AVS) fall in the range between 0.03
and 8.8 μmol/g, and are typical of coastal lagoons located in the North-
ern Adriatic Sea (Azzoni et al., 2005; Sorokin and Zakuskina, 2012).

Concerning concentrations of the simultaneous extracted metals, Zn
is the element that mostly accounts for the total SEM, with a median
value of 1.1 μmol/g, quite similar to the ∑SEM median of 1.3 μmol/g.
Zn-SEM shows a skewed population data, with a maximum value of
6.1 μmol/g reflecting a skewed∑SEM population data reaching a max-
imum of 6.6 μmol/g. Other SEM metals (Cd, Cu, Ni and Pb) are only
minor contributors to the total pool of SEM in the sediments, with a



total maximum of b2 μmol/g, and a median concentration always b1
μmol/g.

The ∑SEM/AVS ratio has been recognized to be a good indicator of
the bioavailability of trace metals (Prica et al., 2008; Zhang et al., 2014),
and is based on the assumption that divalent metals such as Cd, Cu, Ni,
Pb and Zn have a high affinity with sulfides in sediments, especially in
anoxic conditions. Sulfides act as good scavengers of divalent metals
that are trapped in the solid phase, thus resulting less bioavailable for
the resident organisms. When SEM exceed AVS molar content in sedi-
ments (∑SEM/AVS N 1), they can be released in the sediment
porewaters. The ratio of ∑SEM/AVS in sediments of the Pialassa
Piomboni is highly variable, being comprised between 0.1 and 34,
with a median value of 0.8, and thus below the threshold level of 1, in-
dicative of nopotential adverse effects on the aquatic biota. According to
the ∑SEM/AVS ratio, Cd, Cu, Ni, Pb and Zn are potentially bioavailable
in 38% of samples with only 6% of samples displaying a ∑SEM/AVS
N 10, indicating that some sediment samples may have potential ad-
verse effects on the aquatic organisms of the Pialassa Piomboni. Another
approach used as indicator of metal bioavailability is the difference
∑SEM-AVS proposed by Hansen et al. (1996), and applied in several
coastal and marine areas (Li et al., 2014; Zhang et al., 2014;
Arfaeinia et al., 2016), which provides more insights into the extent
of AVS binding capacity and the magnitude by which AVS binding
can be exceeded. This approach is particularly suitable when AVS
concentrations are fairly low, resulting in high ∑SEM/AVS ratios,
but low ∑SEM-AVS differences. ∑SEM-AVS ranges between −6.7
and 2.0 μmol/g, with both median and mean value below 0,
confirming low ∑SEM bioavailability. ∑SEM concentrations ex-
ceed AVS content (∑SEM-AVS N 0) in 34% of samples, of which
only 6% display SEM-AVS values N1. In this study, the∑SEM-AVS ap-
proach was preferred to the ∑SEM/AVS ratio and used for further
assessment of metals bioavailability, as ∑SEM-AVS difference
found in this study better represents the magnitude of ∑SEM ex-
ceeding AVS content (whose exceedance is not so high), which on
the other hand is overestimated by the ∑SEM/AVS ratio.
Fig. 4. Percentage of partitioning of Al, Fe, Mn, Co, Cr, Cu, Ni, Pb, Zn in the exchangeable frac
3.3. Trace metals fractionation

Since bioavailability and consequent toxicity of tracemetals strongly
depend on their chemical bindingwith sediments, metal content in dif-
ferent fractions of sediments (exchangeable, reducible, oxidizable, and
residual) was investigated in order to assess their mobility in the solid
phase (Fig. 4). Aluminum and iron, which are the major components
of the sediment occurring in silicate minerals, are strongly bound to
the residual fraction (~90% and ~80% as median, respectively),
highlighting a likely lithogenic origin and thus a negligible mobility.
Chromium and nickel are also predominantly bound to the residual
fraction of the sediment (~90% and ~70%, respectively), with a likely oc-
currence in primary and secondaryminerals, and are thus the least mo-
bile trace metals; manganese, cobalt and zinc show a similar pattern
(~50% in the residual fraction). Fe shows a slightly higher partition in
the reducible fraction (~10%). Mn, and Zn to a lower extent, result
weakly bound to the acid extractable/exchangeable phase (~25% and
~10%, respectively), suggesting interactions with carbonates or adsorp-
tion onto mineral surfaces; cobalt outliers show partitioning into the
weakly-bound phase, as well (Fig. 4a). Lead, zinc and copper are the
metals mostly bound to Fe- andMn oxy-hydroxides (reducible fraction,
B), accounting on average for ~60%, ~50% and ~30% of their total content,
respectively. Co, Mn, Cr and Ni areweakly partitioned into the reducible
fraction (~20%, ~1%, ~1%, and ~10%, respectively). Copper, and Co (~40%
and ~30%) are mainly bound to the oxidizable phase of the sediment
(fraction C), highlighting a great affinity of these trace elementswith or-
ganic matter. Nickel, lead and zinc are slightly partitioned into this frac-
tion (~15%), with Pb showing a skewed distribution of data with an
outlier accounting for N75% of total Pb, thus reflecting a local anomaly.

In conclusion, considering the sum of A+B+C fractions as the total
extractable fraction, Co, Cu and Pb are themost mobile elements in sed-
iments (~50%, ~70% and ~80%, respectively), whereas Mn, Co and Zn are
the secondmobile elements, showing a similar partitioning into the re-
sidual phase of the sediment. Conversely, Al, Fe, Cr and Ni are predom-
inantly bound to the residual fraction of the sediment, suggesting a
tion A (a), reducible fraction B (b), oxidizable fraction C (c) and residual fraction R (d).



lithogenic origin, and thus low mobility, regardless pH and redox
conditions.

Geochemical mapping (Fig. 5) shows that Mn has a homogeneous
spatial distribution, and is equally partitioned between the weakly-
bound and residual phases of sediments, with the highest mobile pro-
portion localized in the northern and south-eastern sectors of the
Pialassa Piomboni lagoon, in tandem with carbonate sediments and
clay minerals. Hence, a peak concentration of 335 mg/kg of Mn could
be released if changes in pH occurred (Table S2 of the Supplementary
Material). Spatial distribution of Mn bound to the reducible phase of
sediment is similar to that of clay minerals within the lagoon, though
Fig. 5. Distribution maps of percentage of elements in the different fractions obtained by SEP a
background is the same as Fig. 3, previously reported.
lower concentrations with respect to the weakly-bound phase are reg-
istered (maximum of 268mg/kg). Cobalt bound to the oxidable fraction
of the sediment (organic matter and sulfides), appears to be spatially
condensed in the northern and central-eastern sectors of the Pialassa
Piomboni; under oxic conditions, as high as 6 mg/kg of Co could be re-
leased due to organic matter degradation. In thewestern sector, Co pre-
dominance in the residual phase matches the spatial distribution of the
carbonatic belt, as well as that of feldspathic sands, and thus a low mo-
bility of this tracemetal is expected in this area of the lagoon. Copper af-
finity to organic matter in the oxidizable phase of the sediment is
particularly evident in the north-eastern sector of the lagoon (Fig. 5c).
nalysis: Mn (a), Co (b), Cu (c), Pb (d), Zn (e). The legend of sediment composition in the



Clayey sediments are associated with the Cu fraction bound to the re-
ducible phase in the northern and southern sectors of the lagoon, sug-
gesting association with Fe-Mn mineral structures. An outlier in the
south-eastern sector is also evident, with a total concentration of
187 mg/kg mainly partitioned between the reducible fraction and the
oxidizable one (96 and 76 mg/kg, respectively), further proving the
anomaly of this sample, which is likely related to anthropogenic inputs.
Copper can be mobilized from sediments by changes in redox condi-
tions in the Pialassa Piomboni lagoon; as high as 39 mg/kg and
27 mg/kg could be released due to organic matter oxidation, or reduc-
tion of Fe-Mn oxy/hydroxides. Lead shows a great affinity with Fe-Mn
oxy/hydroxides (reducible fraction), especially in the northern and
eastern sectors, and with organic matter and sulfide (oxidizable frac-
tion) in the middle-southern sector of the lagoon. A high Pb anomaly
is evident in the southern sector of the lagoon, where this metal is pre-
dominantly bound to the reducible fraction, accounting for over 80% of
the total Pb content (257 mg/kg). Zinc displays a homogenous spatial
pattern, resulting equally partitioned between the reducible and the re-
sidual phases (from 11 to 163 mg/kg and from 42 and 168 mg/kg, re-
spectively), with a slight predominance into oxides and hydroxides in
the northern and eastern sectors of the lagoon. Conversely, it occurs
mainly associated with the residual fraction in the central and southern
sectors. An increase of Zn weakly bound to the sediment occurs within
the eastern sector, thus suggesting exchanges with carbonates.

Mercury partitioning was not estimated into the different SEP
phases, as its sequential extraction follows a selective and specific pro-
tocol employing different extracting solutions, due to the unique phys-
ical and chemical properties of the element (Bloom et al., 2003).
Previous studies on Hg fractionation in the surrounding Pialassa Baiona
lagoon showed that elemental Hg is the predominant fraction in the
sediment, accounting for ~90% of total Hg, and negligible contributions
from organo-chelated Hg and mercuric sulfide Hg (~6%) (Covelli et al.,
2011). Considering that elemental Hg is often studied as a good estima-
tion of the free Hg(0) present in the sediment, and that the source of Hg
pollution in the Ravenna coastal lagoons is related to its past use as a
catalyzer in a chemical plant, potential sources of HgS as cinnabar can
be excluded. The sulfide-bound mercury fraction should be therefore
considered mainly as metacinnabar, that is Hg sulfide formed as a con-
sequence of the strong sulfate reduction in the lagoon sediments (Fabbri
et al., 2001), and not Hg bound to a stable crystalline mineral phase.

3.4. Sediment quality assessment

The regional geochemical background for Cr, Cu, Ni, Pb and Zn was
computed as the 95th percentile of the dataset reported in Table S3
(Supplementary Material) and is shown in Table 4. Since no data were
available for Hg, a background value of 0.12 mg/kg measured in deep
core sediments from lagoon environments in the proximity of the
northern Adriatic Sea (Guerzoni et al., 1984), associated to a background
content of Al2O3 of 14.6 wt% (Donnini et al., 2007), has been chosen as
Table 4
Regional background value (mg/kg) and its corresponding value normalized to Al; EF clas-
sification and percentage of samples (%) falling into each class of enrichment for Cr, Cu, Ni,
Pb, Zn, and Hg.

Cr Cu Ni Pb Zn Hg

Regional background value (mg/kg) 163 48 100 27 127 0.12
Al-normalized background value 20.1 6.8 13.1 3.6 16.1 0.01
EF classification Sample percentage (%)
EF value Interpretation

b1.5 No enrichment 98 94 100 74 56 10
1.5–3 Minor enrichment 2 4 – 20 36 16
3–5 Moderate enrichment – 2 – 4 8 2
5–10 Moderate-to-severe enrichment – – – – – 28
10–25 Severe enrichment – – – 2 – 22
25–50 Very severe enrichment – – – – – 16
N50 Extremely severe enrichment – – – – – 6
reference value. Chromium and Ni do not show anthropogenic enrich-
ment over the study areawith respect to the regional background levels
of 163mg/kg and 100mg/kg, respectively, indicating that the high con-
centrations detected are due to the lithogenic composition of sediments
(Amorosi, 2012; Amorosi and Sammartino, 2007; Amorosi et al., 2013;
Curzi et al., 2006; Dinelli et al., 2013), as previously highlighted by
their predominance in the residual and less mobile phase of the sedi-
ment. Conversely, Cu, Pb and Zn, show anomalous levels, with 22%,
36% and 68% of samples far exceeding their background levels, respec-
tively. Mercury registers concentration values consistently higher than
the regional background within the Pialassa Piomboni lagoon (N90% of
samples).

As the Enrichment Factor (EF) is an useful index to determine the
degree of contamination of trace metals pollution, EFs were calculated
to evaluate anthropogenic influences on trace metals in sediments of
the Pialassa Piomboni. A summary of EFs values is provided in
Table S4, and the percentage of samples in each EF class is reported in
Table 4. Nickel does not show any sample above the 1.5 threshold, and
Chromium displays similar results, with only one sample slightly
above the 1.5 threshold. These results reinforce the hypothesis that Cr
and Ni concentrations are dependent on the geochemical provenance
of sediments rather than on anthropic contributions. The only Cr anom-
aly in the western sector of the Pialassa Piomboni is likely related to the
predominance of sandy material. This is consistent with the occurrence
of Cr-bearing heavyminerals (e.g. garnet, pyroxene) in the sedimentary
deposits of the coastal plain (Rizzini, 1974; Marchesini et al., 2000). A
minor-to-moderate Cu enrichment is reported for ~5% of samples,
with one outlier displaying a 4-fold enrichment (EF of 4.3), thus sug-
gesting a local anthropogenic input. Lead exceeds the regional back-
ground value of 27 mg/kg with a minor enrichment in 20% of the
samples, and one outlier reaching a 10-fold enrichment (EF = 11).
This punctual severe enrichment is restrictedwithin the southern sector
of the study area, and clearly reflects an anomaly in contamination re-
lated to the surrounding industrial activities, as well as hunting prac-
tices (Migani et al., 2015). A minor-to-moderate enrichment of Cu and
Pb is detected in the eastern sector of the Pialassa Piomboni, in accor-
dancewith the spatial distribution of Cu and Pb total and extracted con-
tent (see Figs. 2 and 5). As far as Zn is concerned, 44% of samples exceed
the EF baseline of 1.5, with 8% showing a moderate enrichment, and
reaching an EF of 3.9 in the eastern sector of the study area. Mercury
values are consistently higher than the regional background value in
N90% of samples, with ~50% of samples showing moderate-to-very se-
vere enrichment, and ~5% displaying an extremely severe enrichment
(EF N 50). Samples with the highest Hg content and EFs values (up to
88) are all constrained in the northern sector of the study area. Overall,
EFs values evidence a widespread contamination of Hg all over the
study area, and this fact is supported by the anomalous behavior of
the element as highlighted by factor analysis, in which Hg did not
show any correlationwith geochemical features except of aweak corre-
lation with sulfur, thus indicating a prevalent anthropic origin (see
Table 2 and previous comments).

The calculation of the Enrichment Factor is an useful tool to identify
situations of metals contamination; nevertheless, it does not give infor-
mation about metals availability and their subsequent potential ecolog-
ical risk for biota. Therefore, in addition to the EF evaluation, RAC and
SEM-AVS approaches were used as indicators of metals bioavailability
and the related risk for benthic organisms.

Fig. 6a shows calculated RAC values for the analyzed metals (Co, Cr,
Cu, Ni, Pb, Zn), representative of the percentage of total metal content
detected in the exchangeable and carbonate fraction of sediments (frac-
tion A), which is themost easily leachable and thus potentially bioavail-
able fraction. In general, Cr, Cu, and Pb show RAC values lower than 1,
indicating that these metals are not bioavailable and remain preferen-
tially bound to the solid phase of the sediment, and thus fall into the
“no risk” category. Only few outliers are registered for Cu and Pb, with
RAC values of 1–10% (low risk), including samples which also show a



Fig. 6.Assessment of heavymetals bioavailability: (a) RAC classification of percentage ofmetal content within fraction A; (b)∑SEM-AVS classification into “no effects” (∑SEM-AVS b 0),
“possible effects” (0 b ∑SEM-AVS b 5), and “probable effects” (∑SEM-AVS N 5).
moderate-to-severe enrichment (EF N 3), confirming the hypothesis of
an anthropogenic input. However, these RAC outliers suggest only a
low bioavailability for Cu and Pb, which regards few well-defined sam-
ples. Nickel RAC values fall in the range of 1.3–5.6% (low risk); however,
Ni concentrations associated with this weakly-bound fraction could be
the result of a small weathering from bulk sediment and subsequent
re-association with the exchangeable fraction. RAC values N1, thus, are
not of concern as regards Ni. Cobalt RAC values can be classified as
“low risk”, with the exception of some outliers scored as “medium
risk”. Cobalt is a mobile element and commonly occurs in the fine-
grained fractions of sediment, varyingwith Fe- andMn content and fol-
lowing the behavior of Ni; relatively high concentrations of this element
found in the weakly-bound phase could be indicative of a bulk prove-
nance as for Ni. Yet, Co total concentrations are not of concern from an
environmental and ecological point of view (see Table 1 for range of
values). RAC values for Zn are indicative of “low” risk in the majority
of samples (RAC N1%); however, few RAC values suggest medium risk
(RAC N10%). The Zn content boundwith this labile fraction is mainly as-
sociatedwith carbonates, as highlighted in Fig. 5e, thus suggesting a low
mobility and bioavailability in the alkaline waters of the Pialassa
Piomboni.

The ∑SEM-AVS approach was also applied to surface sediments of
the Pialassa Piomboni, as an additional indicator of metals (Cd, Cu, Ni,
Pb, and Zn) bioavailability and their potential adverse biological effects.
As shown in Fig. 6b, the majority of sediment samples (N60%) report
∑SEM-AVS b 0, with no indication of adverse effects on the aquatic
biota, whereas ~30% of samples display 0 b ∑SEM-AVS b 5, indicating
that adverse effects are possible. Nonetheless, it should be taken into
consideration that not all sedimentswith∑SEM-AVS N 0 can cause tox-
icity on biota, as there are many other binding phases in sediments
which could trap metals, decreasing their bioavailability (Burton et al.,
2005; Di Toro et al., 2005). No sediment samples show ∑SEM-AVS
N 5, confirming that concentrations of divalent metals in sediments
are not of high concern in terms of adverse effects on the resident
biota. Sediments associated with possible adverse effects are located
in the northern sector of the Pialassa Piomboni, in close connection
with the harbor area through the Candiano Channel, where sediments
are mainly composed by clay minerals; other samples are located in
the eastern area and are characterized by a high organic matter content
(Figs. 3 and 6b). In the southern area, where sediments are dominated
by clayminerals, only 2 samples are also classifiedwith possible adverse
effects on aquatic biota and correspond to the highest concentrations of
total Pb and Cu detected in this study. In general, the spatial distribution
of sediments falling into the category of 0 b ∑SEM-AVS b 5 mostly re-
flects the spatial distribution of bioavailable Zn content (Zn in fraction A,
Fig. 5e), which is consistent with RAC results, and thus confirming that
Zn is likely the most bioavailable metal in sediments of the Pialassa
Piomboni. It is noteworthy, though, that this fraction of Zn is mainly as-
sociatedwith carbonates in sediments and thus not readily bioavailable,
but it can be re-mobilized with changes in pH. The amount of bioavail-
able Zn that can be released from sediments is not so high, though, rang-
ing from not detectable to 60 mg/kg, with a median value of 6 mg/kg
(Table S2), which are far below the regional background value of the
study area (127 mg/kg), and the Limit of Chemical Level (LCL) of
170 mg/kg proposed by the Italian Environmental Ministry as the con-
centration level above which adverse toxic effects on organisms can
be expected (APAT-ICRAM, 2007).

4. Conclusions

The geochemical characterization of the Pialassa Piomboni identified
different patterns of sediment composition,with northern and southern
areas dominated by clay minerals, a central sector characterized by car-
bonates, an eastern sector enriched in organic matter, and a sandy zone



on the western and eastern borders of the lagoon. Sediment quality as-
sessment highlighted a contribution from natural sources for Cr and Ni,
as their concentrations were below their regional geochemical back-
ground. Copper, lead and zinc showed a minor-to-moderate enrich-
ment mainly confined in the eastern part of the lagoon, indicative of
anthropogenic inputs. Zinc also displayed a localized low to medium
risk according to RAC classification, thus suggesting an increasedmobil-
ity and bioavailability. Mercury showed a remarkable spread contami-
nation with moderate-to-very severe enrichment all over the study
area, clearly evidencing that contribution of past industrial activities in
the surrounding areas are still impacting sediment quality within the
Pialassa Piomboni lagoon. In general, the ∑SEM-AVS approach
highlighted no great concern in terms ofmetals bioavailability and asso-
ciated biological effects for resident organisms; however, adverse ef-
fects would be somewhat possible in the northern and eastern sectors
of the lagoon. Further biological research aimed at assessing the real
risk of Hg posed on aquatic organisms in the Pialassa Piomboni should
be addressed in order to find out the best management options of
such contaminated sediments.
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