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Abstract: The city of Taranto in the south of Italy is one of the areas declared as “at high risk of
environmental crisis” by the Italian government because it represents one of the most complex
industrial sites in Europe, located near urban areas of high population density. The rich ecosystem
of the Mar Piccolo basin, located at north of Taranto, started exhibiting unconfutable signs of
environmental pollution, confirmed by the high concentrations of organic and inorganic contaminants.
Among the different aspects involved in the environmental studies aiming at the basin remediation,
this paper focuses on submarine sediments and reports some results of the geotechnical laboratory
investigations which made also use of non-standard equipment and revised procedures for data
interpretation in order to take account of the sediments’ contamination and heterogeneities. The
geotechnical laboratory tests show that, despite the Mar Piccolo recent Holocene sediments having
similar origin and composition to those of the Sub-Apennine clay basic formation, their behavioral
facets appear to be altered by the presence of contaminants of both natural and anthropogenic
origin. Results of washing tests are also presented as a first attempt to quantify the effects of
chemo-mechanical coupling processes on the plasticity properties of the shallow sediments.
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1. Introduction

Coastal marine environments located in areas which suffer from severe pollution due to
industrial and urban development, are usually exposed to both natural and anthropogenic sources of
contamination, which reflect into the alteration of properties of marine sediments. If marine pollution is
defined as the introduction of substances by man into the environment, resulting in deleterious effects for
humans, more in general, marine contamination is the presence of elevated concentrations of substances
in the environment above the natural background level for the area [1]. Therefore contaminants, even
without “deleterious effects,” may be responsible for the activation of chemo-mechanical coupling
processes within the soils when occurring in significant concentrations [2]. Typically, contaminants may
have different origins and are classified into three categories: inorganic compounds, acid and bases,
and organic compounds, with both natural and anthropic origin. Particularly in the case of fine-grained
soils, the presence of several types of contaminants, and their interaction with soil properties must be
determined in order to understand and to predict the fate and transport of contaminants over space
and time, and both the short-term and long-term performance of the remediation strategies.

The effects on the geotechnical soil properties of physical-chemical factors, such as salinity,
organic and inorganic contaminants, are widely investigated in the literature. Specifically, evidence
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of chemo-mechanical coupling processes on the index properties of kaolinite, smectite, and mixed
clay samples, observed after mixing the clay with solutions of different chemical compositions were
discussed by several authors [3–8]. The potential of chemical-mechanical coupling is greatest in
fine-grained soils at low confinement and such coupling may prompt highly variable effects for
different clay fabric conditions [9]. In this context, the research on Mar Piccolo (MP) sediments aims
to add an original contribution on the behavior of fine-grained sediments affected by a real pattern
of contamination.

The MP basin in the South of Italy represents a natural site characterized by the presence of
contaminants of different sources and composition. The basin is located just behind the coast of the
city of Taranto (Figure 1a), one of the most important industrial sites in Europe and represents, at the
same time, an unusual ecosystem from a naturalistic point of view, with several animal and plant
protected species and wide areas for mussel cultivation and fishing activity. Due to these peculiar
conditions, the MP basin has been declared ‘at high risk of environmental crisis’ [10] and included in
the list of the Sites of National Interest (SIN; [11]), to be subjected to comprehensive investigation for a
preliminary selection of sustainable strategies for both its remediation and management. The paper
shows the environmental boundary conditions of the MP and focuses on the results of geotechnical
characterisation of marine sediments, that has been carried out to derive a geotechnical model of
the area up to depths of engineering interest. The data of soil composition, index properties, and
mechanical behavior from a long submarine core have been newly interpreted and illustrated together
with original results of both shearing tests and washing tests. Innovatively, the discussion will entail the
variability of the geo-mechanical properties along a vertical profile, considering the geological sequence
of the basin and the presence of contaminants, in order to provide evidence of chemo-mechanical
alteration. Based on data from previous chemical and geotechnical investigations and the results of
new tests, the paper represents an attempt to highlight some of the geo-mechanical peculiarities of the
sediments and their sensitivity to some chemical changes.
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Figure 1. (a) Mar Piccolo basin in Taranto (Southern Italy) and map of the sampling sites. Red dots: 
ISPRA campaign (Institute for Environmental Protection and Research); dots in the circle: ARPA 
campaign (Regional Agency for Environmental Protection). (b) Location of the geotechnical ARPA 
boreholes (A1, A2, A3) and nearby chemical sites (A1CHEM, A2CHEM, A3CHEM) within the “170 ha area.” 
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and the eastern Bradanic Foredeep [12,13]. The MP is a semi-enclosed basin with a total surface of 
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officially named “Primo Seno” and “Secondo Seno,” respectively. The sub-elliptical shape of the basin 

170 ha area 

I INLET II INLET 

MAR 
PICCOLO 

MAR 
GRANDE 

0    1000 m 

Navigabile ch. 

Navy 

Shipyard 
Steel Plant 

Area 

Porta 
Napoli 

ch.

Taranto 

Citrello 
Spring Galeso 

Spring 

Figure 1. (a) Mar Piccolo basin in Taranto (Southern Italy) and map of the sampling sites. Red dots:
ISPRA campaign (Institute for Environmental Protection and Research); dots in the circle: ARPA
campaign (Regional Agency for Environmental Protection). (b) Location of the geotechnical ARPA
boreholes (A1, A2, A3) and nearby chemical sites (A1CHEM, A2CHEM, A3CHEM) within the “170 ha area.”

2. Materials and Methods

2.1. Geological Features of the Site

The area of the MP basin is located between the south-western sector of the Apulian Foreland and
the eastern Bradanic Foredeep [12,13]. The MP is a semi-enclosed basin with a total surface of about
20 km2 and 13 m maximum water depth, divided into the First and Second Inlet (Figure 1a), officially
named “Primo Seno” and “Secondo Seno,” respectively. The sub-elliptical shape of the basin derives
from the combination of different geological processes, which occurred during the Pleistocene, such
as the regional Tectonic uplift [14], the glacial eustatic sea level variations [15], and the consequent
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variations of the hydrographic network [16]. The two depressions that constitute the MP are supposed
to be ancient river valleys that were incised during the continental phase related to the Last Glacial
Maximum (20,000–25,000 years BP; [17]) and submerged by the sea during the Holocene marine
transgression [16–18].

As inferred by [19], based upon the analysis of pioneering geophysical investigations, the sequence
of submarine units in the basin, from the bottom to the top, schematically reported in Figure 2, is
represented by: Mesozoic Altamura limestone, Upper Pliocene-Lower Pleistocene Gravina calcarenite,
that passes upwards and laterally to the Sub-Apennine clays (ASP). Finally, Holocene and Modern
sediments deposited after the erosion of ASP [12,18–20], reaching even a thickness of 15 m (Figure 2).
Moreover, marine, transitional, and continental terraced deposits occur in the surrounding foreland
and foredeep sectors [21]. Recent Carbon-14 dating results [22] show that the top layer of sediments
may have suffered a significant remolding due to both the human activities carried out in the area and
the occurrence of flooding events, which could have altered the natural process of sedimentation and
the bioturbation activity.
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The hydrogeologic boundary conditions of the basin are affected by a deep artesian groundwater
body which flows under confined conditions inside the Altamura limestone [19] and discharges fresh
water into the sea through several submarine springs (locally called “Citri”), where the overlaying
clays have been eroded [19,23]. At present, “Citri” occur as submerged springs due to the overall
eustatic rise of the sea level and to changes in the karstic base level.

2.2. Environmental Features of the Site

MP is connected to the Mar Grande and Ionian Sea only through the Navigable Channel and
Porta Napoli Channel in the First Inlet (Figure 1a). As a consequence, the water circulation is restricted
and the tidal range does not exceed 30–40 cm [24], so as in the Gulf of Taranto the tidal range is
lower than 30 cm. Both water circulation and water conditions are affected by the presence of several
submarine springs and tributary rivers. The most important springs in the First Inlet are the “Galeso”
and “Citrello” springs (Figure 1a), that have a mean flow of 750 and 350 L/s respectively [25]. Moreover,
several small tributary rivers flow in the basin, the most important of them is the “Galeso river” in
the First Inlet with a mean flow of 50,000 m3/day [25]. The salinity of seawater ranges between 31
and 39 g/L depending on the influence of fresh water coming from the submarine springs [22]. The
measured salinity of the sediment pore fluid ranges between 30 and 32 g/L, even within the deep
sediments (e.g., about 18 m below the seafloor (bsf)).

MP is also an example of a Mediterranean coastal marine ecosystem whose biological balances
have been modified because of the considerable environmental stress due to the industrialization
process. Commercial, agricultural, and industrial activities developed both in the in-land area and
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in the near-shore area of the basin. One of the largest steel plants in Europe, EX-ILVA, an oil ENI
refinery, and a military Navy port may be cited, among the others (Figure 1a). Moreover, MP receives
agricultural nutrients and untreated wastewater, which are among the causes of basin pollution. As
more than 80% of the province of Taranto is used for farming, freshwater inputs carry chemicals
drained from the surrounding agricultural soils in the basin [26,27]. Furthermore, until the year 2000,
the discharges of 14 sewage pipes from the nearby towns amounted to 0.21 m3/s [26]. These inputs
increase the nutrient discharges and lower the water quality.

Various chemical characterizations [22,27–32] have shown that the pollution in the sediments is
due to both heavy metals (e.g., arsenic, As; lead, Pb; cadmium, Cd; mercury, Hg; copper, Cu; zinc,
Zn), organic pollutants (polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
dioxins) and asbestos, with more severe conditions in the First Inlet. As an example of the extension of
pollution by both inorganic and organic compounds in the First Inlet of the basin, Figure 3a,b shows the
distribution of Hg and PCBs, respectively. In particular, the colors in Figure 3a,b indicate the different
degrees of pollution: areas where concentrations exceed the limits provided by the site-specific law [33]
are in yellow, and red areas indicate higher level of pollutants which exceed the national law [34]
(see Table 1). One of the most contaminated areas in the basin is the “170 ha area” (Figure 1), that is
characterized by the highest levels of As, Hg, and PCBs [29].
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Figure 3. Environmental features of the Mar Piccolo [22,28,29]. Statistical representation of pollution
level by Hg (a) and polychlorinated biphenyls (PCBs) (b) in the first 50 cm below seafloor of the First
Inlet, key: green, acceptable level (concentration below site-specific limit [33], Table 1); yellow, medium
level (concentration above site-specific limit [33], Table 1); red, heavy level of pollution (concentration
above law limit [34], Table 1). (c) Profiles of total organic carbon up to 3 m below the seafloor (bsf). (d)
Map of biocenosis, key: � seabed without algae; � seabed covered by macroalgae; �� seabed covered
by several species of algae; � seabed covered by debris of shell fragments; black contours define the
mussel cultivation areas; �main submarine freshwater springs (Citri). Photographs of typical protected
species in the area: Pinna nobilis bivalve (e), seahorse (f).
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Table 1. Concentration limits for soil pollution by organic compounds and metals (ppm).

PAHs PCBs hmwHCs As Cd Cr Hg Ni Pb V Cu Zn

Site-specific law [33] 4 0.19 - 20 1 160 0.8 100 50 - 45 110
National law [34] 100 5 750 50 15 800 5.0 500 1000 250 600 1500

The scarce water circulation within the basin promotes the organic matter sedimentation that
plays an important role in both the transport and accumulation of pollutants in sediments. The amount
of total organic carbon (TOC) detected in the MP basin during previous campaigns [26,29] may reach
values of 8% in the first centimeters and reduces with depth (Figure 3c). MP represents a case of shallow
marine basin, near the coast, which receives inputs of organic particles from multiple sources, both
autochthonous and allochthonous. The terrigenous contribution of organic matter (allochthonous OM)
may have both natural and anthropogenic origin, making the processes of distribution of contaminants
complex [35,36].

The MP environmental setting is the product of both natural conditions and human impacts, which
make this site an example of a coastal marine ecosystem where, however, high levels of environmental
risk persist. The map of biocenosis (Figure 3d) shows that some portions of the basin are constituted
by seabed in which the presence of algae is absent or rare (dark grey and grey areas in the map,
respectively), while large parts of the seabed are covered by several species of algae and macroalgae.
The basin is also considered one of the most important areas for mussel farming in Europe, with an
annual production of bivalves of about 40,000 tons per year [37], which is prevalent in the First Inlet.
Figure 3d shows the boundaries of the mussel farming area, where the piles, used for the mussel
cultivation, host a rich ecosystem of fouling community. Moreover, the Mar Piccolo is colonized by
many animal and plant species included in the lists of sensible organisms for preserving biodiversity,
such as Pinna nobilis bivalve, seahorses (Figure 3e,f), Caretta caretta turtle, that are mentioned both in
the Habitat Directive [38] and in the Barcelona Convention [39]. However, the benthic communities
observed in the Taranto seas are severely affected by human activities. Edible marine organisms were
collected in the First Inlet, to investigate contamination level and public health risks, associated with
consuming fish and seafood harvested from these areas. In most species, Cd, Pb, and PCbs were found
over the limits set by European Community Regulation [40]. In consequence of the high levels of
chemicals found in both water column and water biota, to reduce the risk for human health, both the
commercialization and consumption of the mussels coming from the First Inlet have been prohibited.

The pH values measured within the sediments vary from zone to zone in the basin. In particular,
in the First Inlet the pH is lower than 7 in the areas used for mussel cultivation (Figure 3d) close to the
north-eastern coast and in the vicinity of the Second Inlet. The redox potential, Eh, exhibits negative
values ranging from −200 to 0 mV already from the first cm of sediment [22,28]. The circumstance
indicates both the abundance of reducing reactions and an oxygen deficiency in the top layer [41].

It follows that, in the basin, different substances of natural or anthropogenic origin combine to
define a complex system of interacting contaminants, represented by water salinity, organic matter
(OM), organic pollutants, and heavy metals.

2.3. In Situ Sampling, Laboratory Procedures and Equipment

During the geotechnical campaign, three boreholes were investigated and, for the first time,
depths larger than 3 m below the seafloor were explored in the basin. The verticals (A1, A2, and A3 in
Figure 1b), were drilled up to depths of 8.5, 16.5, and 18.2 m below the seafloor respectively, by means
of a drilling apparatus that was mounted on a platform previously fixed in place [42]. Undisturbed
samples were taken from boreholes. Moreover, nearby these boreholes, three other samples (i.e., A1-M,
A2-M, A3-M) were taken manually in the first meter of sediments by a team of expert scuba divers [42].
The 101 mm diameter samplers were made in polyvinylchloride (PVC), therefore characterized by
high chemical and mechanical resistance. The three geotechnical boreholes were selected in proximity
of 3 m long boreholes carried for chemical analyses during the environmental campaign [29] (A1CHEM,
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A2CHEM, A3CHEM in Figure 1b), in order to achieve a preliminary association of geotechnical and
chemical data, at least within the top 3 m bsf.

In the following, the procedure for the geotechnical determinations of natural state, composition,
and both physical and mechanical properties of the sediments are described, together with the
corrections applied to take account of the influence of salinity and organic matter in the pore fluid and
the presence of shell and mussel fragments.

When dealing with marine environment, the salinity of the pore fluid affects the calculation of
the natural water content (test 1 in Table 2 [43]) determined by the standard procedures, since the salt
crystallizes into a solid during the oven-drying process. For this reason, the data were corrected as also
suggested by both the Standards [44,45] and the literature (e.g., [46–49]), according to equation:

wf =
wm

1− r− rwm
, (1)

where wm is the measured water content, wf the fluid content and r is the salt content, defined as the
ratio between weight of salt and weight of salt water. An average salt content, r, equal to 0.029 g/g was
computed for this study. Equation (1) is derived considering that salt is present in the pore water of the
wet sample and that it remains in the dry solids weight once the sample has been oven-dried, while
pure water escapes in vapor [46].

Special consideration was given also for the Atterberg’s limits determination (test 2 in Table 2), as
suggested by the standard [50]. Since the Atterberg limits are water contents which identify changes in
the soil consistency, the data were corrected according to Equation (1). During the sample preparation,
the procedures followed to prepare the material were also carefully considered. Concretions, shells, and
other fragile particles, often visible to the naked eye (Figure 4a), were not crushed to make them pass
through a 425-µm (No. 40) sieve, but they were retained on the sieve and removed [50]. The samples
were not dried before testing because the liquid limit of a soil containing substantial amounts of
organic matter decreases dramatically when the soil is oven-dried before testing [51]. When additional
water was needed, sea water collected from the MP was used. However, the minimum amount of
fluid was added, in order to determine the Atterberg limits at salt condition similar to the in-situ state.
During the Atterberg limit determination, reduction of water content was accomplished by exposing
the material passing the 425-µm (No. 40) sieve to air currents at room temperature. This method is
recommended by the standard [50] for materials containing soluble salts, because it does not eliminate
the soluble salts from the test specimen.Geosciences 2019, 9, x FOR PEER REVIEW 8 of 20 
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Figure 4. (a) Photo of a shallow sample (1 m bsf) rich in fossils and mussels. (b) Phases of the sediment
settling process in cylinders after a step of soil washing with distilled water: start of sedimentation, 20
min later, end of sedimentation, respectively.

During the sieving procedure for the determination of the main grain size fractions of the soil
samples (test 3 in Table 2), the material with diameter higher than 1 mm and retained on the sieve
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No. 18 was removed and the grading curves were consistently determined excluding this part [52].
With respect to MP sediments, especially for shallow soil, the material retained on the sieve No. 18
mainly consisted of mussel and shell fragments (Figure 4a).

The specific gravity of soil solids (test 4 in Table 2), Gs*, is here defined as the ratio of the mass
of a unit volume of a soil solids, γs, to the mass of the same volume of marine water, γf, instead of
distilled water, γw. It was obtained correcting the result of the pycnometer test (Gs), for γf equal to
10.055 kN/m3, according to equation:

Gs
∗ =

γs

γf
= Gs

γw

γf
. (2)

Since the soil is fully saturated, with a saturation degree, S, equal to 1, wf and Gs* were used to
compute the void ratio, e, according to equation:

e =
wf ×Gs

∗

S
. (3)

The bulk unit weight (test 5 in Table 2) was determined as the ratio between weight and volume
of specimens prepared for the mechanical tests. The organic matter, OMBS, (test 6 in Table 2) was
measured by dichromate oxidation according to the Walkey and Black’s method, as shown in the
British Standard [43]. Standard oedometer tests (OED, test 7 in Table 2) and direct shear tests (DST, test
8 in Table 2) were carried out on 56 mm diameter × 20 mm high specimens and 60 mm long × 20 mm
thick squared specimens, respectively. The cells of both the apparatuses were filled with marine water
collected in the basin, with the aim of reducing or even avoiding the chemically induced flows of water
or ions through the soil due to differences in fluid composition (e.g., [53]). The compressibility data
from OED were complemented with those from DST, obtained by recording the normal deformation of
the specimen during the consolidation process in the DST cell for all load increments applied prior to
shearing [54].

Table 2. Synthesis of the geotechnical tests performed and of standard methods and corrections applied.

No. Test Symbol Standard Note

1 Natural fluid content wf [43] Corrected according to Equation (1)

2 Atterberg limits (liquid
and plastic limit) wL, wP [50,51] Corrected according to Equation (1)

3 Soil fractions (clay, silt,
sand and gravel fraction)

CF, MF,
SF, GF [55]

Corrected for the presence of shell
fragments (retained to the sieve No.

18 (1 mm))

4 Specific gravity of
soil solids Gs* [56,57] Corrected according to Equation (2)

5 Bulk unit weight γ
From mechanical

tests -

6 Organic matter OMBS [44] -

7 Oedometer test OED [58] Marine water in the cell, corrected
according to Equation (1)

8 Direct shear test DST [54] Marine water in the cell, corrected
according to Equation (1)

A soil washing procedure with distilled water was carried out as a first quantification of the effects
of both natural and anthropogenic contaminants on the soil physical properties and composition.
Firstly, the Atterberg limits were newly determined on a portion of a shallow sample of sediments
A3-M, after having wrapped it in film and stored it in the fridge at constant temperature of +4 ◦C
for two years. Subsequently, 600 g of the same sample were left in a glass sedimentation cylinder
together with distilled water for a total volume of the solution equal to 500 mL (Figure 4b). The cylinder
was turned upside down and back for 1 min and then the sediments were left to settle for the time
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necessary to see a clear separation between the fluid and the sediments. The salt concentration of
the fluid was then measured by electrical conductivity and the fluid in the cylinder was replaced by
distilled water up to the same total volume. This procedure was repeated six times, until the salinity
of the fluid (clearly separated by the sediment) reached zero. The washed slurry was air dried and
the Atterberg limits and particle size distribution were then determined again. The whole procedure
took about 10 days. Lastly, the Atterberg limit determinations were repeated on the same washed
sample after both oven-drying at 105 ◦C for 48 h and subsequent mixing of dried sediments with the
MP marine water.

The testing programme on the contaminated sediments required the implementation of some
measures in the geotechnical laboratory, to ensure not only the safety of the staff involved directly
in the experimental activity but also to preserve the external environment. The measures concerned
the adoption of both standard personal devices and special laboratory equipment and acquisition
system [59].

The soil mineralogy analyses were carried out by means of X-Ray powder diffraction using a
Rigaku MiniFlex diffractometer on both bulk sample and clay fraction [40]. Results of the report [29]
about chemical analyses carried out by environmental investigation on the samples collected up to 3 m
bsf are also included in this study.

3. Results

3.1. Physical Properties, State, and Chemical Composition

The data presented in the paper refer to chemical and geotechnical properties of MP sediments.
The chemical investigation was conducted throughout the basin [22,28,29] on samples collected up to 3
m bsf, and the more recent geotechnical investigation was carried out within the most polluted “170 ha
area” [42]. In the following, the characterization of sediments taken from site A3 will be presented,
being both the deepest one and the site investigated in more detail through chemical, mineralogical
and geotechnical analyses. The geotechnical data from [42] were modified in order to consider the
influence of pore fluid salinity and shell fragments on the soil properties (see Section 2.3). Moreover,
new mechanical results on the deepest sample belonging to the ASP formation were presented in this
paper, together with the results of the experimental procedure carried out on a portion of the shallow
sample A3-M, in order to test the sediment sensitivity to some chemical changes.

Composition and physical properties of the sediments from borehole A3 are summarized in
Table 3. Along the studied borehole (located as in Figure 1b), the transition from recent Holocene
sediments, H, to ASP formation, was recognized at about 16 m bsf [42]. The data show that the layer
of recent sediments (H in Table 3) has a slightly lower clay fraction and higher sand fraction (i.e.,
CF = 28–36%, SF = 9–15%) than soils of the ASP formation (i.e., CF = 37–48%, SF = 6–12%). The recent
sediments also have higher organic content: OMBS varies from 0.7% in ASP samples to 3–6% in H
sediments, reaching the highest concentration at the top (Table 3). With respect to both intermediate
and ASP samples, the top sediments are also characterized by lower Gs* and higher wL and PI values,
which abruptly vary already at the transition with the intermediate layer of sediments, that exhibits
values similar to those of the ASP. In term of state properties, γ increases with depth and both wf and
e0 reduce, exhibiting a significant change between the top and the intermediate layer. Figures 5 and 6a
display, respectively, the chart of activity index, A, and the vertical profile of the liquidity index, LI, of
all the samples under study. The Figures show that both A and LI of the sediments of the top layer
(0–1 m bsf, A = 1.56, LI = 2.68) are much higher than those of both the sediments of the intermediate
layer (3–6 m bsf, A = 0.61–0.88, LI = 1.26–1.57), and of the ASP (A = 0.53–0.66, LI = 0.62–1.23). Figure 6b
testifies the significant difference in consistency of the soils along the investigated vertical.
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Table 3. Composition and physical properties and geological features of the submarine sediments
from borehole A3. Key: H, Holocene sediments; ASP, Sub-Apennine clays; M, manual sampling; UC,
undisturbed sampling; CD, core drilling; SF, sand fraction; MF, silt fraction; CF, clay fraction; G*s

specific gravity of soil solids; γ, total unit weight; e0, void ratio; wf, fluid content; wL, liquid limit; PI,
plasticity index; LI, liquidity index; OMBS organic matter; nd, not determined.

Depth Fmt Sampler SF MF CF Gs* γ e0 wf wL PI LI OMBS

(m bsf) (%) (%) (%) (-) (kN/m3) (-) (%) (%) (%) (%) (%)

0.00–1.00 H M 20 52 28 2.505 13.85 3.95 157.9 84.4 43.7 2.68 5.9
3.00–6.25 H UC 9 55 36 2.593 17.22 1.47 56.8 44.1 22.1 1.57 nd

6.25–10.75 H CD 14 56 30 2.661 nd 1.50 56.5 49.7 26.6 1.26 nd
10.75–15.25 H CD 15 52 33 2.656 nd 1.60 60.2 50.8 27.7 1.34 3.2
16.00–16.30 ASP UC 6 54 40 2.701 18.72 1.10 40.8 46.2 23.8 0.77 nd
16.30–17.25 ASP CD 8 44 48 2.665 nd 1.49 55.8 50.8 27.6 1.18 nd
17.25–18.00 ASP CD 9 46 45 2.675 nd 1.36 51.0 45.5 24.3 1.23 0.7
18.00–18.25 ASP UC 12 51 37 2.670 18.14 1.05 39.3 48.7 24.7 0.62 nd
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Figure 5. Activity chart of sediments from borehole A3 collected from Holocene (H) to Sub-Apennine
clays (ASP) formations.

The mineralogical analyses carried out on four samples down borehole A3 (Table 4, [42]) show
that there is no significant variation with depth of the mineralogical composition, except for the
halite and hematite contents and that a widespread presence of illite, interstratified illite/smectite,
I/S, and chlorite/smectite, Chl/S, is recorded within the clay fraction [42]. Consistently with a similar
composition, already from the intermediate layer the soil properties of the H samples tend to have
values analogous to those of the ASP formation. On the other hand, the small variability in composition
cannot explain the significant differences in the plasticity and activity index values recorded between
the top layer and the deeper samples.

The chemical investigation of sediments carried out along A3CHEM borehole (Figure 1b) confirms
the high content of organic matter in the shallow layer, since total organic carbon (TOC) [60], reduces
from 8% in the first meter of sediments to 2.1% at depth [29].

During the same campaign, metals, i.e., Pb, Cu, Zn, and organic pollutants, i.e., PCB, were found
above the site-specific limit (Table 1) within the top 3 m of sediments. The chemical analyses [29] show
that, in the top layer, Pb, Cu, Zn reach the concentration of 784.80, 76.30, and 327.0 ppm, respectively,
and PCBs assume as high values as 2.3 ppm. Further analyses carried out by Cardellicchio [61] on the
A3-M sample (0–1 m bsf) offered an even more serious picture of the contamination in the top layer,
since the concentration of As, Hg, Zn, and Cu exceeded the law limit values [34] in Table 1.
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Figure 6. (a) Liquidity index profile along the A3 borehole; (b) photographs of the samples at different
coring depths.

Table 4. Mineralogical composition (weight %) of the bulk sample and in the clay fraction (in
parentheses) of the submarine sediments from borehole A3. Key: Qtz, quartz; K-feld, feldspars; Cal,
calcite; Dol, dolomite; Hem, hematite; Hal, halite; I/S, illite/smectite; Chl/S, chlorite/smectite; I, illite;
Kao, kaolinite; Chl, chlorite [42].

Depth Qtz K-feld Cal Dol Hem Hal I/S +
Chl/S I Kao Chl

(m bsf) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0.00–1.00 14 3 20 6 4 15 27 (60) 6 (22) 3 (11) 3 (7)
1.00–5.00 22 6 23 7 3 4 21 (71) 8 (18) 2 (6) 2 (5)

15.25–16.00 19 7 21 8 <1 <1 23 (62) 12 (21) 4 (10) 5 (7)

3.2. Mechanical Behavior

The one-dimensional compression of sediments due to the axial loading and unloading was
detected by means of oedometer tests (OED), on samples collected at different depths from the seafloor
up to 16.3 m bsf along site A3. The compression behavior of the deepest sample belonging the
ASP formation (18.0 m bsf) was derived by the analyses of the consolidation curves of the specimen
consolidated by means of incremental loading steps up to vertical effective stress equal to 300 kPa in the
direct shear test (DST) apparatus, prior to the shearing phase. The results were compared with those
obtained in the OED on the other ASP sample. The shearing behavior of the sediments was investigated
by means DST, carried out on samples collected at different depths. Three specimens from each sample
were prepared and consolidated to different values of vertical effective stress before shearing.
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Figure 7 shows the void ratio, e—vertical effective stress, σ’v, one-dimensional compression curves
of four OED specimens and one DST. As summarized in Table 2, the ASTM standard procedures were
followed for both OED and DST.

Geosciences 2019, 9, x FOR PEER REVIEW 11 of 20 

 

Figure 7 shows the void ratio, e—vertical effective stress, σ’v, one-dimensional compression 
curves of four OED specimens and one DST. As summarized in Table 2, the ASTM standard 
procedures were followed for both OED and DST.  

The soil compression indexes during the loading and unloading phases, Cc and Cs respectively, 
were determined as the ratio between the total variation of void ratio, Δe, and the corresponding 
loading effective stress increment in the semi-logarithmic plane (i.e., Δlogσ′v). As described by [42], 
the compression index, Cc, of the recent sediments H (Figure 7) reduces abruptly from the sediments 
of the top layer (0–1 m bsf) to those of the intermediate layer (3–6 m bsf), consistently with the 
reduction recorded in soil plasticity (Table 3). In particular, Cc varies between about 0.8 and 1.0 in the 
first meter bsf (OED_1 and OED_2 in Figure 7), whereas it becomes significantly lower already for 
the specimen from the intermediate layer that has Cc = 0.35 at 3–6 m bsf (OED_3 in Figure 7). The 
vertical effective stress at yield, σ’y, (arrows in Figure 7) of the specimens varies from 7 kPa in the first 
meters bsf to 8 kPa at 3–6 m bsf.  

Both the tests OED_4 and DST_2, allowed to recognize that the ASP samples, taken from 16.0 to 
18.0 m bsf, exhibit lower compressibility index, Cc, which varies between 0.18 and 0.23 and a higher 
vertical effective stress at yield, that ranges between 80 and 100 kPa.  

The swelling index recorded during the unloading phase, Cs, varies from 0.031 in recent 
sediments (OED_3 in Figure 7) to 0.056 in ASP (OED_4 in Figure 7). 

  

Figure 7. Compression curves of samples collected at different depths along borehole A3. ([42], 
modified). The arrows in the figure indicate the vertical effective stress at yield, σ’y. 

Concerning the shearing behavior of sediment of the top layer, previous data [42] defined the 
effective strength parameter at critical state as φ’cs = 35°. The high value of friction angle at critical state 
is affected by the abundance of shell fragments in the soil matrix (Figure 8). Figure 9 reports the 
strength envelope in the shear stress, τ—vertical effective stress, σ’v, plot of the two samples of the 
ASP formation, DST_1 and DST_2, collected at 16.0 and 18.0 m bsf, respectively. The ASP specimens 
consolidated to vertical effective stress lower than the yield stress determined by OED tests (Figure 
7), exhibit a dry behavior during the shearing phase, according Critical State Soil Mechanics [62,63]. 
These specimens sheared at vertical effective stress ranging from 8 to 25 kPa, reach a peak strength 
and strain-soften (Figure 10). The peak strength envelope is expressed by the effective strength 
parameters equal to c’p = 15 kPa and φ’p = 23.1° (Figure 9). For consolidation stress higher than the 
yield stress and ranging between 150 and 300 kPa, the specimens harden up to large displacements 
(Figure 10), following the wet behavior. The specimen of DST_1, that was sheared at 50 kPa, exhibit 

0.1

0.6

1.1

1.6

2.1

2.6

3.1

3.6

1 10 100 1000 10000

e 
(-)

σ’v (kPa)

OED_1, 0.0-1.0 m_H

OED_2, 0.0-1.0 m_H

OED_3, 3.0-6.25 m_H

OED_4, 16.0 m_ASP

DST_2, 18.0 m_ASP

Figure 7. Compression curves of samples collected at different depths along borehole A3. ([42],
modified). The arrows in the figure indicate the vertical effective stress at yield, σ’y.

The soil compression indexes during the loading and unloading phases, Cc and Cs respectively,
were determined as the ratio between the total variation of void ratio, ∆e, and the corresponding
loading effective stress increment in the semi-logarithmic plane (i.e., ∆logσ′v). As described by [42],
the compression index, Cc, of the recent sediments H (Figure 7) reduces abruptly from the sediments of
the top layer (0–1 m bsf) to those of the intermediate layer (3–6 m bsf), consistently with the reduction
recorded in soil plasticity (Table 3). In particular, Cc varies between about 0.8 and 1.0 in the first meter
bsf (OED_1 and OED_2 in Figure 7), whereas it becomes significantly lower already for the specimen
from the intermediate layer that has Cc = 0.35 at 3–6 m bsf (OED_3 in Figure 7). The vertical effective
stress at yield, σ’y, (arrows in Figure 7) of the specimens varies from 7 kPa in the first meters bsf to 8
kPa at 3–6 m bsf.

Both the tests OED_4 and DST_2, allowed to recognize that the ASP samples, taken from 16.0 to
18.0 m bsf, exhibit lower compressibility index, Cc, which varies between 0.18 and 0.23 and a higher
vertical effective stress at yield, that ranges between 80 and 100 kPa.

The swelling index recorded during the unloading phase, Cs, varies from 0.031 in recent sediments
(OED_3 in Figure 7) to 0.056 in ASP (OED_4 in Figure 7).

Concerning the shearing behavior of sediment of the top layer, previous data [42] defined the
effective strength parameter at critical state as φ’cs = 35◦. The high value of friction angle at critical
state is affected by the abundance of shell fragments in the soil matrix (Figure 8). Figure 9 reports the
strength envelope in the shear stress, τ—vertical effective stress, σ’v, plot of the two samples of the
ASP formation, DST_1 and DST_2, collected at 16.0 and 18.0 m bsf, respectively. The ASP specimens
consolidated to vertical effective stress lower than the yield stress determined by OED tests (Figure 7),
exhibit a dry behavior during the shearing phase, according Critical State Soil Mechanics [62,63]. These
specimens sheared at vertical effective stress ranging from 8 to 25 kPa, reach a peak strength and
strain-soften (Figure 10). The peak strength envelope is expressed by the effective strength parameters
equal to c’p = 15 kPa and φ’p = 23.1◦ (Figure 9). For consolidation stress higher than the yield stress



Geosciences 2019, 9, 333 12 of 20

and ranging between 150 and 300 kPa, the specimens harden up to large displacements (Figure 10),
following the wet behavior. The specimen of DST_1, that was sheared at 50 kPa, exhibit an intermediate
behavior (Figure 10). The corresponding effective strength envelope is characterized by parameters at
critical state, that are equal to c’cs = 0 kPa and φ’cs = 27.8◦ (Figure 9).
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Figure 10. Direct shear test results of Sub-Apennine clay (ASP) samples: shear stress, τ, versus
horizontal displacement, δ.

3.3. Washing Tests Results

The present section describes the variation in soil plasticity that the shallow sample A3-M has
undergone because of both washing and drying procedures, that were carried out as preliminary tests
aiming to understand the sensitivity of the shallow sediments to changes in contents of water salinity
and organic matter, the latter also including organic pollutants. The results of the washing phases
described in Section 2.3 are reported in the Casagrande plasticity chart and in the activity chart in
Figure 11a,b, respectively. The starting point in the graphs is given by the Atterberg limits and the
activity index (points 1 in Figure 11a,b) determined soon after sampling on the sediments taken within
the first meter of the A3 vertical (i.e., sample A3-M).

Path 1–2 in Figure 11a testifies a noticeable increase of both the liquid limit and the plasticity
index only due to the storage of the shallow sample in the fridge for two years. The Atterberg limits
variability with time suggests that physical changes—probably due to either variation in water salinity,
or contaminant degradation processes—have occurred within the sediments. Moreover, post-sampling
microbial activities may degrade and alter organic material originally present and representative of in
situ conditions [64,65] and explain such changes in soil behavior.

Points 3 in Figure 11a,b represents the properties of the sample tested after washing with distilled
water, as described in the Section 2.3. Path 2–3 in Figure 11a is indicative of an increase in both liquid
limit and plasticity index as salinity decreases. Moreover, a quite significant increase of clay fraction
from 28% to 40% was measured, with a slight decrease of the soil activity (path 2–3 in Figure 11b).
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Figure 11. Results of the washing experiments on the Atterberg limits (a) and on the activity index (b)
of the shallow sample A3-M.

The determination of the Atterberg limits on the same washed material, after oven drying, gave
points 4 in Figure 11a,b. A reduction in both liquid limit and plasticity index was recorded (path 3–4 in
Figure 11a,b), as a consequence of the combustion of the organic matter, that causes a decrease in the
clayey soil plasticity (e.g., [65–68]) The reduction of liquid limit in organic clay after oven drying is
also accounted for by the Unified Soil Classification System [69]. Finally, the determinations carried
out on the sample after washing, oven-drying, and re-mixing with the MP marine water (points 5 in
Figure 11a,b), show that the soil exhibits a further reduction in soil plasticity and liquid limit when the
salinity increases (path 4–5 in Figure 11a,b), reaching values also lower than the initial ones (points 1).

4. Discussion

The experimental data obtained along a soil vertical profile within a polluted area of the MP show
that the top layer of sediments of recent deposition exhibit geotechnical properties significantly different
from those of the medium to large depth-soils and those of the ASP formation. These differences occur
despite the homogeneity of mineralogical composition (Table 4), that should lead to homogeneity in
the index properties [64,70], other factors being equal. Specifically, the top layer of H sediments in MP
is characterized by higher liquid limit and both activity and plasticity index values than the medium
and deep samples (Table 3). This finding cannot be attributed to an enrichment in fine fraction, because
the top layer has a slightly higher sand fraction along the A3 borehole. Moreover, the mineralogical
composition of the top layer cannot justify the very high value of the activity index, that is also above
the range of activity expected for sediments made of a solid skeleton of such mineralogy (i.e., Illite
A = 0.5–1; Smectites A = 1–7; Kaolinite A = 0.5 [70]), saturated with fresh water. In addition, the soil
solid specific gravity assumes a lower value in the top layer, and the soil natural state is indicative
of a more open fabric of the material, which exhibits higher natural fluid content and void ratio
and lower soil unit weight (Table 3) than at medium and larger depths. As expected for normally
consolidated clays with high plasticity [70,71], the soil compressibility is also higher at top of the MP
deposit. However, the average compressibility of the shallow layer of sediments, Cc_av, equal to 0.9
(Table 5) is even higher than what was predicted for normally-consolidated sediments, e.g., following
the relation proposed by [71] to compute the compressibility as function of liquid limit, Cc_Skempton:

Cc_Skempton = 0.007× (wL − 10). (4)
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Table 5. Summary of the measured properties and those computed as function of soil plasticity. Key:
wL, liquid limit; PI, plasticity index; OMBS, organic matter; Cc_AV, measured average compressibility
for the layer; Cc_Skempton, compressibility computed by Equation (4); ϕ’CS, critical state friction angle;
ϕ’CS_Mitchell, critical state friction angle computed by Equation (5).

Sampling
Depth wL PI OMBS Cc_AV

Cc
Skempton

ϕ’CS ϕ’CS_Mitchell

(m bsf) (%) (%) (%) (-) (-) (◦) (◦)

0.00–1.00 84.4 43.7 5.9 0.90 0.52 35 26
3.00–6.25 44.1 22.1 n.d 0.35 0.24 n.d 30

16.00–16.30 46.2 23.7 0.7 0.20 0.25 28 29
18.00–18.25 48.7 24.7 0.7 0.20 0.27 28 29

This discrepancy may be explained considering that Equation (3) excludes soil with high
organic content.

Additionally, in terms of effective strength, the average values found for the MP shallow sediments
seem to be larger than what expected according to the high plasticity, PI, of this layer. The relation
between soil plasticity and critical state friction angle, ϕ’CS_Mitchell, [72] can be expressed as:

sin ϕ′CS_Mitchell = 0.8− 0.094 ln PI. (5)

Values of critical state friction angle equal to 26◦ would be expected for soils with a plasticity
index close to 84%, as the MP top layer. However, the larger measured values ofϕ’CS equal to 35◦ were
related to the presence of shell fragments in the soil matrix. The DST test results show that the type of
shearing behavior (WET–DRY) exhibited by the deep layer is found to comply with theoretical soil
mechanics and the measured friction angle at critical state is consistent with the literature relations.

Hence, it emerges that the plasticity and activity indices, the state parameters, and the
compressibility of the shallow sediments do not relate solely to the mineralogical composition
of the soil skeleton, as observed for natural soils including fresh pore water. Such differences could be
related to the contamination affecting the shallow layer. Among the other contaminants, the organic
compounds, that reach high concentration in the shallow layer, can be adsorbed by negatively charged
mineral surfaces and this adsorption modifies both the properties of the minerals and those of the
organic material itself. Organic matter may absorb water and promote the aggregation of clay-size
particles to form a more open fabric and soil-organic-matter aggregates (SOM) [70]. As a consequence,
if OM is higher than 3%–5%, soils may be characterized by unusually high values of water content and
plasticity index, with exceptionally low wet bulk densities [65–68], as in the case of MP sediments.
Similar effects have been noted for organic-rich marine sediments, that have a natural water content
that usually exceeds the liquid limit [73]. Furthermore, high activity is recorded for sediments from the
Saguenay Fjord (Canada) for OM contents higher than 3% [68], and for estuarine clay sediments in
Bothkennar (UK), despite the abundance of inactive minerals in clay fraction [74]. Additionally, the
high compressibility of MP sediments can be linked to the increase in organic matter in the shallow
layer, as discussed by several authors for organic soils [67,68]. On the other hand, the effect of OM on
the shearing behavior of organic soil is more difficult to be predicted because it depends on both the
state of decomposition and the features of the organic compounds [65]. The shallow MP sediments are
characterized by a very high level of organic matter, as shown by the high values of OMBS, equal to 5.9%
(Table 3), and TOC that reaches concentration of 3%. The organic matter is also associated to the metals,
such as Hg, As, Cu, and Zn, that are abundant in the top layer. Once compared with the concentration
of organic compounds such as PCBs, as high as 2.3 ppm, organic matter is recognised to include not
only pollutants, but also a large portion of natural organic matter, as expected, given the peculiarity of
the site. Indeed, the MP ecosystem and the biocenosis map give evidence of the productivity of the
basin, rich in species which populate both the water column and the seafloor. As typical of marine
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environments, most of the organic matter in the sediments comes from the biosynthesis of organisms
existing in the shallowest layers of the water column and is transported to the bottom as a Particulate
Organic Matter (POM). Moreover, in this shallow marine basin, near the coast, terrigenous contribution
of organic matter (allochthone OM) occurs: MP receives agricultural inputs and untreated wastewater
that increase the nutrient discharges in the sediments and lower the water quality.

It is reasonable to infer that the higher organic content, which includes a percentage of organic
pollutants and interact with heavy metals, may cause the peculiar properties of state, plasticity, and
compressibility exhibited by the top layer (Tables 3 and 5).

The sensitivity of the MP plasticity to changing in organic matter was also verified by the washing
tests carried out on the A3-M sample, under controlled conditions.

Due to degradation of organic matter during oven drying, the Atterberg limits and activity index
decrease in the dried sample (path 3–4 in Figure 11a). Furthermore, the circumstance that the end
and the starting points in both the plasticity and activity charts (i.e., points 1 and 5 in Figure 11a,b,
respectively) do not coincide, despite their similar salt content, seems to highlight the effect of the
permanent loss of organic matter undertaken by the soil during the previous oven drying step.
Specifically, points 5 in Figure 11a,b are representative of a less organic material and, as expected, they
show lower plasticity.

Although the pore fluid salinity does not vary significantly with depth, the variability of soil
properties determined on A3-M during the washing tests suggests that the plasticity of the MP
sediments is also sensitive to variation in salt concentration. The sample exhibits an increase in liquid
limit and plasticity index after washing with distilled water (path 2–3 Figure 11a,b), and their decrease
after mixing with salt water (path 4–5 Figure 11a,b). The response of the MP sediments to variation
in salinity is typical of pure illite [75] or soil of active mineralogy [3,75,76]. In these cases, plasticity
increases when pore fluid salinity lowers, and reduces when pore fluid salinity increases.

Lastly, the washing procedure seems to suggest that the pore fluid salinity may affect the calculation
of clay fraction determined by means of sedimentation. Indeed, during the washing procedure the
time to obtain complete sedimentation of the mixture was found to increase step after step, as the
pore fluid salinity decreases. Since the settling duration depends on the extent to which the washing
procedure has been repeated (i.e., it increases with the number of washing cycles), the determination
of the clay fraction of soils can be misleading, if CF is calculated through the Stokes’ law according to
the ASTM Standards, which do not include specific washing procedures for marine sediments [54].
Furthermore, a higher clay content was measured on the washed sample with respect to the initial one
(path 2–3, Figure 11b). The observed behavior seems to be in line with the reduction of the tendency
for flocculation of the soil particles as salinity decreases. According to the diffusive double layer (DDL)
theory, for concentrated solutions, the thickness of DDL reduces, the repulsion forces tend to reduce,
and the attraction forces tend to increase, causing higher flocculation of soil particles.

5. Conclusions and Perspectives

This study represents an insight into the coupling between mechanical and chemical properties of
submarine sediments from a highly-polluted site in the south of Italy. The geo-mechanical properties
of a long submarine core were discussed in the light of the environmental and geological setting. The
sediments are silty clays and clayey silts and their clay fraction is mainly represented by illite-smectite
clay minerals. The geotechnical characterization pointed out that in the top layer the state, plasticity,
and compressibility do not relate solely to the mineralogical composition of the soil skeleton, as
observed for natural soils including fresh pore water, while the shearing behavior is affected by the
presence of shells in the soil matrix. The analyses of the Mar Piccolo properties along a vertical profile,
from the most contaminated shallow layer of Holocene deposit to the deep layer of Sub-Apennine clay
basic formation, allowed to identify the variability of the soil behavior due to both the natural history of
sedimentation and consolidation of the deposit and the presence of contamination. The contaminants,
of both natural and anthropic origin, even when not dangerous for human safety, interact with soil
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particles of fine-grained soil, changing the behavior compared to what was expected for mineralogy
and granulometry alone. This is the case of the organic matter, which includes organic pollutants and
can attract heavy metals. A series of washing tests supported the interpretation of the aforementioned
geotechnical variability, suggesting that the higher soil plasticity, activity, and compressibility of the top
sediments with respect to the deeper layers are due to the higher organic matter of the shallow material.

A new campaign is currently on-going at several sites of the Mar Piccolo to deepen the
environmental diagnosis of the site and, in particular, to investigate the spatial variability of both
chemical and geochemical composition and geotechnical properties.
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