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Abstract: Sediments represent a critical compartment of marine coastal ecosystems due to the toxic
and long-lasting effects of the contaminants buried therein. Here, we investigated the properties of
surficial sediments in front of the Southern Marche Region coast (Central Adriatic Sea, Italy). The
grain size of the surficial sediments was determined by X-ray sedigraphy. TN and OC contents were
determined by elemental analysis. The concentrations of Al, Fe, Mg, K, S, Ca, Ti, P, Na, Mn, Mg,
Li, As, Ba, Ga, Pb, Sr, and Zn were determined by ICP-OES to evaluate their spatial patterns and
temporal trends. A Q-mode Factor Analyses was applied and resulted in the identification of three
compositional facies (Padanic, Coastal, and Residual) characterized by common biogeochemical,
mineralogical, sedimentological properties, transport pathway, and source. Some pollution indica-
tors, such as the enrichment factor, the geoaccumulation index, and the pollution load index were
calculated to assess the deviation from the natural background levels. The results showed a pollution
by As and Ba due to the human activities in the 20th century. Furthermore, a general decreasing of
Al, Ti, P, Co, Cr, Cu, Ga, Ni, Pb, Sc, V, and Y concentrations from the background levels suggested a
change in the sedimentation processes during the last decades.

Keywords: pollution indicators; surficial sediments; central western Adriatic Sea

1. Introduction

The biogeochemical and sedimentological properties of bottom marine sediments
are the results of complex interactions between their composition, sourcing areas, trans-
port, depositional, and early diagenesis processes [1]. Additionally, anthropic activities
by discharging contaminants can further influence the natural composition of the sedi-
ments. Considering all the factors affecting the biogeochemical and the sedimentological
composition of the bottom marine sediments, information about the source area, the
sedimentological processes, and the anthropic inputs can be inferred [2–7]. Wastewater
discharges such as domestic wastes, drugs, fertilizers, and zootechnical byproducts rep-
resent the major anthropogenic contributions in marine coastal area [8]. Anthropogenic
chemicals can be introduced into the marine environments by different sources (i.e., ef-
fluent treatment plants, accidental discharges, dumping, riverine inputs, surface runoff,
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atmospheric deposition, etc.) and then accumulate in sediments [9–15]. In coastal marine
sediment, however, heavy metals might be sourced by anthropic activity or by natural
sources [8,16] and could represent a serious hazard due to their toxicity, bioavailability and
persistence [17,18]. Because of the adsorption, hydrolysis, and co-precipitation of metal
ions, most of the water column metals are deposited in the marine sediment and only
a small portion of these ions remains dissolved in the water column [19]. Then, marine
sediments enriched in metals can release them by various remobilization processes to the
water column [1].

Marine sediments are preferred over seawater for monitoring environmental quality
because pollutants are much higher and less variable in time and space than in seawater,
and they reflect in an integrated manner the pollution level in the area [7,20–22]. Marine
sediments act not only as a reservoir of contaminants, but also serve as a source of toxicants
to marine fauna. This can be due to the ingestion of bottom or resuspended sediment
particles [23,24], or to the adsorption of solutes present in the pore waters and on the bottom.
The solutes present near the bottom can be the consequence of diffusive or bio-irrigation
fluxes or resuspension [1], resuspension that can be due to natural (by storms, waves, tidal
currents) or anthropogenic (dredging, trawling) processes [25,26]. For these reasons, sedi-
ments are commonly targeted in marine pollution surveillance programs [27–29]. Generally,
natural metal concentrations in sediments are not detrimental to inhabiting organisms [30].
For metabolism, organisms essentially require some key micronutrients (i.e., iron, copper,
zinc, manganese, cobalt) [31] but at high metals concentration can pose a toxicological
threat to marine organisms [8,32,33]. Sediment features such as mineralogy, sediment
texture, metal properties, pH, organic matter, oxidation–reduction potential, and adsorp-
tion and desorption processes are important controlling factors for the accumulation and
availability of heavy metals in the sediment [34–42]. Thus, sediments are considered as
sources of heavy metals in marine environments and play a key role in their deposition
and transmission along the trophic chain and must be therefore monitored. The current
European Union (EU) legislation for the protection and conservation of the marine environ-
ment emphasizes the need to evaluate and limit the concentrations of contaminants, and to
undertake preventive measures to re-establish a Good Environmental Status in impacted
marine areas, as requested by Marine Strategy Framework Directive (MSFD, 2008/56/EC,
Commission Decision 2010/477/EU).

The present study aims to recognize the sedimentological processes that drove the
formation of the present sediment bodies on the base of the geochemical and sedimen-
tological properties of the superficial marine sediments in a central Italian Adriatic Sea
coastal area. In addition, the trace element pollution in the surface sediment of this area is
investigated. The level of pollution has been evaluated by the elaboration of contamination
index and by comparison with the limits of the Italian legislation [43]. The comparison
with these limits needs to be considered as an indication due to the different methods
used to measure the element concentrations. The research has been carried out by using
a statistical elaboration of the biogeochemical and sedimentological variables. The sta-
tistical approach allowed the determination of compositional facies, that is, areas with
common geochemical, mineralogical, and sedimentological properties. Previous studies
have investigated the sedimentological and geochemical processes and recognized the
main source area of sediments as well as anthropic heavy metal inputs in different offshore
areas of the Adriatic Sea [4,13,44–46] but little is known about the present study area that
instead shows a specific role as consequence of the coastal morphology on the Adriatic Sea
circulation [47].

2. Study Area

The Adriatic Sea is located between the Italian peninsula and the Balkan Region;
it is an elongated basin (about 800 km long and 200 km wide) oriented NW/SE and
is connected to the Mediterranean Sea through the Otranto Strait. The Adriatic sea is
historically divided into three distinct sectors [48]: the northern sector is characterized
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by a shallow continental shelf with a very gentle slope of about 0.02◦ until the isobath of
100 m; the middle sector, between the 100 m isobath and the Gargano Promontory, where a
basin, called Mid-Adriatic Depression (MAD), or Jabuka Pit or Pomo Pit, occurs; this basin
exhibits three sub-trenches, with maximum depths of 255 m (Western Pit), 270 m (Central
Pit), and 240 m (Eastern Pit) [49]; the southern sector, between the Gargano Promontory
and the Otranto Strait, which shows a maximum depth of 1260 m in the South Adriatic
Depression (SAD). The hydrodynamic of the Adriatic Sea is characterized by a general
anticlockwise circulation, aligned to the coasts that reaches its maximum in winter and
spring, and by weak currents resulting in a series of clockwise and anti-clockwise gyres,
in summer (Figure 1). In the eastern side of the basin, the current is directed northward
(The East Adriatic Current: EAC). The EAC is characterized by warmer and high saline
waters coming from the Levantine Basin (Levantine intermediate water, LIW), and from
Ionian Basin (Ionian surface water: ISW) and in some cases from the Modified Atlantic
Waters (MAW) following the pattern of the Bimodal Oscillating System (BiOS) [50–53]. The
Adriatic Sea circulation is complicated by the formation of dense waters in the Northern
Adriatic Sea (North Adriatic Dense Water: AdDW). These are cold and high salinity waters
forming in winter in the Northern Adriatic Sea when the Bora wind blows [54,55]. The
AdDW annually or biennially, generally in spring, flows southward close to the coast and
reaches partly the MAD and flowing further south [56] (Figure 1).
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Figure 1. Bathymetric map of the Adriatic Sea with the three morphological sectors (lower left corner), the general Adriatic
Sea circulation (in the center) and the study area (on the upper right corner). WAC: Western Adriatic Current; EAC:
Eastern Adriatic Current; NAdG: North Adriatic Gyre; MAdG: Mid Adriatic Gyre; SAdG = South Adriatic Gyre. AdDW:
Adriatic Dense Water (in blue North Adriatic formation area of AdW-NAdDW). LIW: Levantine intermediate Water. BIOS:
Adriatic-Ionian bimodal oscillating system [50–53].

In this context, waters and the fine sedimentary load of the Po and Apennine rivers as
well as of the local rivers flowing along the South Marche coast, tend to branch out offshore
in summer and to be confined near the coast in winter [4,57]. Overall, the combined action
of currents and waves induces a redistribution of bottom sediments towards the south and,
to a certain extent, towards the open sea, in the Northern and Central Adriatic Sea [2,4].
The main sedimentary inputs of the northern and central sectors of the Adriatic Sea are
located along the western coasts since the contributions from the Balkan rivers are limited,
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due to the prevalent carbonatic composition of the rocks, and the confinement within the
inshore basins parallel to the coast [58]. The sediment contribution of the Northern and
Western Adriatic Sea rivers is represented by the northern Alpine rivers that contribute for
8 MT/y, the Po basin, contributing for 13 MT/y, and the Apennine rivers that contribute
for 22 MT/y, for a total of 43 MT/y [59]. The catchment area of the Po River includes
igneous, metamorphic and sedimentary rocks of the western and central Alps, carbonatic
rocks mainly from the northern Alpine rivers, and a mixture of carbonatic and silicoclastic
sediments from the Po alluvial System [42]. South of the Po River mouths the solid inputs
of these rivers are composed mainly of terrigenous sediments with varying contents of
carbonates [60]. The solid load of the minor rivers Southern of the Po River is estimated
to be 16.9 × 106 MT/y, between the Po River and Ancona, and 7.8 × 106 MT/y, between
Ancona and Punta Penne [61].

The current sea bottom sedimentological features of the northern and central sectors
of the Adriatic Sea are the result of the last sea level rise and the following and present
general Adriatic Sea hydrodynamics and riverine inputs. Indeed, the northern and central
Adriatic Sea bottom is characterized by a Holocene accretionary wedge parallel to the
Italian shoreline. This wedge is made up of coarse sediments near the coast, followed by
finer sediments eastward. Further offshore, the Holocene accretionary wedge gives way
to coarser sediments again consisting mainly of reworked sands. These sandy substrates
were left in place by the last fast transgression and are due to the outcropping of partial
reworked beach sands, paralic sediments and old filled valleys [58,62,63].

The study area is located in the central part of the western Adriatic Sea, in front of
the southern part of the Marche Region (from the Chienti River to the Tronto River), from
the shoreline to a depth of about 50 m (Figure 2). The main tributaries in the area are the
Chienti, Tenna, Aso and Tronto Rivers. These rivers are located in an area with neighboring
industrial activities, are contaminated with domestic and industrial wastewater and are
exposed to pesticides used in surrounding agricultural areas [64]. From west to east,
these rivers drain the carbonatic rocks of the Apennines, followed by the arenitic and clay
Miocene rocks, the Plio-Pleistocene clays, and the arenitic and conglomeratic Pleistocene
formations (Figure 2a). From a morphological point of view, the study area is characterized
by a flat bottom gently sloping eastward, with weak dipping near the coast, slightly higher
dipping in the center and again a less sloping to the East (Figure 2b). Only two minor
river catchments, namely Ete and Tesino, do not include the Apennine carbonatic rocks
(Figure 2). In the study area, the Holocene wedge is formed by an accretionary prism
that tends to become thinner towards the coast and offshore [47]. Moreover, this coastal
area undergoes intensive bottom sediment resuspension due to strong autumn and winter
storms [65–67].
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3. Materials and Methods
3.1. Sampling

Sediment samples were collected by a box-corer (sizes 101 × 17 w × 25 d cm) following
a grid of 64 stations located in front of the Southern Marche Region coast, from shoreline
to offshore (Figure 2a). The sediment samples were collected during the CASE1 cruise, in
April 2010, carried out by the CNR-ISMAR of Ancona on the M/N G. Dallaporta. Each box-
core was described for the macroscopic characteristics (color by Munsell tables, presence of
organism and bioturbation, hydration and texture, sedimentary structures, grain-size) of
the lateral and superficial surfaces. pH and Eh were measured in the sediment by punching
in electrodes in the first 2 cm. The sediment samples were then collected at different depth
on the base of the texture of the sediment core. On the basis of present research, only the
superficial samples (0–2 cm) have been considered. Each sediment sample was split in
aliquots immediately after the sub-sampling for the various analyses. The aliquot for the
grain-size and water-content analyses was stored at 4 ◦C, while samples for geochemical
analyses were stored at −20 ◦C and then freeze-dried.

Some samples (red dot in Figure 2a) were analyzed for grain-size and biogeochemical
variables (total carbon (TC), total nitrogen (TN), organic carbon (OC), δ13C, and chemical
elements); while other samples (yellow dot in Figure 2a) were analyzed only for grain-size,
TC, TN, and OC.

3.2. Grain-Size and Organic Geochemistry

Grain-size analyses were carried out on wet sediment samples pre-treated with H2O2-
16 vol. solution to remove organic matter. The coarser fractions were dry-sieved over the
range 2 mm down to 0.063 mm by a stack of sieves ISO 3310 in accordance with UKAS
Traceability Test Sieve LAB22-1. Bioclast component (>2 mm fraction) was separated
by sands (2 mm < sands > 0.063 mm), while the finer fractions were analyzed by X-ray
sedigraph (Micrometrics 5000D) [45].

The TC and TN were measured with a FisonsNA2000 elemental analyzer on the
freeze-dried bulk sediment, while the OC was analyzed after acidification in hydrochloric
acid 1.5 M [68] by the same instrument. The inorganic carbon (IC) was determined from
the difference between TC and OC.

Stable isotopic analyses of OC (δ13C) were carried out on samples by using a FINNI-
GAN Delta Plus mass spectrometer directly coupled to the elemental analyzer. Stable-
isotope data were expressed in ‰ relative to the variation (δ) from the international
PDB standard.

3.3. Inorganic Geochemistry

The analyses of chemical elements (Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga,
Hg, K, Mg, Li, Mn, Mo, Na, Ni, P, Pb, Sb, S, Sc, Sr, Te, Ti, Tl, U, V, W, Y, Zn, and Zr) were
carried out on freeze-dried sediment sample after acid digestion employing HF, HClO4,
HNO3, and HCl and the following determination of the concentration of each element in the
eluate solution by Inductively Coupled Plasma-Optical Emission Spectroscopy (Activation
Laboratory LTD, Ancaster, ON, Canada).

To identify possible anthropic contributions, some pollution indicators, such as the
contamination factor (Cf), the degree of contamination index (Cd), the enrichment fac-
tor (EF), the geoaccumulation index (Igeo), and the pollution load index (PLI) of heavy
metals and other trace elements were calculated [69] (Table 1). Furthermore, element
concentrations were compared to the threshold values of the Italian legislation [43], to the
general abundance data reported for the marine shale [70] (Table 2) and the ecotoxicological
risks with the Sediment Quality Guidelines (SQGs) indicated in Rachel and Wasserman,
2015 [71].
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Table 1. Summary of the classification categories of sediment contamination derived from the different applied indicators.

Cf Classification EF Classification Igeo Classification mCd Classification PLI Classification

<8 Low ≤2 Low
enrichment <0 Unpolluted <1.5 Very low <1 Unpolluted

8–16 Moderate 2–5 Moderate
enrichment 0–1

Unpolluted
to

moderately
polluted

1.5 < mCd < 2 Low 1–2
Unpolluted to

moderately
polluted

16–
32 Considerable 5–20 High

enrichment 1–2 Moderately
polluted 2 < mCd < 4 Moderate 2–3 Moderately

polluted

>32 Very high 20–40 Very high
enrichment 2–3

Moderately
to strongly
polluted

4 < mCd < 8 High 3–4
Moderately

to highly
polluted

>40 Extreme
enrichment 3–4 Strongly

polluted 8 < mCd < 16 Very high 4–5 Highly
polluted

4–5

Strongly to
extremely
strongly
polluted

16 < mCd < 32 Extremely
high >5 Very highly

polluted

>5 Extremely
polluted 32 < mCd Ultra high

Table 2. Reference values, local background, normative limits and ecotoxicological reference concentrations for the elements
investigated in the present study, when available 1 [70].

Unit Marine
Shales (1)

Local
Background

L1 DM
173/2016

L2 DM
173/2016

DM
173/2016 TEL ERL PEL ERM

Ag ppm 0.07
Al % 8 6.9 1
As ppm 13 10 12 20 1 5.9 33 17 85
Ba ppm 580 295
Be ppm 3
Ca % 1.6 11
Cd ppm 0.3 0.3 0.8 0.03 0.6 5 3.53 9
Co ppm 19 13
Cr ppm 90 128 50 150 1 37 70 90 145
Cu ppm 45 40 40 52 1 36 70 197 390
Fe % 4.72 3.5 1
Ga ppm 19 16.2
Hg ppm 0.04 0.3 0.8 0.03 0.2 0.2 0.49 1.3
K % 2.66 1.6
Li ppm 66 2.2

Mg % 1.5
Mn ppm 850 774.5
Mo ppm 2.6
Na % 0.96
Nb ppm 11
Ni ppm 68 73 30 75 1 18 30 36 50
P ppm 700 0.06

Pb ppm 20 18 30 70 1 35 35 91.3 110
S ppm 2400 n.a
Sc ppm 13 29
Sr ppm 300 348
Te ppm 0.08 n.a
Ti ppm 4600 0.3
V ppm 130 116 1
Y ppm 26 25

Zn ppm 95 48 100 150 1 123 120 315 270
Zr ppm 160 97
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Contamination factor (Cf). The Cf [5] is an index developed to evaluate the contamina-
tion of a given toxic substance in a basin, and it is calculated as:

C f i =
Cei
Cbi

(1)

where Ceiis the concentration of the substance i in sediment samples, and Cbi is the back-
ground values of the same substance indicated in Table 2. In this work, the Cfi was
calculated for all elements even if only trace elements that may be affected by human activ-
ities (As, Ba, Co, Cr, Cu, Ni, Pb, V, and Zn) or that can be indicative of peculiar processes
(Ga, Sc, Sr, Y, and Zr) have been discussed.

The background values (Cbi) of the element i and of the other elements not consid-
ered for the calculation of Cfi (Table 2) were deduced by using the concentrations in the
sample collected at a depth of 105 cm of the sediment core 47 recovered in the study area
(Figure 2a, green star) during the PRISMA1 project [4]. The element concentration in the
core of the PRISMA1 project were determined by XRF following the method specified in [5]
so that the concentrations can be compared to those determined by strong acid dissolution,
both referring to the total concentrations. The core 47 is located inside the study area and
the level 105 is referred to a time previous the industrial age as deduced by the radiometric
and metal anthropogenic data of the PRISMA1 and by the accumulation rates determined
in this area by previous studies [72] so that is not affected by anthropic inputs. Furthermore,
by the normalization respect to the Al or Ti content determined in the same sample, it
can be compared to samples with different grain size composition. Other methods such
as those used in an area in front of the Abruzzo coast [73] can be useful applied when
available only superficial samples.

Enrichment factor (EF). The EF has been developed to evaluate the metal contamina-
tion. The EF normalizes the trace element content with respect to a sample reference metal,
in this case the Al:

EF =
M
Al Ss
M
Al Bs

(2)

where (M/Al)Ss is the ratio of each metal and Al concentrations of the sediment sample
and (M/Al)Bs is the same ratio in the background sample (Table 2). The ecological risks
based on EF values are categorized according to Table 1.

Geoaccumulation index (Igeo). The Igeo is an indicator of heavy metal contamination of
sediments with respect to the background natural levels (Cbi). Igeo is expressed for each
metal as:

I
geo =

Cei
1.5 ∗ Cbi

(3)

Based on the Igeo values sediments are classified according to the classes shown in
Table 1.

Modified degree of contamination index (mCd). The mCd, is the sum of all contamina-
tion factors of various heavy metals. It is obtained as follow:

mCd =
∑i=n

i=1 C f

n
(4)

in which n is the number of analyzed elements and i = ith element. The classification of
mCd is shown in Table 1. In this work, the mCd has been calculated considering only metals
or trace elements that show almost one value of Cf > 1 (As, Ba, Ga, Pb, Sr, and Zn).

Pollution load index (PLI). The Pollution Load Index (PLI) evaluates the heavy metal
contamination of sediment samples as:

PLI = (Cf1× Cf2× Cf3× . . . × Cfn)1/n, (5)
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where Cf is the contamination factor and n is the number of metals. The PLI was calculated
retaining only metals or trace elements that show at least one value of Cf > 1 (As, Ba, Ga,
Pb, Sr and Zn). According to the contamination degree, the PLI data were classified as
reported in Table 1 [74].

3.4. Statistical Analyses

Selected variables (i.e., major and trace element, grain-size, OC, IC, δ13C, TN, OC/TN,
pH, and Eh) were processed using a multivariate statistical analysis (i.e., Factor Analysis,
FA). This analysis allowed us to recognize the primary relationships between a series
of samples, greatly reducing the size of the multidimensional system without losing a
significant amount of information. The analysis consisted of a Q-mode FA applied to the
sediment samples and their compositional variables [75]. The FA was carried out using
the following steps [76]: (1) standardization of the initial data between the minimum and
the maximum value for each variable; (2) correlation of the variables using the similarity
coefficient cosθ [77]; (3) choice of a number of factors for which the sum of the individual
variances ranges between 90–95% of the total variance of the system so that not much
significant information is lost; and (4) final rotation of the axes-factors of the new system
keeping them orthogonal. This last step was carried out to obtain better guidance on the
original samples and to preserve the independence of the variables (Varimax criterion).

The FA was carried out to avoid an excessive number of variables respect to the
number of samples. The selected variables of each sample were processed to obtain
statistical factors clustering similar geochemical and sedimentological compositions. These
factors represent biogeochemical-sedimentary facies (BSF), that is, the component of each
sample that has been subjected to the same transport and depositional processes and whose
sediments are from the same source areas. The areal mapping of the score of each factor
extracted for each sample allows us to obtain the areal distribution of the different BSF and
then to infer the main sedimentological and biogeochemical processed that took place in the
area. The areal distribution maps of the BSF as well as of the single variables were drafted
by using the tension continuous curvature spline method [78]. All the biogeochemical and
sedimentological variables were plotted according to their areal distribution following a
standardized method that creates a grid file with GMT v. 6.0.0 [79] and plots the map by
QGIS v. 3.10.4-A Coruña. The areal distribution of each variable is shown in Figure S1
(Supplementary Materials).

4. Results and Discussion

A summary of statistics of the investigated variables is reported in Table 3. Selected
chemical elements (i.e., Cd, Sb, Tl, U, W) have not been considered as their concentrations
were either below the detection limits or above detection limits in a very limited number of
samples (in parenthesis after the element): Bi (1), Hg (2).

Table 3 also includes information about Ag (9), Mo (16), Te (19), Be (29), and As (41)
although they were not observed in some of the samples. All these elements were excluded
from the multivariate statistical analysis (the complete dataset is reported in Supplemental
Table S1). Table 2 presents some reference values used in the discussion, the background
concentrations considered for some elaborations, regulatory values and the ecotoxicological
sediment values. Meanwhile, Table 4 includes basic statistics relative to the various indexes
calculated for describing the sediment status.
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Table 3. Summary statistics for the investigated variables.

Unit Mean Median Min Max Dev. St n

Water content % 35.8 36.4 20.2 59.1 11.3 64
Porosity % 56.3 58.2 38.1 77.9 11.9 64
Bioclasts % 1.1 0.1 0.0 19.6 3.1 64

Sand % 33.5 17.3 0.2 96.7 34.2 64
Silt % 34.9 38.1 2.4 61.8 18.5 64

Clay % 30.5 31.7 0.8 66.2 19.9 64
TN % 0.1 0.1 0.0 0.1 0.0 64
IC % 4.3 4.4 3.1 5.5 0.6 64
OC % 0.4 0.4 0.1 1.0 0.2 64

δ13CPDB ‰ −24.0 −23.7 −26.4 −21.2 0.8 64
OC/TN 8.8 8.5 4.9 11.5 1.2 64

carbonates % 3.7 3.6 2.4 5.9 0.7 63
pH 7.3 7.3 6.8 8.1 0.3 64
Eh mV −98.1 −125.9 −250.0 143.7 88.3 64
Ag ppm 0.2 0.2 <0.3 1.6 0.2 9
Al % 4.0 3.7 2.5 6.0 1.2 48
As ppm 9.1 9 <3 31 5.8 41
Ba ppm 272.8 271 234 329 21.6 48
Be ppm 1.1 1 <1 2 0.6 29
Ca % 12.8 13.55 8.9 15.4 2.1 48
Cd ppm <0.3 0
Co ppm 7.8 7 3 13 3.2 48
Cr ppm 61.5 61 27 101 15.9 48
Cu ppm 14.4 12 3 32 8.0 48
Fe % 1.9 1.7 0.79 3.3 0.8 48
Ga ppm 12.3 12.5 5 22 5.2 48
Hg ppm 0.6 0.5 0.5 2.0 0.3 2
K % 1.4 1.24 1 2.4 0.4 48

Mg % 1.2 1.095 0.58 2.0 0.5 48
Li ppm 26.8 23 8 53 14.8 48

Mn ppm 703.9 714.5 506 873 67.6 48
Mo ppm 1.1 0.5 <1 4.0 1.0 16
Na % 1.6 1.52 1.02 2.4 0.3 48
Ni ppm 32.7 28.5 10 63 17.3 48
P % 0.0 0.049 0.026 0.1 0.0 48

Pb ppm 12.1 11 6 24 4.7 48
S ppm 0.2 0.2 0.14 0.4 0.0 48
Sc ppm 6.8 6.5 <4 12 3.0 42
Sr ppm 352.9 354 280 436 34.0 48
Te ppm 3.0 1 1 12 3.0 19
Ti % 0.2 0.185 0.11 0.3 0.0 48
V ppm 49.4 44.5 14 105 26.8 48
Y ppm 13.7 14 9 16 1.7 48

Zn ppm 49.0 45 15 93 25.2 48
Zr ppm 35.3 35.5 11 60 13.8 48



Appl. Sci. 2021, 11, 1118 11 of 27

Table 4. Statistical values (mean, median, min, max and dev.st.) of the contamination indexes data and pollution indicators.

Mean Median Min Max Dev. Std. n

As Cf 1.0 1.0 0.3 3.1 0.5 41
EF 1.8 1.6 0.7 4.8 0.8 41
Igeo −0.7 −0.6 −2.3 1.0 0.6 41

Ba Cf 0.9 0.9 0.8 1.1 0.1 48
EF 1.7 1.8 1.0 2.7 0.5 48
Igeo −0.7 −0.7 −0.9 −0.4 0.1 41

Co Cf 0.6 0.5 0.2 1.0 0.2 48
EF 1.0 1.0 0.6 1.2 0.2 48
Igeo −1.5 −1.5 −2.7 −0.6 0.6 48

Cr Cf 0.5 0.5 0.2 0.8 0.1 48
EF 0.9 0.8 0.5 1.6 0.2 48
Igeo −1.7 −1.7 −2.8 −0.9 0.4 41

Cu Cf 0.4 0.3 0.1 0.8 0.2 48
EF 0.6 0.6 0.2 1.2 0.2 48
Igeo −2.3 −2.3 −4.3 −0.9 0.9 48

Ga Cf 0.8 0.8 0.3 1.4 0.3 48
EF 1.2 1.3 0.8 1.6 0.2 48
Igeo −1.0 −0.9 −2.0 −0.1 0.6 41

Ni Cf 0.4 0.4 0.1 0.9 0.2 48
EF 0.7 0.7 0.3 1.0 0.2 48
Igeo −1.9 −1.7 −3.5 −0.8 0.8 41

Pb Cf 0.7 0.6 0.3 1.3 0.3 48
EF 1.1 1.1 0.7 2.4 0.2 48
Igeo −1.2 −1.3 −2.2 −0.2 0.5 41

Sc Cf 0.3 0.3 0.1 0.4 0.1 42
EF 0.4 0.4 0.3 0.5 0.0 42
Igeo −2.6 −2.4 −3.4 −1.9 0.5 37

Sr Cf 1.0 1.0 0.8 1.3 0.1 48
EF 1.9 1.9 1.0 2.9 0.6 48
Igeo −0.6 −0.6 −0.9 −0.3 0.1 41

V Cf 0.4 0.4 0.1 0.9 0.2 48
EF 0.7 0.7 0.3 1.1 0.2 48
Igeo −1.9 −1.7 −3.6 −0.7 0.9 41

Y Cf 0.5 0.6 0.4 0.6 0.1 48
EF 1.0 1.0 0.7 1.4 0.2 48

Igeo −1.5 −1.4 −2.1 −1.2 0.2 41
Zn Cf 0.7 0.6 0.2 1.3 0.3 48

EF 1.1 1.0 0.5 1.5 0.3 48
Igeo −1.4 −1.3 −2.9 −0.3 0.8 48

Zr Cf 0.4 0.4 0.1 0.6 0.1 48
EF 0.6 0.6 0.3 0.9 0.2 48
Igeo −2.2 −2.0 −3.7 −1.3 0.7 48

mCd 0 0.8 0.8 0.0 1.3 0.3 50
PLI 0 0.7 0.7 0.0 1.1 0.4 50

4.1. Sedimentological Processes and Facies Recognition

The statistical elaboration of the biogeochemical and sedimentological variables high-
lights the presence of three main factors explaining, on overall, 94.6% of the total variance.
These factors mainly represent the three key BSFs in the coastal marine area of the South-
ern Marche.

The most significant facies (BSF1) explains 79.2% of the total variance and is charac-
terized by sediments with (Figure 3a) high contents of clay and fine silt, some elements
(i.e., Al, Ti, Mg, K, Na, P, Fe, Co, Cu, Zn, Ni, Pb, V, Ga, Li, Y, and Zr mainly linked to clay
minerals), OC that is directly linked to the Organic Matter (OM), and TN that is contained
both in the OM and in the clay minerals. The SBF1 is therefore sedimentological facies
consisting primarily of fine pelitic sediments with abundant clay minerals and OM. The
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extracted scores of these facies increase seaward, starting from values close to zero, that
imply absence of pelitic sediment, clay minerals and OM, near coast, to values close to 1
(i.e., sediments made up of almost all fine sediments) (Figure 3b). By considering the areal
distribution of the fine pelitic, organic and clay-rich sediments of BSF1 and the general
cyclonic circulation of the Adriatic Sea as well as the reworking and removing action of
the wave near the coast, the sediments of the BSF1 are inferred to be mainly sourced from
the fine load of the Po River as well as from that of the Apennine rivers in the northern
part of the study area. For this reason, the BSF1 facies can be assimilated and named as the
Padanic Facies of Spagnoli et al. (2014) [4]. The fine particles introduced in the Adriatic Sea
in front of the river mouths and are then resuspended by the wave action and transported
southwards by the WAC [2]. As a result, the fine particles settle at greater depths in a
belt area aligned to the coastline, where the action of the wave motion on the seabed
is weaker [4]. Furthermore, the WAC confines the suspended sediments near the coast,
preventing their spreading eastward limiting their sedimentation towards the center of the
basin. The fine sediments of the BSF1 are subject to a continuous reworking process acting
on the sea bottom. This consists in repeated resuspension and redeposition processes,
due to strong storms that result in the transportation and dilution processes of the BSF1
sediments southward. As a consequence of this sedimentological and hydrographic set
up, the present offshore sediment accumulation is very feeble, and the relict sediments
connected to the last sea level rise tend to surface in the deeper side of the north-central
Adriatic Sea. The BSF1 facies approaches towards the coast between the Chienti and the
Ete Vivo rivers and in front of the Tronto river where it also shows a maximum (Figure 3b).
This distribution near the coast suggests that the Chienti, Tenna and, to a greater extent, the
Tronto rivers discharge more fine sediment than the other rivers in the southern Marche.
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The second facies (BSF2) represents 14.5% of the total variance and is marked by high
contents of sand, IC, Ca, Sr, OC/TN, pH, and Eh (Figure 4a). Calcium and IC are typical
of sediments with abundant carbonate, while high values of pH and Eh are associated
to coarse grain-sizes. Based on these characteristics, it can be inferred that the BSF2 is
mainly made up of a coarse sandy sediment enriched in carbonates. The areal distribution
pattern of the BSF2 (Figure 4b) is complementary to that of the BSF1, with values that
suddenly increase the near the coast, where they show values close to 1, meaning sediments
consisting almost exclusively of carbonate sandy materials and decrease offshore where
they reach value lower than 0.1. The origin of the BSF2 sediments is ascribed to the coarse
sandy contributions of the local rivers of the Marche Region. They drain the carbonate
rocks of the central Apennine and discharge their coarse sediments near the coast, while
finer sediments are removed by wave action. The BSF2 facies can be named as Coastal
Facies being mainly affected by coastal processes and inputs. The BSF2 presents a smaller
extension towards the offshore in front of the Chienti and Tenna rivers and, to a greater
extent, in front of the Tronto River where, there is also an area marked by the lowest values.
This trend in the areal distribution of BSF2 confirms the greater inputs of fine material from
the Chienti, Tenna and, to a greater extent, from the Tronto rivers.
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The third facies (BSF3) explains 1.9% of the total variance and is defined by abundant
silts, P, Mn, Ba, Sr, and partially Zr (Figure 5a). The highest values of the BSF3 are mostly
found along a belt parallel to the coast in an intermediate position between the BSF1 and
BSF2 maxima (Figure 5b) with three maximum areas. By considering the distribution
of the BSF3 sediments in relation with the hydrography of the central Adriatic Sea, the
silty sediments of the BSF3 are the results of the accumulation at depth where the wave
action can remove the finer granulometric fractions, but where the coarse sandy coastal
material supplied by the local rivers and reworked by the wave motion, is not deposited.
Furthermore, the presence Zr and P also suggest the presence of heavy minerals like zircon
and apatite, while the occurrence of Sr and Mn as well as IC suggest the presence of
carbonates. These minerals support the residual nature of these sediments in which heavy
minerals and carbonate concentrations increase for the removing of lighter minerals and
finer grains. The characteristics of the BSF3 are similar to the Residual Facies of Spagnoli
et al. (2014) [4] and can then be partially considered as the same Residual Facies. The two
minima near the coast are in front of the Ete Vivo and Tesino rivers: the two rivers that
do not drain the limestone rocks of the Sibillini mountains. This means that the residual
sediments are partially associated with the carbonate rocks.
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By considering single elements, it is worthy to note that the elements that present
high affinity with the clay minerals (i.e., Al, Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni,
P, Pb, Sc, Ti, V, Y, Zn, Zr) show a distribution pattern very similar to that of the BSF1
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facies (Padanic Facies) (Figures 6–8) because they naturally tend to accumulate with finer
fractions. On the other hand, elements having high affinity with the carbonate minerals
(i.e., Ca and Sr) show distribution patterns (Figures 6f and 7e) similar to that of the Coastal
Facies BSF2 (Ca) and BSF3 (Sr). This is in full agreement with the findings of the statistical
elaboration that connects the same elements with the clay minerals and with the carbonate
minerals. For this reason, the anomalies regarding these patterns have been considered to
infer anthropic inputs or local natural processes. In this context, an anomaly is recorded
in front of the Tronto River where a siliciclastic fine sediment enriched in S is recorded
(Figure 6). This is also supported by the sediment description of the box-core upon
collection that consisted of compact gray mud with blackish veins and burrows. Following
the bathymetric reliefs that delineate a depression, the geochemical composition of this
area is related to a strong erosion of the bottom that allows the outcropping of older, weak
diagenized siliciclastic sediments.
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4.2. Evaluation of the Contamination and Ecotoxicological Risks
4.2.1. Contamination Assessment

Only elements with Cf higher than one in some samples are herein considered.
As. Arsenic mean values are in the order of 9 ppm (Table 3) that are slightly lower than

the average marine shale composition (Table 2) and are in line with the local background
value (Table 2) of the southern Marche Holocene pelitic wedge (10 ppm at −105 cm). The
spatial distribution indicates the occurrence of relatively high concentrations (up to 31 ppm)
in the northern area (Figure 7a).These data suggest that this area has, on average, high As
values likely related to the composition of the source rocks coming from North [4]. Arsenic
was included in the multivariate analysis but shows a good affinity with elements of the BSF1.
In two sandy areas located inshore in front of the Chienti and Ete Vivo river mouths, as well
as in a pelitic belt directed north-south, in front of the Chienti River (Figure 7a), the As values
are equal to or higher than the Italian thresholds (Table 2), its Cf is higher than 1 and the EF
and Igeo fall in the second class (Table 4).The mainly sandy sites, located inshore, in front of
the Chienti River (station 101) and of the Ete Vivo River (station 303) fall in the moderate
enrichment class (2–5) for EF index and unpolluted to moderately polluted (0–1) for Igeo,
respectively. Furthermore, the concentration of As at station 303 is over the second threshold
of the Italian legislation (20 ppm, Table 2). In addition, the station 106, in the pelitic belt in
front of the Chienti River, is moderately polluted (1–2) for Igeo and shows a concentration over
the second threshold of the Italian legislation (20 ppm, Table 2). Unpolluted to moderately
polluted (0–1) Igeo values are also recorded offshore and to the Southeast of the study area,
in correspondence with mainly clayey sediment, but in this case the high values are due to
the inputs of fine materials coming from North, that however influence also other proximal
areas, further south [73]. The As pollution in the north-western area could be ascribed to
local discharges of waste of fertilizer productions along the southern Marche coast in the
past decades.
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Ba. The average concentrations of barium are around 270 ppm (Table 3) reaching a
maximum of 329 ppm, far below the average marine shale composition and in line with
local background (Table 2). The highest values of Ba are found near the coast between the
Chienti and Aso Rivers and in a belt along the central area that mainly corresponds to the
BSF3 (Figure 7b). In some stations of these areas, the EF of Ba slightly exceeds 2, resulting
in the moderate enrichment class, while the absolute concentrations (average 272.8 ppm;
Table 2) are higher than the background value of 295 ppm in the high Al content stations
(Table 2). The high Ba concentrations near the coast and in the BSF3 facies, particularly in
the northern side of the study area, suggest a provenance of Ba from North. It also suggests
a scavenging process, due to high specific weight of the barium sulphate, a heavy mineral
that tends to remain in situ after reworking processes. The barium sulphate is a component
of the drilling muds so that the high Ba concentrations could be due to discharges into the
sea in the past of these drilling muds from hydrocarbon platform perforation as reported
for other areas [2,46,80].

Ga. The values of Ga in the whole area (average 12.3 ppm, Table 3) with a maximum
of 22 ppm are in line with average marine shale and with local background concentrations
(16.2 ppm, Table 2) even if some stations show values of Cf slightly above 1. The EF and Igeo
indexes are constantly lower than the minimum threshold values. Its distribution describes
an almost regular increase seaward (Figure 7c).

Pb. The average values of Pb in the whole area (12.1 ppm, Table 3), with a maximum
of 24 ppm, match well with the background data (18 ppm, Table 2) and the average marine
shale. Some samples, however, show a Cf slightly over 1 (Table 4). The ER and Igeo indexes
are permanently less than the minimum threshold values (Table 4). Both the present
average Pb contents and the background values are strongly lower than the L1 threshold
level of 30 ppm (Table 2) suggesting limited anthropogenic Pb inputs.

Sr. Strontium has an average concentration of 353 ppm (maximum of 436 ppm,
Table 3) that are comparable to the local background and slightly higher than average ma-
rine shale (Table 2). This element has a strong affinity for carbonates and its concentrations
show higher values in correspondence of the residual facies BSF3. Among the sedimentary
quality index, the Igeo is constantly lower than minimum threshold value, but the EF index
is higher than 2 (low enrichment, Table 4) in many samples, likely due for the way the
index is calculated on a normalized base.

Zn. Zinc concentration records an average of 49 ppm and a maximum of 95 ppm
(Table 3) that are, in general, slightly lower than local background and average marine
shale values (Table 2). The sediment quality index displays few observations of the Cf
value of 1, whereas the EF and Igeo indexes are constantly lower than minimum threshold
values (Table 4). All the observations are below the L1 threshold levels (100 ppm, Table 2)
pointing therefore to a limited anthropogenic contribution for this element.

As regard the cumulative impact of the elements it is important to recall that the mCd
and the PLI were calculated considering only metals or trace elements that show almost
one value of Cf > 1 (As, Ba, Ga, Pb, Sr, and Zn). Despite the cumulative impact of more
anthropogenic substances, the values of mCd are always below the threshold of 1.5, so
all sample sites fall in the very low polluted class (Table 4). On the other hand, the PLI
shows values slightly higher than 1 in front of the Civitanova Marche, at the higher depths
towards the offshore, particularly on the south-eastern part of the study area, and in front
of the Tronto River. While the high values of PLI present in the offshore are attributed
to the fine grain size sediments coming from the north and belonging to the BSF1 Facies
(Table 3, Figure 9), those occurring in the area between Chienti and Ete Vivo Rivers could
be the results of local pollution inputs, in particular the pollution in this area could have
been higher if it were related to finer grain-size. In this coastal area, the pollution is due
to high values of As, followed by Pb and Zn. The high concentrations of heavy metals,
mainly As, could be caused by the discharge of processing residues of fertilizer production
industries that were operative along the southern Marche coast in the last century.



Appl. Sci. 2021, 11, 1118 20 of 27
Appl. Sci. 2021, 11, x FOR PEER REVIEW 21 of 28 
 

 
Figure 9. Areal distribution of the PLI values. 

The following elements exhibit a Cf lower than one. 
Co. The concentrations of Co in the whole area display an average value of 7.8 ppm 

and reach a maximum of 13 ppm (Table 3), in general below the local background and the 
average marine shale (Table 2), that suggest a regional depletion compared to global ref-
erences. Its distribution displays an almost regular increase seaward (Figure 8a), common 
to all the elements included in the BSF1. The Cf values are constantly less than 1. 

Cr. Chromium average concentration is 61.5 ppm with a maximum of 101 ppm (Table 
3). The average marine shale (90 ppm Cr, Table 2) and the local background (128 ppm Cr, 
Table 2) values are comparable or higher indicating that there is no enrichment respect to 
the pre-industrial period. In some stations close to the coast, mainly sandy, some higher 
values are recorded and could be either related to possible anthropic inputs or to selective 
enrichment in heavy minerals, given the high values of other elements such as Zr and Ti. 
Many of the observations are above the L1 threshold level of the Italian legislation (50 
ppm, Table 2). It should however be considered that, both for Cr and all the other consid-
ered elements, the values of the national legislation refer to an aqua regia digestion and 
not to a multi-acid digestion including HF, as the one applied in the present study. 

Cu. Copper concentrations have a mean value of 14.4 ppm and a maximum value of 
32 ppm Cu (Table 3), the latter is lower than the average marine shale (45 ppm) and the 
local background (40 ppm) ones. (Table 2). This element does not, therefore, represent an 
important issue for this area. This is further confirmed by the Cf values of Cu (Table 4) 
constantly lower than 1 as well as by the values of the EF and Igeo indexes, permanently 
lower than the minimum threshold values (Table 4). Considering this, there has not been 
any enrichment with respect to the pre-industrial periods. Indeed, the weak decrease in 
the last decades could be related to the reduction of northern riverine inputs. 

Ni. Nickel has an average concentration of 32.7 ppm and a maximum of 63 ppm, 
which are both lower than the average marine shale and the local background. Despite of 
it, many stations show values above the L1 threshold level of the Italian legislation (30 
ppm, Table 2). The comparison between the average values and the background data in 
the study area suggests that L1 threshold level of the Ni could be underestimated for this 
area, likely due to the different analytical method. A support is given by the Cf values 

Figure 9. Areal distribution of the PLI values.

The following elements exhibit a Cf lower than one.
Co. The concentrations of Co in the whole area display an average value of 7.8 ppm

and reach a maximum of 13 ppm (Table 3), in general below the local background and the
average marine shale (Table 2), that suggest a regional depletion compared to global refer-
ences. Its distribution displays an almost regular increase seaward (Figure 8a), common to
all the elements included in the BSF1. The Cf values are constantly less than 1.

Cr. Chromium average concentration is 61.5 ppm with a maximum of 101 ppm
(Table 3). The average marine shale (90 ppm Cr, Table 2) and the local background (128 ppm
Cr, Table 2) values are comparable or higher indicating that there is no enrichment respect
to the pre-industrial period. In some stations close to the coast, mainly sandy, some higher
values are recorded and could be either related to possible anthropic inputs or to selective
enrichment in heavy minerals, given the high values of other elements such as Zr and Ti.
Many of the observations are above the L1 threshold level of the Italian legislation (50 ppm,
Table 2). It should however be considered that, both for Cr and all the other considered
elements, the values of the national legislation refer to an aqua regia digestion and not to a
multi-acid digestion including HF, as the one applied in the present study.

Cu. Copper concentrations have a mean value of 14.4 ppm and a maximum value of
32 ppm Cu (Table 3), the latter is lower than the average marine shale (45 ppm) and the
local background (40 ppm) ones. (Table 2). This element does not, therefore, represent an
important issue for this area. This is further confirmed by the Cf values of Cu (Table 4)
constantly lower than 1 as well as by the values of the EF and Igeo indexes, permanently
lower than the minimum threshold values (Table 4). Considering this, there has not been
any enrichment with respect to the pre-industrial periods. Indeed, the weak decrease in
the last decades could be related to the reduction of northern riverine inputs.

Ni. Nickel has an average concentration of 32.7 ppm and a maximum of 63 ppm,
which are both lower than the average marine shale and the local background. Despite of it,
many stations show values above the L1 threshold level of the Italian legislation (30 ppm,
Table 2). The comparison between the average values and the background data in the
study area suggests that L1 threshold level of the Ni could be underestimated for this area,
likely due to the different analytical method. A support is given by the Cf values always
below 1 and by the EF and Igeo indexes constantly lower than the minimum threshold values
(Table 4).
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Sc. Scandium has an average concentration of 6.8 ppm and a maximum of 12 ppm
(Table 3) against an average marine shale concentration of 13 ppm and a local background
of 29 ppm (Table 2). It is not an element considered by the legislative side, and its Cf values
are constantly less than 1 as well as the EF ER and Igeo indexes are permanently lower than
minimum threshold values (Table 4). These data indicate that there is not Sc enrichments
respect to the pre-industrial period and its decrease in the last decades could reflect the
decrease of northern riverine inputs.

V. Vanadium has an average concentration of 49 ppm and a maximum value of
105 ppm. Its spatial distribution displays a clear seaward increase (Figure 8f). The values
are below the average marine shale and the local background values (Table 2), likely for
the diluting effect of the carbonate fraction and the relative importance of sandy sediments,
both causing a general depletion of V. The Cf value are always lower and the EF and Igeo
indexes and lower than the minimum threshold values (Table 4). This indicates that there
are no enrichments of V respect to the pre-industrial period but an overall decrease. These
decreases could be due to the decrease of northern riverine inputs in the last decades.

Y. Yttrium concentrations have an average concentration of 13.7 ppm and a maximum
of 16 ppm, all values are well below the global reference and the local background (Table 2).
The dilution effect of carbonate material is the likely explanation for this difference. The Cf
values are always lower than 1; similarly, EF and Igeo indexes are constantly lower than the
minimum threshold values (Table 4). All these evidence points to a lack of t enrichments of
this element with respect to the pre-industrial period.

Zr. Zirconium has average value of 35 ppm Zr and a maximum value of 65 ppm
that are well below the average marine shale (160 ppm, Table 2) and the local background
(97 ppm, Table 2). The values of Cf value are always <1, and EF and Igeo indexes are
permanently lower than minimum threshold values (Table 4). This decrease respect to
the pre-industrial period is attributed to the decrease of northern riverine inputs in the
last decades.

The analysis of the core 47 also allows us to establish the background values of other
elements other than those considered for the contamination assessment (Table 2). An
important finding arises for the comparison between the present concentrations and the
background values. The concentrations of most of the elements with a high affinity to clay
and silicate minerals show a decrease respect to the background values (Table 5a), while
other elements with an affinity with carbonate minerals exhibit an increasing respect to
the past (Table 5b). These trends suggest a change in the sedimentation pattern in the area
in the last decades. Specifically, this change consists in a percentage decrease of the clay
contributions coming from the North and a percentage increase in the carbonate fraction
due to the local river inputs. This change could be ascribed to the lower fine solid inputs of
Po River as a result of the regimentation works and the lower quantity of water flowing of
the Po River due to both the pumping water for zootechnical, agricultural and industrial
uses and for the climate changes in the last decades [81].

4.2.2. Ecotoxicology of Central Western Adriatic Sea Bottom Sediments

The Numerical Sediment Quality Guidelines (SQGs) developed for marine and es-
tuarine ecosystems as suggested by Rachel and Wasserman (2015) [71], are used here to
evaluate the ecotoxicological state of the bottom sediments. According to Rachel and
Wasserman SQGs (2015) [71], the following thresholds can be considered (Table 2): the
TEL (Threshold Effect Level) that is the concentrations below which sediment-dwelling
organism do not exhibit toxic effects; the ERL (effect range low) that is the concentrations
below which sediment-dwelling organism rarely exhibit toxic effects; the PEL (Probable
effect level) and the ERM (Effect Range Median) that are the concentrations above which
toxic effects are detected frequently [82].
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Table 5. Elements that decrease respect to the past (a); elements that increase respect to the past (b);
elements for which only the background value is available (c).

Element Present Average Values
(ppm) Background Values (ppm)

(a)

Al 4.03 6.9
Ti 0.2 0.3
P 0.05 0.06

Co 7.8 13.0
Cr 61.5 128.0
Cu 14.4 40.0
Fe 1.93 3.49
Ga 12.3 16.2
K 1.43 1.64

Mg 1.23 2.22
Mn 703.9 774.5
Ni 32.7 73.0
P 0.05 0.06

Pb 12.1 18
Sc 7.4 29.0
Ti 0.19 0.32
V 49.4 116.0
Y 13.7 25.0

Zn 49.0 74.0

(b)

Ca 12.0 10.0
Sr 353.0 348.0

(c)

Ce 59
Fe 3.49
Nb 1.65
Rb 115

Most of the samples show As values exceeding the TEL; this is the consequence of the
background values of As that is rather high in this area and due to the inputs of sediments
coming from the North that present high As source catchment areas. Furthermore, two sam-
ples (303 and 106 sites) show As values exceeding the PEL. In this case, as previously noted
for the contamination indexes, the exceeding of the SQLs thresholds is probably due to
anthropic causes due to the discharges into the sea of waste of the fertilizer production of
firms that have been operative along the Southern Marche coast during the 20th century.
As regards the Cr, almost all samples exceed the TEL, 11 samples exceed the ERL and
3 samples overcame the PEL. The high contents of Cr that generally exceed the lower levels
of some SQGs are ascribed to the composition of the sediments coming from the North
that exhibits high Cr levels [14] and are a well-known geochemical signature sediment
associated to the Po river in northern areas [83–85]. As regard the Ni, 34 stations exceed the
TEL, 25 the ERL, and 16 the PEL. In this case, as for the Cr, these excesses could be ascribed
to the composition of the sediments coming from the North, which naturally show high
Ni levels, or due to the sediments affected by anthropogenic input in the North Adriatic.
Finally, in the cases of Cu, Pb e Zn no station presents contents higher than the TEL.

5. Conclusions

The present work analyzes the bottom sediments in front of the Marche Region by
using a multi-proxies and integrated approach. This allows us to recognize and to map
the distribution of three main sedimentological and geochemical facies: the Padanic Facies
(BSF1), the Coastal Facies (BSF2) and the Residual Facies (BSF3). The Padanic BSF1 Facies
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is characterized by fine siliciclastic sediments coming from Northern areas, reflecting the
regional sediment dispersal pattern, mostly originating from the Po River, and transported
southwards by the WAC and towards offshore by wave motion of the strongest storms. The
BSF2 Coastal Facies is mainly defined by coarser sediments enriched in carbonatic minerals,
coming from local rivers and partly mixed, by the wave motion of the stronger storms,
with the sediments of the BSF1 Facies. The BSF3 Residual Facies is mainly composed by
silty sediments coming from local rivers that are partially sorted from the clayey from
the wave motion. Towards the offshore, this facies mixes progressively with sediments
of Padanic sources coming from the North. The distribution of these three facies is the
result of two principal processes. The first is the predominance of sedimentary inputs
coming from the North and from local rivers, hence, the prevalence of sediments coming
from source areas with different mineral-petrographic composition. The second regards
the general hydrodynamic of the Adriatic Sea such as the cyclonic circulation that mainly
flows southward near the Italian coast and the wave motion of the stronger storms directed
perpendicularly to the coast.

The data processing of trace elements and heavy metals concentrations also allow
us to determine the background reference values for the study area. It is noteworthy to
stress that the Cr and Ni values recorded in the past and in the surface sediments of this
study area are above the L1 threshold levels of the Italian legislation (DM 173/2016). On
the other hand, the present and past concentrations of Pb are generally lower than it. This
suggests a possible underestimation of Cr and Ni thresholds and an overestimation of the
Pb threshold. Therefore, a further study in order to validate or reject these discrepancies on
Cr, Ni and Pb reference values should be carried out.

The present study also identifies a small coastal area, between the Chieti and Ete Vivo
rivers, that is probably affected by an As and Ba local pollution. The high contents of As
could be ascribed to local discharges of waste of fertilizer productions during the 20th
century. Moreover, the pollution of Ba is probably related to past discharges into the sea
of drilling muds coming from oil platform perforation as reported for other area on the
Central Adriatic Sea. Finally, the comparison between the background concentrations and
the current average concentrations point to a general decrease in Al, Ti, P, Co, Cr, Cu, Ga,
Ni, Pb, Sc, V, Y, and Zn and an increase in Ca and Sr. These trends suggest a change in the
sedimentation in the last decades characterized by a decrease in the clayey contributions
coming from the north and an increase in the carbonate fraction coming from the local
rivers. This could be ascribed to the lower solid inputs of the Po River as a result of the
regimentation works and the lower water flow prompted by both climate changes and
pumping for irrigation, farm, civil and industrial uses.
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53. Vilibić, I.; Supić, N. Dense water generation on a shelf: The case of the Adriatic Sea. Ocean Dyn. 2005, 55, 403–415. [CrossRef]
54. Boldrin, A.; Carniel, S.; Giani, M.; Marini, M.; Bernardi Aubry, F.; Campanelli, A.; Grilli, F.; Russo, A. Effects of bora wind on

physical and biogeo chemical properties of stratified waters in the northern Adriatic. J. Geophys. Res. 2009, 114, C08S92. [CrossRef]
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