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Abstract: In the past fifteen years, the contamination of the Italian marine coastal environments by
asbestos cement materials (ACMs) represents a known crux mostly reported or denounced by mass
media and environmental associations. A recent research reporting compositional and textural data
related to ACMs found in the beach deposits of a protected natural reserve (Cape Peloro, Messina,
Italy) induced the author to perform new petrographic and textural analyses on the Cape Peloro beach
sands, pebbles, cobbles (BSPC), and technofossils (bricks, tails, slab, concrete), associated with the
previously studied ACMs, in order to compare the data with those of the ACMs previously reported
in the literature. The petrographic investigations allowed the author to determine that beach sands
and weakly gravelly sands were characterized by a quartzo-lithic signature, being mainly composed
of metamorphic grains of quartz (50-60%) and metamorphic lithics (40-50%, mainly composed of
polymineral quartz + microcline, quartz + plagioclase, quartz + biotite, quartz + muscovite grains,
and monomineral opaque minerals, plagioclase, k-feldspar, and almandine garnet grains), whereas
the pebbles and cobbles were made of acid intrusive (granitoids) and metamorphic rocks (gneiss,
augen gneiss prevailing). Pebbles and cobbles made up of porphyroids could derive from the
cannibalization of the underlying lower to middle Pleistocene siliciclastic deposits of the Messina
Formation. Differently, the gneiss, augen gneiss, and granitoids forming the beach pebbles and
cobbles, being present both in the crystalline rocks of the Aspromonte Unit and in the clasts of the
SGME, could originate from both of them. Textural investigations allowed the author to characterize
grain size, shape parameters, and roundness in the beach deposits. These were mostly composed of
sands and weakly gravelly sands with medium grains. Parameters, such as elongation and flatness,
showed higher values in the BSPC than in the technofossils. The shapes of the BSPC were mostly
from oblate to equant, whereas the shapes of the technofossils were mostly from bladed to oblate.
The main differences depended on the original shape of the technofossils, being mostly platy, and
their softer composition. The roundness was from angular to sub-rounded. In the Ionian coast of
the Cape Peloro peninsula, the source areas for the well-rounded ACM found on the beach and in
the beach deposits could have at least four different origins: (i) Possible landfills widespread since
the 1970s in the intensively urbanized coastal areas. (ii) Direct abandonment in the coastal area. (iii)
Direct abandonment in the streams. (iv) Activities to counteract the erosion/lack of sediment using
non-conforming materials. Considering the diffused damage caused by the coastal erosion affecting
most of the Italian coast and the obvious increasing dispersion of the asbestos fibers from the ACMs
over time, effectual counter actions to prevent further contamination and guidelines for clean-up
efforts are necessary.

Keywords: Mediterranean Sea; Pleistocene siliciclastic sediments; beach deposits; petrofacies; texture;
coastal area contamination; asbestos cement materials; technofossils

1. Introduction

Credit for reporting the first cases of the contamination of marine coastal and fluvial
environments by asbestos cement materials (ACMs) must be given to Italian mass media
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and environmental associations. Indeed, for at least fifteen years, journalists and environ-
mental associations, such as Legambiente and the Worldwide Fund for Nature (WWF Italy),
have reported tens of beaches contaminated by ACMs, from northern to southern Italy,
along the Tyrrhenian, Ionian, and Adriatic coasts of the Mediterranean Sea [1-20], along
rivers, such as the Po River in the Padana plain [21], or the countryside [22]. Until today,
notwithstanding this alarming press news, scientific research devoted to this key issue still
seems to be very scarce. Indeed, it is only in these last years that two distinct groups of
Italian researchers have reported their independent data on the ACMs contamination of
coastal areas [23,24].

The effectual research of Lisco et al. [23] mainly consisted of a sedimentological, geo-
morphological, and remote-sensing investigation at the beach of Marechiaro Bay (Taranto,
southern Italian peninsula), aiming to identify the provenance of the ACMs and the evo-
lution of the study area due to erosion and accretion phenomena. The provenance of the
ACMs was identified in a landfill of construction and demolition wastes present in the
surroundings of the studied beach.

Analogous approaches and methods, used by Somma et al. [24] on the beaches of
the Cape Peloro peninsula (Messina, southern Italy, north coast of the island of Sicily),
provided similar results. Indeed, the search for fibers in the ACM allowed the researchers
to identify diffused asbestos mineral fibers [24]. This research was mainly devoted to the
mineralogical composition and texture of the ACMs as well as to evidence the extension
of the contaminated beach area. Provenances of ACMs from both onshore and offshore
areas were also ascertained. The stratified encrustations of marine organisms on previous
continental organisms recognized on the ACMs allowed the researchers to demonstrate
that part of the ACMs was transported from the submerged beach to the beach and vice
versa, after their littoral drift as material composing the sedimentary supply delivered by
the streams or local illegal landfills eroded by the wave action. Evidence of these fragments
was also observed in the stratigraphic layers of the beach sands excavated by the sea waves
during the storm events [24]. The entity of the evidenced criticism was also much more
serious with respect to the research of Lisco et al. [23], Cape Peloro being a protected area.
Over 520 fragments of ACMs were identified on the Cape Peloro beaches, along a transect
4500 m long, stretching from the Tyrrhenian to the Ionian Sea. The percentage of ACMs
found in the Ionian coast was higher than in the Tyrrhenian coast [24].

Considering the high recreational and touristic values of the Italian coasts, due to their
extension (the sandy and gravel beaches are about 3270 km long) [25] and favorable climate
of the Mediterranean type, today, the ACMs contamination of the Italian coastal areas
represents a new challenge and an alarming criticism, for the consequent and potentially
hazardous human-environment interactions responsible for health and environmental risks.
Indeed, asbestos fibers (chrysotile, crocidolite, amosite, actinolite, anthophyllite, and tremo-
lite), which may be delivered in the air by asbestos cement, may be hazardous minerals, if
inhaled, causing mesothelioma. The asbestos cement, present in corrugated roofings, water
tanks and tubes, insulation, and textile materials, was produced by industries beginning
in the early-mid-19th century. In the 1990s, the Italian law n. 257 of 1992 banned the
production and use of asbestos cement because of its toxicity and consequent high health
hazard, but remnants of these materials are still widespread in the Italian territory [24].

With this in mind, the present research was aimed to (i) deepen the knowledge of
the petrographic and textural features of the modern beach sands, pebbles, cobbles, and
technofossils (sensu “reserved remnants of human technology” [26]) collected at Cape
Peloro, in order to compare their characteristics with those previously analyzed in the
ACMs [24], (ii) further hypothesize the ACM origin in the beaches, and (iii) attract interest
to the serious health and environmental risks that hazardous wastes, such as ACMs,
may cause.
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2. Study Area

The study area is localized in the spit—peninsula of Cape Peloro, one of the widest
marine coastal plains of the Messina town extending along the northeastern coast of the
island of Sicily (Figure 1).
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Figure 1. Geological sketch map of the NE sector of the Peloritani Mountains (NE Sicily). The
black rectangle on the Cape Peloro peninsula (NE edge of Messina) evidences the sector of the
coast studied (see Figure 2). In this peninsula, the Cape Peloro lagoon area (coastal lakes in sky
blue color) is formed by Lake Ganzirri (LG) and Lake Faro (LF). Legend: (1) Alluvial and beach
deposits (Holocene). (2) Miocene—Pleistocene sedimentary successions (including the Pleistocene
Messina Fm). (3) Floresta calcarenites (Langhian—upper Burdigalian) and Antisicilide Complex (lower
Miocene-upper Cretaceous). (4) Stilo-Capo d’Orlando Formation (Burdigalian) with olistoliths (a).
(5) Aspromonte Unit (a: Variscan metamorphic basement; b: Plutonic basement). (6) Mela Unit
(Variscan metamorphic basement). (7) Mandanici-Piraino Unit (Variscan metamorphic basement and
Mesozoic cover). The red square on the insert on the left represents the extension of the geological
sketch map. The map was modified after [27].

Cape Peloro has high environmental, recreational, and touristic valences.

The environmental value of Cape Peloro was recognized beginning in 1972, when the
Cape Peloro Lagoon (Figure 1) was included in the UNESCO Water Project, as a site of
naturalistic importance. For the presence of the brackish coastal lakes of Ganzirri and Faro
(Figure 1) in the area, two geosites of Mondial interest for morphotectonics were instituted
by the Sicilian region. For their environmental value, Cape Peloro was protected, becoming
a natural reserve (Natural Oriented Reserve of Cape Peloro) and, at the same time, it was
introduced as a protected zone of the Nature 2000 network (Special Protection Zone—SPZ,
SPZ ITA030042—Monti Peloritani, Dorsale Curcuraci, Antennamare, and marine area of
the Straits of Messina—27,993 he [28]; partially overlapping the SPZ ITA030008—Capo
Peloro—Ganzirri Lakes—60 he [29]).

The great recreational and touristic values of the Cape Peloro beaches are attributed by
Italian and foreign bathers to the beauty and crystallinity of the waters (where dolphins and
sperm whales may be sighted), the monuments (Mazzone, Torre degli Inglesi, and Torre
Saracena), the attraction of the tallest electricity pylon, the cultural foundations, the scuba
diving, the sport centers, the resorts, and the catering activities. “Historical” beaches, such
as those of the Mortelle and Torre Faro villages, are until today among the most crowded
for the Messina citizens and foreign tourists. Finally, the peculiar morphology of the cape,
being a spit—peninsula facing both into the Tyrrhenian and Ionian Seas, represents another
significatively appreciated value for its unique landscape beauty and legends. For this
reason, in 2022, the American Journal of the National Geographic rewarded Cape Peloro among
the 12 most beautiful Italian beaches, ranking it first as the best for views [30].
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3. Geological Setting

Cape Peloro forms the NE tip of the Peloritani Mountains (Figure 1). The Peloritani
Alpine Chain extends from this cape to the Taormina—-Sant’Agata tectonic line, forming
the SE ends of the Calabria—Peloritani Arc [27,31,32]. The chain is composed of a thrust
pile, sealed by thrust-top deposits, middle-upper Burdigalian in age. Most of these
tectonic units are formed by Variscan crystalline basements, preserving remnants of original
Mesozoic—Cenozoic sedimentary covers. These thrust sheets are formed as follows, from
top to base: the Aspromonte, Mela, Mandanici-Piraino, Ali-Montagnareale, Fondachelli,
and Longi-Taormina Units [17,31,32]. The upper units (Aspromonte and Mela Units) are
affected by a Variscan high- to medium-grade metamorphism, whereas the lower units
(Mandanici-Piraino, Fondachelli, and Longi-Taormina Units) are affected by a Variscan
medium- to very low-grade metamorphism, from top to base of the thrust pile [17,31,32].
An Alpine overprint was also recognized in the Aspromonte and Mandanici-Piraino
Units [33-35], whereas an anchizone metamorphism affected the post-Varican sedimentary
sequence of the Ali-Montagnareale Unit [36].

The strong post-orogenic uplift of the Calabria—Peloritani Arc originated significative
source areas submitted to erosion and consequent transport and deposition of consistent
amounts of siliciclastic rocks, mostly composed of metamorphic and igneous rocks. The
main Miocene to Holocene siliciclastic sequences of the Peloritani Mountains are, from base
to top, as follows:

i The Stilo-Capo d’Orlando Fm (middle-upper Burdigalian). The unit is composed
of a syn- to late-tectonic terrigenous sequence made up of sandy, sandy—clayey, and
sandy—conglomeratic turbidites, with olistoliths of metamorphic and sedimentary
rocks. Clasts of the conglomerates were mostly composed of metamorphic rocks
(gneiss, schists, phyllites) [37], quartz, and granitoids.

ii. The San Pier Niceto Fm (Tortonian to lower Messinian). The unit is formed by sand-
stones, siltstones, marly and sandy-clayey alternations, marls, clayey marls, and
conglomerates. Clasts of the conglomerates were mostly composed of metamorphic
rocks, often with platy shapes [38].

iii. The Messina Fm (lower to middle Pleistocene). The unit is made up of sands and
gravels locally with moderately cemented layers. Clasts of the gravels were mostly
composed of metamorphic rocks (gneiss, augen gneiss), quartz, granitoids, and
pinkish or grayish porphyroids [38].

iv. The beachrocks (upper Holocene [39]). Clasts of the conglomerates were made up
of crystalline rocks (granitoids and high-grade metamorphic rocks).

The hills surrounding Cape Peloro are mostly composed of the crystalline basement
of the Aspromonte Unit (Figure 1). This tectonic unit is made up of amphibolite facies
Palaeozoic rocks with late to post-Hercynian peraluminous intrusive bodies, locally over-
printed by Alpine age metamorphism, developed about 25-30 Ma ago along deep-seated
shearing zones [35,40]. In the study area, the unit is in tectonic contact with the Messina
Fm by means of the active extensional Messina Fault System [41].

The Cape Peloro connects the E-W trending Tyrrhenian Sea to the ENE-WSW trending
Ionian Sea, through the Messina Strait. Along the cape, the orientation of the coast gradually
evolves from E-W in the Tyrrhenian side to NE-SW in the cape and ENE-WSW in the
Ionian side. This latter orientation depends on morphotectonic phenomena related to
the WSW-ENE-trending capable normal fault system of Scilla-Ganzirri [41], shaping the
northern end of the Messina Strait. The strait coasts formed during the last 16 ky, as a
consequence of the complex interactions between the post-Wurmian sea-level rise and
the extensional tectonics characterizing this sector of the Calabria—Peloritani Arc [41-43].
The Cape Peloro area originated during the Late Pleistocene-Holocene time span. The
stratigraphy of the peninsula is composed of continental siliciclastic layers (middle Upper
Holocene), from 7 to 30 m thick [39], overlying in unconformity a substrate made up of
beachrocks [39,43]. Beachrocks consist of carbonate-cemented materials formed rapidly
(within a few hundred years) within the intertidal zone on warm temperate to tropical



Geosciences 2024, 14, 167

5 of 30

coasts [44]. These rocks are exposed in the nearshore of Cape Peloro, along an extensive
shore-parallel belt extending for tens of kms, from Mortelle in the Tyrrhenian coast to
the Port of Messina on the Ionian side. The Cape Peloro beachrocks are 5.9 ka old and
are present mostly between 0.70 m a.s.l. and the isobath —2 m [43]. After their genesis,
the beachrocks were drowned by sea-level rise, remaining partially under shallow waters
partially covered by the modern shore deposits [41]. These latter are composed of sands
with pebbles and cobbles, deriving from metamorphic and igneous source rocks. The
thickness, measured in the drillings carried out for the Messina bridge project, should be
<60 m [42]. The age of these deposits is younger than 5.9 ka [39,43].

4. Wave Climate and Sediment Littoral Drift

In Sicily, the regional plan for the management of hydrogeology and coasts subdivided
the coasts into 21 coastal physiographic units (CPU), delimited by the main prominent
capes [45-48]. Each CPU is a sediment coastal cell, localized in a specific sector of the coast
and characterized by a sediment littoral drift occurring in the same unit without significant
sediment exchanges with other adjacent units.

The Cape Peloro (Figure 2a) peninsula hosts wave-dominated sandy beaches
(Figure 2b) subject to significative marine coastline migration during the different sea-
sons. The coastal plain deposits essentially originated from the stream mobile supplies,
partially remodeled by the action of the sea.

CPUN. 1
10 km

g

Aspromonte Massif

Messina
Strait

CPU
2 1012

Aspromonte Massif

. _v-"/(‘:PLI s Messina &=
2 s Strait

Figure 2. CPUs in the NE edge of Sicily. (a) Cape Peloro falls between two CPUs, n. 1 and 2 [45].
(b) Cape Peloro falls in the III order CPU Cape Rasocolmo-Cape San Ranieri (n. 10.1.2) [48]. Legend.
(a) 1: Limit between CPUs [45]. (b) 1: Low pebbly coast. 2: High rocky coast. 3: Low sandy coast.
4: Low sandy-pebbly coast. 5: Sediment drift. 6: Average direction of the sea wave flux energy.
7: Limit between III order CPUs. 8: Very high risk to coastal erosion (P4). 9: High risk to coastal
erosion (P3). Acronyms: CM: Cape Milazzo; CR: Capo Rasocolmo; CP: Cape Peloro; CSR: Cape San
Ranieri; CS: Cape Scaletta. The figure was based on data reported in [48].
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According to [45], the Cape Peloro’s coasts fall into two CPUs (CPU n. 1 and
n. 2) [45-48] (Figure 2a).

CPU n. 1 faces in the Tyrrhenian Sea for about 46 km, being stretched from Cape
Milazzo (at W) to Cape Peloro (at E) [45-48] (Figure 2a). The main sedimentary supply
derives from about ten streams. During the last two centuries, the Tyrrhenian side of Cape
Peloro’s beaches was carefully examined and stated “to be naturally stable within the
same sector, resulting in a change in shape without any loss in volume” [49]. Nonetheless,
a significative erosion evaluated in a loss of about 12,000 m?2 of beach occurred in 2012,
whereas the Cape Peloro beach underwent an accretion of about 5000 m? [49]. An increase
in the intensity of the winds from WNW-NW and a decrease in the wind energy blowing
from NW to NNE have been observed since 2005 [49].

CPU n. 2 extends for about 50 km along the Messina Straits, from Cape Peloro (at
NNE) to Cape Scaletta (at SSW) [45-48] (Figure 2a). The main sedimentary supply derives
from about twenty streams. Tide currents in the proximity of Cape Peloro are ENE-wards
during the ascending phases and WSW-wards during the descending phases.

According to the recent valuable research carried out for the Sicilian region (project
PRCEC [48]), the Sicilian coasts may be subdivided in CPU ranking from I to IV in order.
In this modern proposed subdivision, the Cape Peloro coasts would better belong to the
III order CPU (n. 10.1.2), denoted Cape Rasocolmo—Cape San Ranieri [48] (Figure 2b), in
its turn belonging to a I order CPU (or macro-cell) (n. 10.1), denoted Cape Milazzo-Cape
San Ranieri (Figure 2b). In particular, in the Cape Rasocolmo—-Cape San Ranieri CPU, the
average direction of the sea wave flux energy and the sediment drift are SSE-wards and
ESE-wards, respectively, in the Tyrrhenian coast, whereas they are NW-wards and NNE-
wards, respectively, in the Ionian coast [48] (Figure 2b). In the CPU Cape Milazzo—Cape
San Ranieri, about 14% and 2% of the coasts are affected by a very high (P4) and high risk
(P3) to coastal erosion [48]. Six and two localities, P4 and P3, respectively, fall in the CPU
Cape Rasocolmo—Cape San Ranieri in the proximity of the study area [48] (Figure 2b).

5. Materials and Methods

During the time lapse November 2023-December 2024, geological surveys, photo-
graphic reports, and sampling activities were intensively performed on the foreshore and
backshore of the Cape Peloro peninsula, where preliminary data on the finding of ACMs
were recently reported [24]. The study materials were beach siliciclastic sediments (sands,
pebbles, cobbles) containing significative amounts of technofossils (ACMs, bricks, slabs,
tiles, concrete, and glass). Sampling (or observation) activities were carried out to reach an
amount (or evidence) representative of all the main lithologies, technofossils, and shapes
characterizing the study area. Furthermore, two samples of the Messina Formation (i.e., the
sediments underlying the studied beach sands) were also examined, in order to hypothesize
the provenance of beach pebbles and cobbles.

Another representative locality, surveyed to better understand the causes of the beach
contamination by ACMs, was individuated along the Ionian coast, about 10 km south of
Cape Peloro (near the Annunziata stream mouth; Figure 1).

Analyses were devoted to characterizing the petrographic composition and the textural
features (grain size distribution, shape, roundness) of these materials. Analyses were
performed in the Forensic Geology laboratory of the University of Messina.

Due to the danger of some materials (ACMs), proper personal protective equipment
(PPE) was used during the analyses of all the studied specimens.

5.1. Petrographic Analyses

A preliminary visual inspection (VI) was devoted to pebbles, cobbles, and technofos-
sils, in order to characterize their mesoscale petrographic features by means of the human
eye. Due to their evident mesoscale compositions, textures, and structures, most of these
materials were easily classifiable. The identified features allowed the author to compare the
natural samples with the typical main lithotypes diffused in the Peloritani chain and the
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technofossils with construction and demolition materials. VMI, optical microscopy (OM),
and X Ray powder diffraction (XRD) were carried out on the sands.

Petrographic analyses were performed on thin sections of pebbles and cobbles and on
sands aggregated in epoxy resin.

The instruments used for OM were a stereomicroscope (Zeiss, Stereo Discovery model,
Oberkochen, Germany) and a petrographic microscope (Axio Vision model, Zeiss, Oberkochen,
Germany). Both microscopes were coupled to a telecamera and workstation using image
analysis software (Zeiss, model Axiovision, version 4.6, Oberkochen, Germany).

XRD was used for the phase identification of crystalline materials, in order to pro-
vide the average bulk mineralogical composition. Sandy samples collected in the study
area, after being finely ground in an agate mortar with an agate pestle, were packed in
sample holders and scanned by the diffractometer with angles in the range 5-70°. The
instrument used was a bench diffractometer (Bruker, model D2 phaser, Billerica, MA, USA).
The software for identifying the mineral composition was Diffract EVA (Bruker, Billerica,
MA, USA).

Most of the minor minerals, present in the sandy samples as mono- and polymineral
lithoclasts, not detectable by means of XRD, were identified under a stereomicroscope by
means of OM observations of grain luster, color, habitus, and cleavage, when preserved. In
addition, unpublished data on micro-Raman analyses were used to confirm the OM and
XRD determinations on heavy minerals.

5.2. Particle Size Analysis (PSA)

PSA was carried out through mechanical sieving for the sands and laser light scattering
method for the silts.

5.2.1. Mechanical Sieving

The mechanical sieving of the sands is usually performed in order to separate and
weight the different grain sizes for obtaining the particle size distribution in cumulative
and frequency curves.

The sands used for the PSA were prepared, pre-treating them with H,O, (for elimi-
nating the organic matter) and drying them in oven at 80 °C. The sieves used to analyze
sands had the following sieve openings: —1, 0, 1, 2, 3, 4 phi [—log 2 d(mm)]. Additional
sieves were used for the analysis of the sands with minor amounts of gravel (—4.2, —3.6,
—3.2, —2.7, —2.2, —2.0 phi). The instrument used was a mechanical siever (Retsch, model
AS2, Haan, Germany). After the mechanical sieving, each particle size was weighted and
separated in different sample holders.

Statistical parameters, such as the central tendency (mean and median), standard
deviation (sorting), skewness, and kurtosis, were calculated using the Folk and Ward
method [50]. Parameters were calculated in spreadsheets (Excel 2021 software) and ex-
pressed in cumulative and frequency per cent curves.

5.2.2. Laser Light Scattering

The laser diffraction technique is usually used for the PSA of finer particles < 4 phi
(62.5 um). The method of the laser light scattering is based on the concept of the equivalent
sphere, i.e., the volume of an irregular particle may be approximate to the volume of
a sphere. In the method, the size distribution of particles is obtained by the forward
diffraction of a laser beam by the particle. The diffraction angle is inversely proportional to
the particle size, whereas the intensity of the diffracted beam may quantify the number of
particles [51,52].

The undersize sediments, related to the 4 phi sieve of the sands, were measured
by means of a diffraction particle size analyzer in wet conditions. The instrument used
was a laser diffraction particle size analyzer (Malvern Panalytical, Malvern, UK, model
Mastersizer 2000) able to measure particles in the size range 0.02-2000 pm.
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Textural data were automatically calculated by software (Mastersizer 2000) and ex-
pressed in cumulative and frequency per cent curves.

5.3. Shape and Roundness

The morphological and morphometric analyses of the sediments were performed to
investigate the main shape parameters (flatness, elongation, sphericity, and roundness [53])
of pebbles, cobbles, sands, and technofossils.

The coarse sizes (pebbles, cobbles, and technofossils) were examined, measuring the
short axis (S = Short or c), the medium axis (I = Intermediate or b), and the long axis
(L = Long or a) of each particle by means of a caliper [53]. For these materials, the flatness
(F=1/S) and elongation (E = L/I) ratios were also calculated, in order to classify the 3D
shape in the Zingg diagram [53]. The shape parameters were managed in spreadsheets
and plotted in box plots (Excel 2021 software) reporting the main statistical data (minimum
value QO; first quartile Q1; median value Q2; third quartile Q3; maximum value Q4;
standard deviation).

To be able to compare the same shape parameter in coarse materials and sands, the 2D
shape parameter related to the sphericity (Riley sphericity) [53], obtained by measuring
the D; (inscribed diameter) and D, (circumscribed diameter) of particles, was determined
using image analysis software (Axiovision, Zeiss, Oberkochen, Germany) applied on
high-resolution photographs taken under a microscope.

The roundness of the sediment particles was determined by using comparative
charts [53].

Technofossils” special ornamentations or marks (threads, textures, holes, etc.) were
also searched and analyzed under a microscope to better ascribe them to the specific
product classes.

6. Results
6.1. Samples

In the foreshore and backshore of the study area, geological surveys allowed the
author to recognize several hundreds of inorganic fragments of waste, mostly consisting of
construction and demolition materials. These were present mostly in the surface but also
within the beach sediments as technofossils. Huge amounts of plastics (bottles, containers,
etc.) were also present, but only inorganic waste was the object of the present research.

Due to the significative occurrence of construction and demolition materials, the frag-
ments were randomly observed, identified, recorded by means of photographic acquisition,
and counted along a 400 m longshore section parallel to the Tyrrhenian coast. The inspec-
tion carried out in December 2023 resulted in about 750 fragments of wastes, among bricks,
pottery, tiles, stoneware slabs, cement, glass, and ACMs. Analogous inspection, carried
out in the same period in the Ionian side, especially in the Torre Faro village (Figure 3c),
indicated an exponential increase in the amounts of these materials, ACMs included.

Ten samples of beach sandy deposits (TB01-10) were collected on the foreshore and
backshore (Figure 3b). On the base of the significative amounts of ACMs found during
the previous surveys [24], the sand sampling in the sector of the Torre Faro beach was not
carried out, to protect the author’s safety (Figure 3c). Foreshore samples were collected
parallel and orthogonal to the coastline. Samples TB04-05-06 (Figure 3b) were collected
along a N-S oriented transect along the Tyrrhenian coast, during a sea storm. The others
were mostly collected in the central zone of the beach. One sample (TB08) was collected on
the backshore.

Two samples of coarse sediments (TB11-12) and four samples of anthropogenic in-
organic wastes (IB13-16) were collected, each one in a collective specimen, along the
shoreline of the study area.
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Figure 3. QGIS map of the study area. (a) Cape Peloro peninsula—Satellite image showing sites
(yellow circles: ACMs inside the reserve; green circles: ACMs outside the reserve) where ACMs were
documented by means of high-resolution photographs in [24]. The hills on the western side of Lake
Faro are formed by the Quaternary Messina Formation (evidenced in light brown color; samples
GSMEF(01-02). The two rectangles (b,c) indicate the sampling area for the ten samples of beach sands.
(b) Torre Bianca beach in the Tyrrhenian coast—Satellite image showing the distribution of the beach
sandy samples (TB01-08) and of a superficial landfill of ACMs (area with yellow line and pattern).
(c) Torre Faro beach in the Ionian coast—Satellite image showing the distribution of the beach sandy
samples (TB09-10).

Sample TB11 was made up of pebbles and cobbles composed of high-grade metamor-
phic rocks (MP), whereas Samples TB12 and TB13 were composed of pebbles and cobbles
of porphyroids (PP) and andalusite bearing phyllites (AP), respectively.

The samples of variegated fragments of wastes were as follows:

1.  Sample TB14, formed by representative fragments of natural pebbles of anthropogenic
origin (NP), originally forming tiles and stoneware slabs.

2. Sample TB15, made up of fragments of colored glass (G).

3. Sample TB16, composed of representative fragments of bricks, tiles, and concrete (PT).
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Two additional samples (GSMF01-02) of the sands and gravels of the Quaternary
Messina Formation, exposed on the nearest outcrops present in the hills surrounding Cape
Peloro (Figures 1 and 3a), were collected for comparative purposes.

6.2. Petrographic Characterization
6.2.1. Beach Sands

VI and OM observations on the beach sands (Samples TB01-10) revealed that the
composition of the studied samples was very homogenous. Sands were mainly composed
of monomineral siliciclastic grains showing typical features compatible with hyaline quartz
(Figure 4a), white feldspars (Figure 4d—f), biotite (Figure 4g), and polycrystalline grains
mostly composed of quartz + biotite and quartz + feldspar + biotite paragenesis (lithoclasts
of gneiss and granitoids) (Figure 4b,c). Minor glassy grains of light gray to black volcanic
particles (Figure 4i) and monocrystalline grains of the group of muscovite (Figure 4h) were
also found.

Figure 4. Main types of mineral grains forming the sands (Sample TB01, 1-2 mm sandy fraction),
observed under stereomicroscope. (a) Quartz. (b,c) Polymineralic grain of quartz + feldspar + biotite
gneiss (b) and augen gneiss (c). (d—f) Monomineralic grain of feldspar showing typical cleavage,
and pinkish color in (f). (g) Monomineralic grain of biotite showing typical black color and cleavage.
(h) Monomineralic grain of muscovite showing typical white color and cleavage. (i) Volcanic grain
with vesicular texture. Reflected light in (a-c,g—i). Transmitted light in (d-f). Scale bar: 1000 pm.

The 1-2 mm grain size of sands was also examined for the search for minor minerals,
such as the heavy minerals. A heavy minerals search by hand picking under a stereomicro-
scope allowed the author to identify significative amounts of hyaline garnets and, in minor
percentages, olivine and other femic minerals. Garnets were found mainly concentrated
in the sandy fraction 1-2 mm of one sample collected in Tyrrhenian sands (TB01) and
one from the Ionian sands (Sample TB09). Some of the garnets preserved their typical
crystalline habitus, hyaline luster with typical red violet to pink color (Figure 5a—f,h—j),
and mineral inclusions (Figure 5i). The olivines found were green and all preserved their
habitus (Figure 5g).
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Figure 5. Main types of heavy mineral grains (1-2 mm size) present in the beach sands, observed
under stereomicroscope [(transmitted light in (a—i); reflected light in (j)]. Sample TBO1: (a—f) Alman-
dine garnets. (g) Olivine Mg end member (namely forsterite). Sample TB09: (h—j) Almandine garnets.
Garnets show traces of presumable Mn dendrites in (e) and inclusions of ilmenite in (i). Scale bar:
1000 pm.

Modern bioclasts (searched in untreated samples) were scarce and mostly repre-
sented by pelagic and benthic foraminifers, gastropods, bivalves, and other fragments of
marine organisms.

The technofossils found in the sands were mostly formed of dark and light green
(Figure 6a,b) and orange (Figure 6c) glass fragments and concrete. Metal anthropogenic
fragments (Figure 6d) were also found. Evidence of fragments of mm-sized pottery and
ACMs, found in the coarsest beach materials, was not found in the sands.

c d

Figure 6. Technofossils present in the sands (Sample TB01, 1-2 mm sandy fraction) observed under
stereomicroscope [(transmitted light in (a—c)]. (a) Dark green glass fragment. (b) Light green glass
fragment. (c) Orange glass fragment. (d) Metal fragment (reflected light). (a,b): Scale bar: 1000 pum.
(c,d): Scale bar: 2000 um.

The thin section analyses of beach sands (Samples TB01-10) under petrographic micro-
scope indicated that sands were quartzo-lithic rich, mostly being formed of monomineral
grains of quartz (50-60%) (Figure 7a—c) with minor plagioclase, k-feldspar (Figure 7d,e),
opaque minerals (Figure 7f), and almandine garnet grains (Figure 7g-i), and metamorphic
lithics (40-50%), mainly composed of polymineral quartz + microcline, quartz + plagioclase,
quartz + biotite, and quartz + muscovite grains (Figure 7j-o).
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Figure 7. Petrofacies of modern sands (aggregated in epoxy resin), mainly composed of grains of
quartz and lithoclasts (Samples TB05 and TB09). (a) Thin section (observed in transmitted light
under stereomicroscope; numbers indicate the grains reported in (b—f,i—0); Sample TB09). (b) Very
fractured sub-rounded quartz grain (observed in transmitted light under stereomicroscope). (c) Very
fractured angular quartz grain (observed in transmitted light under stereomicroscope). (d) Rounded
polymineral lithoclast composed of quartz + microcline (observed under microscope, XPL). (e) Sub-
rounded monomineral grain composed of k-feldspar showing cleavage (observed in transmitted light
under stereomicroscope). (f) Sub-rounded monomineral grain composed of opaque mineral (observed
in transmitted light under stereomicroscope). (g-i) Grains of almandine garnet. (g) Angular grain of
almandine (observed under microscope, PPL; Sample TBO05). (h,i) Grain of almandine preserving
euhedral habitus (observed under microscope, XPL; Sample TB09). (j—n) Polymineral lithoclast
composed of quartz + biotite and quartz + muscovite (observed under microscope, PPL (j), XPL (m);
Sample TB09). (k—n) Polymineral lithoclast composed of quartz + muscovite + plagioclase + opaque
(observed under microscope, PPL, Sample TB09. (k), XPL (n). (I) Well-rounded polymineral lithoclast
composed of quartz + biotite + muscovite (observed under microscope, XPL). (o) Sub-rounded
polymineral lithoclast composed of quartz + biotite + opaque (observed in transmitted light under
stereomicroscope e). Acronyms. Q: Quartz. Kf: k-feldspar. Mc: Microcline. Ox: opaque minerals. Gt:
Garnet. Bt: Biotite. Ms: Muscovite. PPL: plane polarized light. XPL: crossed polarized light. Scale
bar: 1000 pm.
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Peculiar microstructures were distinguished in the quartz and garnets. The quartz
grains were pervasively fractured along different joint systems (Figure 7b,c). The garnets
showed quartz trails and relics of crenulation cleavage (Figure 7i).

Due to the homogenous composition of the samples ascertained on tens of thin
sections, XRD analyses were carried out in only one sample (TB02). Analyses were
performed on the bulk powder of the sand as it was and on the undersize fraction to
the sieve 4 phi (62.5 um). The mineral composition of the sands was mainly charac-
terized by quartz + biotite + muscovite + albite, confirming the petrographic observation
under microscope.

The mineral composition of the undersize fraction to the sieve 4 phi (62.5 um, Sample
TB02) was similar to that of the sands, being characterized by quartz + biotite + albite.
Anorthite was also found. Presumably, the muscovite present in the sand sample was
not revealed in the finest fraction because its amount was under the reliability limit of
the instrument.

6.2.2. Pebbles and Cobbles

The representative modern beach pebbles and cobbles (Sample TB11) were mainly com-
posed of acid intrusive and metamorphic rocks, the latter affected by high-grade metamorphism.
Indeed, the composition was mostly represented, in order of abundance, by the following:

Gneiss and micaschist gneiss (Figure 8a).
Augen gneiss (Figure 8b).

Biotite-bearing granitoids (Figure 8c).
Quartz (Figure 8d) and quartz with biotite.

L

g

Figure 8. Typical aspect and composition of the main pebbles and cobbles forming the beach deposits.
(a) Gneiss (Sample TB11). (b) Augen gneiss (Sample TB11). (c) Granitoid (Sample TB11). (d) Quartz
(Sample TB11). (e) Dark grayish sericitic phyllite with randomly oriented post-kinematic andalusite
porphyroblasts (Sample TB13). (f) Pinkish porphyroid clast (antique pink type color, Sample TB12).
(g) Light grayish porphyroid clast (Sample TB12). Scale bar: 5 cm.

Notwithstanding being present in minor amount, the typical pebbles and cobbles char-
acterizing the studied modern beach deposits were composed of low-grade metamorphic
rocks and magmatic rocks. These consisted of the following;:

1.  Andalusite bearing sericitic phyllites (Sample TB13, Figure 8e).
2. Pinkish or grayish porphyroids (Sample TB12, Figure 8f,g).

Light gray and blackish pumice rock fragments of Eolian provenance were also found
in the studied area.
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Very few pebbles of whitish to beige vacuolar limestones (Messinian) and coral rud-
stones (lower Pleistocene) were also detected.

6.2.3. Technofossils
Construction Slabs

OM observations on the coarse anthropogenic construction and demolition material
(Sample TB014) allowed the author to identify fragments of construction slabs made up of
sedimentary, magmatic (volcanic and intrusive), and metamorphic rocks. They were, in
order of abundance, as follows:

1.  Limestones (Figure 9(1-13,14-23,26)) and arenites (Figure 9(24,25)).
2. Magmatic rocks (Figure 9(27-35)).
3. Marbles (Figure 9(14)).

Figure 9. Technofossils—Construction slabs (Sample TB14). (1-13,15-19,22,23,26) Sedimentary cal-
careous rocks (grainstones, packstones, wackestone, mudstones). (20,21) Travertines. (24,25) Arenites.
(14) Metamorphic rocks: Marble. (27-29) Volcanic rocks: Porphyroids. (30) Basalt. (31-35) Intrusive
rocks. Granite (31). Feldspar granite (32-35). Scale bar: 5 cm.

Anthropogenic Glass

OM observations on the coarse fragments of anthropogenic glass (TB015, Figure 10)
collected in the beach deposits allowed the author to distinguish the following colors, in
order of abundance: green (dark to light green bottle), white, and orangish-brownish
(Figure 10).
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Figure 10. Technofossils—Glass (Sample TB15). Green (green bottle), white, orangish-brownish, and
transparent fragments of glass. Scale bar: 5 cm.

Bricks, Tiles, Concrete

OM observations on the demolition and construction materials present in the beach
deposits allowed the author to distinguish the fragments mostly represented, in order of
abundance, by bricks, tiles, and concrete (TB016, Figure 11). Huge amounts of bricks and
tiles were evident in the beach of Torre Faro.

Figure 11. Technofossils—Bricks, tiles, concrete (Sample TB16). Clay-made materials mostly com-
posed of orangish-brownish bricks consisting of perforated or solid types and roof tiles. Black burn
fragments of construction material (on the left). Tiles, mostly glazed tiles, showing characteristic
colors and designs typical of the 1970s-1980s” building materials. Scale bar: 5 cm.

ACM

Special attention was devoted to characterizing the aspect of the ACM. It was mainly
characterized by corrugated shapes (Figure 12a—f) showing typical honeycomb ornamenta-
tions (Figure 12a) or with remnants of incapsulating paints. The identification of fibers with
features compatible with asbestos minerals, such as crocidolite and chrysotile fibers [24],
allowed the author to classify fiber cement as ACM (Figure 12d—f). A minor part of the
ACM showed stratified encrustations of marine organisms, such as algae, Bryozoa, and
Vermetids (Figure 12g) grown on previous lichens. The beach of Torre Faro showed huge
amounts of waste, mostly composed of concrete, bricks, and tails with ACMs (Figure 12h,i).
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Figure 12. Technofossils present in the Cape Peloro beaches. (a) Fragment of ACM showing honey-
comb texture and rounded shape. (b) Angular fragment of ACM. (c) Sub-angular fragment of ACM.
(c—f) Fibers of crocidolite (Cro) and chrysotile (Chr) are evident on the ACM fragments. (g) Evidence
of Bryozoa (Br) and Vermetids (Ve) on ACMs. (h,i) Anthropogenic deposit made up of concrete,
bricks, tails, and ACM, at the Torre Faro beach. Yellow triangles mark ACMs.

6.2.4. Messina Formation

OM investigations on the sample (GSMF(1) of gravels of the Messina Formation
(Figure 2a) allowed the author to observe pebbles and cobbles dispersed in a sandy matrix.
Minor gravel horizons (GSMF02, Figure 2a), weakly cemented by carbonates, showed
analogous compositions but different textures, being clast-supported with minor sands
in the voids. The particles were mainly formed of acid intrusive rocks and high-grade
metamorphic rocks. They consisted of the following:

1.  Biotite-bearing granitoids.

2. Augen gneiss.

3.  Quartz and quartz with biotite.
4. Gneiss and micaschist gneiss.

Notwithstanding present in minor quantity, typical pebbles and cobbles characterizing
the studied Messina Formation deposits were composed of pinkish or grayish porphyroids,
analogous to those found in the studied modern beaches.

6.3. Textural Characterization

PSA, VI, OM, and image analysis software were carried out in the modern beach
deposits and in the Messina Formation, in order to define the grain size, shape parameters,
and statistical data. The shape parameters, elongation (E = I/L) and flatness (F = 1/S),
being related to the 3D dimensions (LIS), were analyzed only in the coarser rocks (Samples
TB12-14) and technofossils (Samples TB15-17) collected on the studied beaches. Riley
sphericity and roundness were defined in all the samples.

6.3.1. PSA Data Related to Mechanical Sieving

Ten samples of sandy beach deposits (TB01-10) and one sample of gravels and sands
of the Messina Formation (GSMF01) were sieved, by means of mechanical sieving.
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The analyses were performed for defining the cumulative and frequency curves of the
sediments and the related statistical parameters (mean, median, sorting, skewness, kurtosis).

The foreshore sandy beach deposits were mostly variable between sands (Samples
TB01, TB05-06, TB09-10) and weakly gravelly sands (Samples TB02-TB04, TB07). The
backshore sample (TB08) was a gravelly sand (Figure 13).
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Figure 13. PSA of Samples TB01-10 and GSMF01, expressed by means of cumulative per cent
frequencies. Sieves used were spaced from —4 phi (16 mm) to 4 phi (62.5 um).

The grain distribution was unimodal in 30% of the samples (TB01-2, TB09; Figure 14a),
bimodal in 40% of the samples (TB04, TB06-07, TB10), and polymodal in 30% of the samples
(TBO3, TBO5, TB08) (Figure 14b). A maximum of four modes characterized Sample TB08
(Figure 14b).
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Figure 14. PSA expressed by means of frequency curves. (a) Unimodal curves. (b) Polymodal curves.
Sieves used were spaced from —4 phi (16 mm) to 4 phi (62.5 pm).

The sand mean values ranged from medium to coarse in the foreshore to very coarse
in the backshore (Table 1). The median values were mostly comparable with the means,
except a few values indicating weakly finer grain sizes (Table 1).

Sorting, ranging from 0.50 to 1.30, indicated that samples were from moderately well
(TB10) to moderately sorted (TB01-07, TB09) in the foreshore. Differently, Sample TB08
collected in the backshore was poorly sorted (1.4 phi).

The scatter plot of mean versus sorting of the collected beach sands (TB01-10) showed
a decreasing tendency (square-correlation coefficient = 0.2312), where decreasing values of
sorting were associated with decreasing grain size (Figure 15), as usually occurs.
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Table 1. Statistical parameters (expressed in phi, except skewness) of the oversize fraction to the sieve
4 phi (62.5 um) beach sandy samples. For the sample locations, see Figure 3.

Parameter TBO01 TB02 TB03 TB04 TB5 TBO06 TBO07 TBO08 TB09 TB10

Mean 1.0 1.0 1.2 0.5 0.6 1.1 0.7 —0.7 0.8 0.6
Median 1.0 1.0 1.0 0.5 0.6 1.1 0.7 —0.6 0.6 0.6
Sorting 0.8 0.8 1.1 0.9 0.6 0.7 1.3 14 0.8 0.5
Skewness —-0.1 —-0.1 0.2 —0.3 —-0.1 —-0.1 —-0.3 —-0.1 0.1 0.0
Kurtosis 0.9 0.8 0.8 2.8 1.9 0.7 1.9 0.8 1.3 1.3
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Figure 15. Scatter plot of mean (phi) versus sorting (phi) of the collected beach sands (samples
TB01-10). The blue dots and the dashed line represent the samples and the trendline, respectively.

6.3.2. PSA Data Related to Laser Diffraction Method

The PSA of the undersize fraction to the sieve 4 phi (62.5 pm) was carried out
in two sandy samples, collected on the Tyrrhenian (Sample TB05) and Ionian beaches
(Sample TB09), and in one sample collected in the sands and gravels of the Messina Forma-
tion (Sample SGMF01) (Figure 3).

Both undersize fractions of the beach sands, light gray in color (Munsell 10YR 7/1),
were composed of coarse silts. The frequency curves were moderately sorted, fine skewed,
and leptokurtic (Figure 16 and Table 2).
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Figure 16. PSA of the beach undersize fraction to the sieve 4 phi (62.5 um) of Samples TB05 (Tyrrhenian
Sea) and TB09 (Ionian Sea). See Table 2.

The undersize fraction of the Messina Formation sample was coarse silts. The fre-
quency curve was poorly sorted, fine skewed, and leptokurtic (Figure 17).
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Table 2. Statistical parameters (expressed in phi, except skewness) of the undersize fraction to the
sieve 4 phi (62.5 pm) of the samples collected in the beach sands and the Messina Formation. For the

sample locations, see Figure 3.

Parameter TBO05 TB09 SGMF01
Mean 4.3 4.3 45
Median 4.2 43 44
Sorting 0.8 0.9 1.1
Skewness 0.2 0.2 0.3
Kurtosis 1.1 1.1 1.3
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Figure 17. PSA of the undersize fraction to the sieve 4 phi (62.5 um) of the Messina Formation
(Sample SGMEFO(1). See Table 2.

6.3.3. Elongation (E)

The E average values were the highest in the lithoclasts of the beach foreshore deposits,
ranging from 0.76 in the NP to 0.81 in the PP, and lowest in the beach foreshore technofossils,
ranging from 0.66 in the ACM to 0.72 in the G (Figure 18).

E E ®5 & 8 8 %
- ] = = (—] - -
1 e
0.9 I
0.8 G
%
0.7
A
0.6 |
0.5 il
0.4 °
0.3
0.2
0.1

SGMF MP PP NP G PT ACM

Figure 18. E values of lithoclasts and technofossils selected by the beach deposits. E was also
determined in the lithoclasts of the Messina Formation. Mean values corresponding to each cross are
reported in the upper part of the graph. Measures were made on 654 elements. Legend. E: Elongation;
Lithoclasts—SGMEF: Sands and gravels of the Messina Formation (Sample SGMF02); MP: Beach
pebbles composed of high-grade crystalline rocks; PP: Beach pebbles composed of porphyroids. Beach
technofossils—NP: Natural pebbles of anthropogenic origin; G: Fragments of glass; PT: Fragments
of pottery, cement, and tiles; ACM: Fragments of asbestos cement material (E values on ACM are

after [23]). Dots represent single values.
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The E average values calculated in the sample of gravels from the Messina Formation
(SGMF02) were similar to those found in the MP.

6.3.4. Flatness (F)

Analogously, the F average values resulted in the beach foreshore deposits being the
highest in the lithoclasts, ranging from 0.51 in the MP to 0.66 in the PP, and lowest in the
technofossils, ranging from 0.10 in the ACM to 0.36 in G (Figure 19). The F average values
calculated in the sample of gravels from the Messina Formation (SGMF02) were high and
similar to those found in the PP.
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Figure 19. F values of lithoclasts and technofossils selected by the beach deposits. F was also
determined in the lithoclasts of the Messina Formation. Mean values corresponding to each cross are
reported in the upper part of the graph. Measures were made on 654 elements. Legend. F: Flatness;
Lithoclasts—SGMEF: Sands and gravels of the Messina Formation (Sample SGMF02); MP: Beach
pebbles composed of high-grade crystalline rocks; PP: Beach pebbles composed of porphyroids. Beach
technofossils—NP: Natural pebbles of anthropogenic origin; G: Fragments of glass; PT: Fragments
of pottery, cement, and tiles; ACM: Fragments of asbestos cement material (F values on ACM are
after [23]). Dots represent single values.

6.3.5. Zingg Diagram

The E and F values were useful for defining the main shapes of the beach foreshore
lithoclasts and technofossils, plotting these in the Zingg diagram (Figure 20). The shapes
of the MP were mostly oblate with minor amounts of equant, prolate, and bladed shapes.
The main shapes of the PP appeared oblate and equant with a minor percentage of prolate
shapes. The shapes related to NP were mostly oblate with a minor percentage of bladed
shapes. The main shapes characterizing the G, PT, and ACM were oblate and bladed. ACM
was the flattest material showing the lowest flatness values among technofossils (Figure 20).
The main shapes related to SGMF were from prolate to equant (Figure 20).
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Figure 20. Zingg diagram showing shapes in 3D. S = thickness, I = width, L = length; S/I is the flatness
parameter (F); I/L is the elongation parameter (E). Measures were made on 654 elements. Legend—
SGMF: Sands and gravels of the Messina Formation (Sample SGMFO01); MP: Beach pebbles composed
of high-grade crystalline rocks; PP: Beach pebbles composed of porphyroids. Beach technofossils.
NP: Beach natural pebbles of anthropogenic origin; G: Beach fragments of glass; PT: Beach fragments
of pottery and tiles; ACM: Beach fragments of asbestos cement (E and F values on ACM are after [23]).

6.3.6. Riley Sphericity

The average values of the Riley sphericity analyzed in pebbles and cobbles were
highest in the beach lithoclasts (>0.79-0.81) compared to the technofossils (<0.79-0.81)
(Figure 21). Indeed, lithoclasts showed sphericity values ranging from 0.83 in the MP to
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0.87 in the PP, whereas technofossils presented values ranging from 0.74 in the ACMs to
0.81 in the NP. The Riley sphericity was 0.80-0.82 in the sands. The Riley sphericity average
values calculated in the sample of gravels from the Messina Formation (SGMF02) were
similar to those found in the PP of the beach deposits.

0.87
0.81
0.79
0.78
0.74

0.9

2 2 % 2 2
0.8
0.7

-

0.5 o
0.4
0.3
0.2
0.1

oo

TBO1 TBO9 Gt SGMF MP PP NP G PT ACM

Figure 21. Riley sphericity. Mean values corresponding to each cross are reported in the upper
part of the graph. Measures were made on 886 elements. Legend. Lithoclasts—TB01, TB09: Beach
sand samples. Gt: Garnets (Sample TB01). SGMF: Sands and Gravels of the Messina Formation
(Sample SGMF02); MP: Beach pebbles composed of high-grade crystalline rocks; PP: Beach pebbles
composed of porphyroids. Beach technofossils—INP: Natural pebbles of anthropogenic origin; G:
Fragments of glass; PT: Fragments of pottery, cement, and tiles; ACM: Fragments of asbestos cement
material. Dots represent single values.

6.3.7. Roundness

The roundness of the beach sands, measured on 210 grains, was from angular to sub-
rounded (Figure 22). Quartz and feldspar grains were mostly from angular to sub-rounded,
and sub-angular, respectively. Metamorphic lithics were mostly sub-rounded (gneiss), and
from angular to sub-rounded (phyllites). Among the heavy minerals found, most of the
garnets preserved the habitus. Some grains appeared from well-rounded to angular.
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Figure 22. Roundness of sand grains (TB01: blue histograms; TB09: orange histograms). Acronyms.
VA: Very angular; A: Angular. SA: Sub-angular. SR: Sub-rounded. R: Rounded. WR. Well-rounded.

The roundness of the beach pebbles and cobbles as well as those of the Messina
Formation were mostly rounded.
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Technofossils, mostly construction rocks, bricks, and tiles, appeared mostly well-
rounded. The glass was mostly well-rounded and in part angular or broken.

The ACMs found in the beach were mostly well-rounded. Angular fragments of ACM
were found in an illegal micro landfill intercepted on the backshore and in the winter berms
interfering with landfills of demolition wastes individuated near a public resort in front
of the Ionian coast in Torre Faro [24]. Analogously, angular fragments were found in the
winter berms interfering with landfills of demolition wastes, out of the reserve in the Ionian
coast, near the mouth of the Annunziata stream, at Parco Sabin (Figure 23).

Figure 23. (a,b) View of the Ionian Sea-wards facing slope of the landfill with construction and
demolition wastes present south of the mouth of the Annunziata stream, at Parco Sabin. (c,d) Angular
fragment of ACM. (e) Sub-angular fragment of ACM in the alluvial deposits at the Annunziata mouth
stream. The yellow triangle marks ACM. See Figure 1 for the localization of the Annunziata stream.

7. Discussion
7.1. Petrographic Features

There are few published data on the petrographic and textural characterization of the
Messina modern beach deposits. Cape Peloro’s beach sand petrofacies were quartzo-lithic
sands, being mainly composed of metamorphic grains of quartz (50-60%), monomineral
opaque, plagioclase, k-feldspar, and almandine garnet grains, and metamorphic lithics
(40-50%, mainly composed of polymineral quartz + microcline, quartz + plagioclase,
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quartz + biotite, quartz + muscovite grains) (Figures 4, 5 and 7). These minerals were
mostly the same as those identified by means of XRD in the modern silts collected in the
Messina Strait sea floor [54] (area stretched from the Cape San Ranieri to Cape Scaletta).
Notwithstanding, the mineral percentages in the study sands were very different, presum-
ably because of the different grain size. Indeed, the sea floor finest deposits were mostly
mica-rich.

The modern beach deposits were largely monocyclic, reflecting detritus mostly deriv-
ing from crystalline (igneous and metamorphic) basements. These results were consistent
with the geological features of the areas including the hydrographic basins facing the
CPU “Cape Rasocolmo—Cape San Ranieri” recently reported in the PRCEC project [48],
where the beach deposits fall down (Figure 2b). Indeed, the present results together with
preliminary data on heavy minerals (Figure 5) should suggest a provenance for the beach
mobile sediments, from orogenic sources with high- to medium-grade metamorphic rocks.
In particular, the beach sand grains of almandine garnets preserving relics of cleavage
systems could originate from the Aspromonte Unit still widely exposed in the northern
edge of the Peloritani Mountains (Figure 1).

Differently, the coarsest materials (pebbles and cobbles, Figure 8) of the beach deposits
could derive from the cannibalization of the underlying lower to middle Pleistocene SGMF
(Figure 3). Indeed, clasts of pinkish and grayish porphyroids (Figure 8f,g) present in the
beach deposits are similar to those of the SGMF, widely exposed in the surrounding areas.
The origin of the beach pebbles and cobbles from the underlying layers is a common
phenomenon usually observed. Differently, the gneiss, augen gneiss, and granitoids
forming the beach pebbles and cobbles, being present in both the crystalline rocks of the
Aspromonte Unit and in the clasts of the SGMF, could originate from both of them.

Notwithstanding, an open issue persists for the pebbles of sericitic phyllites rich in
post-kinematic andalusite (Figure 8e) found in Cape Peloro, because a possible source
is actually unknown to the author in the basements of the Peloritani Mountains. These
rocks could belong to the highest layers of the Aspromonte Unit of the Calabria—Peloritani
Arc or to the lowest basement of the Stilo Unit exposed in Calabria (pers. comm. of
Agustin Martin—Algarra). It may be of interest that similar rocks are typical Variscan
metamorphites belonging to the Benamocarra Unit in the Betic Cordillera (Spain) [55]. The
source areas could be different and complex to identify, because the studied metamorphic
lithics could be also cannibalized clasts deriving from different Miocene to Pleistocene
siliciclastic sequences of the Calabria—Peloritani Arc.

7.2. Textural Features
7.2.1. PSA Data

The PSA and statistical parameters of the studied modern beach sands, analyzed
during winter 2023-2024, indicate that they mainly consisted of moderately to moderately
well-sorted (Table 1) sands and gravelly sands, with medium to coarse particles. Analo-
gously, also the silty contents of the sands were moderately sorted (Table 2). The statistical
data on sands were in agreement with those reported on the beaches falling in the same
study area [48].

Among the studied beach gravelly sands, only one sample was poorly sorted and
polymodal with four modes (Sample TB08, Figure 14b). This significative variability was
also related to the presence in the sands of amounts of cartridges of illegal fireworks,
accumulated on the beach over several years.

7.2.2. Shape Parameters

The differences among the shape parameters calculated in the beach sands, peb-
bles, cobbles (BSPC), and technofossils (BT) allowed the author to distinguish them into
two different groups. Indeed, the E (Figure 18) and F (Figure 19) parameters were highest
in the BSPC and lowest in the BT. The E average values were >0.72-0.76 and <0.72-0.76 in
the BSPC and BT, respectively (Figure 18), whereas F was >0.35-0.54 and <0.35-0.54 in the
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BSPC and BT, respectively (Figure 19). The lowest average values of E and F were found
exclusively in the ACM, as reported in [24]; indeed, E and F were 0.66 and 0.10, respectively.
Consequently, as observable in the Zingg diagram (Figure 20), the shapes of the BSPC were
mostly from oblate to equant, whereas the shapes of the BT were mostly from bladed to
oblate. Analogously to E, the average values of the Riley sphericity analyzed in the beach
pebbles and cobbles were higher than in the technofossils (Figure 20).

7.2.3. Average Roundness

The average roundness was elevated (mostly well-rounded and very well-rounded) in
all the coarsest materials, natural or anthropogenic (Figure 21). The elevated roundness in
the beach pebbles and cobbles (Figure 8), especially the pinkish and grayish porphyroids,
could be related to the previous roundness acquired by these clastic particles, part of them
being cannibalized rocks from the Pleistocene GSMF. The elevated roundness observed in
the technofossils mostly depended on their mechanical behavior, the materials involved
being soft, notwithstanding the times of transport being much lower, starting most likely
post-World War II. Differently, the average roundness was low in the beach sands, notwith-
standing their age. In this case, the angular aspect of the most diffused quartz grains
could be directly correlated with the pervasive fractures affecting these grains. This brittle
deformation, mostly observed in the quartz grains, could be enhanced by the high energy
associated with the drift of the mobile sediments and the particle impacts acting during
their transport from the streams to the sea.

The origin of the evident differences in the other main shape parameters observed
in the beach pebbles—cobbles and technofossils (Figures 9-12) depended on the original
shape of the technofossils, being platy in the natural rock slabs for construction (mostly
limestones), bricks, tiles, glass, and ACM, and on composition.

7.3. Hazardous Human-Environmental Relationships

Different concentrations of inorganic anthropogenic wastes were found to be associ-
ated with the beach deposits studied in the Tyrrhenian and Ionian beaches. The impressive
amounts of hazardous and non-hazardous wastes detected on the Ionian beaches of the
Torre Faro locality (Figure 3) evidenced a real ruin, particularly serious falling these beaches
into an oriented natural reserve (zone B) and Special Protection Sites, facing into the
Messina Strait, a place unique for the beauty of its landscapes and environmental value.

On the Tyrrhenian side, these materials, in order of abundance, were (1) non-hazardous
waste made up of bricks, tails, natural rock slabs, and cement (European waste code—CER—
170101-03), (2) non-hazardous waste formed of glass (CER 170202), and (3) hazardous
waste of ACM (CER 17 06 05*), whereas on the Ionian side, the amount of ACM was much
higher and represented the second most abundant waste [24].

The different textural parameters distinguishing the BSPC from the BT represent a
significative signature for distinguishing the composition of the natural beach materials
from the anthropogenic ones, as well as the different source areas, transport modalities,
and time—space evolution.

The peculiar shapes, ornamentations (threads), and colors indicated that the remnants
of bricks, tails, slabs, cement (Figure 11), and ACM represented construction and demolition
materials, whereas the fragments of glass (Figure 10) could indicate that waste mostly
derived from glass bottles of water and beer. Special attention was devoted to individuating
the origin of the hazardous waste represented by the ACMs on the basis of their aspects
(Figure 12). The evidenced characteristics suggested that the waste mostly derived from
eternit slabs for roofing (diffused today in the territory often without any incapsulating
paints), water tanks, or tubes (Figure 12f).

The finding of marine encrustations (Figure 12g) grown on previous lichens suggested
that part of these materials, after their long stay in continental areas, was also stationed
for different years in shallow marine waters, before returning onshore because of the sea
waves and winter storms.
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The sea-wards and land-wards high mobility of part of the ACM could be dependent
on its light specific weight. Notwithstanding, most of the ACM, having very flat shapes,
was favored for a long stay on the beach, determining over time a progressive increasing
percentage with respect to the igneous and metamorphic pebbles and cobbles. Particularly,
the elevated roundness of bricks and ACMs testified to significative abrasion processes
due to the marine dynamics. The ACM surfaces were very abraded with well-exposed
crocidolite and chrysotile fibers. The exposure to the atmosphere of asbestos fibers may
represent a danger for the health of humans and non-human organisms. An analogous
issue may be found in the direct contact of humans with the asbestos fibers or their transfer
onto footwear, clothing, or beach towels. Due to the high amounts of ACMs on the Ionian
coast, this risk is more elevated in the Torre Faro beach where numerous fisher boats are
usually moored.

Differently, the angular fragments of ACM were found in the study area in an il-
legal superficial micro landfill and along the winter berms affecting the beach deposits
and underground landfills or abandonments of demolition materials. The illegal landfill,
discovered on the Ionian Sea side, was evident because it was eroded by the energy of
the waves during sea storms, notwithstanding the important natural defensive action for
contrasting the significative coastal erosion exerted by beachrocks. Angular fragments of
ACM were also found out of the reserve, about 10 km south, near the Messina town, both
on the mouth of the Annunziata stream and along the Ionian Sea-facing slope of the urban
park (Parco Sabin) surrounding the right side of the stream (Figures 1 and 23). The park
area, used as a landfill of demolition wastes presumably at least since the 1970s-1980s,
actually undergoes a strong coastal erosion [50,51] (Figure 23a,b), especially during winter
storms, responsible for delivering waste and ACMs into the Ionian Sea.

The source areas for the well-rounded ACMs found in the studied Cape Peloro beaches
could have at least four different origins:

i Possible landfills widespread in the intensively urbanized coastal areas.

ii. Direct abandonment in the coastal area.

iii. Direct abandonment in the streams.

iv. Activities to counteract the erosion/lack of sediment affecting this sector of
the coast.

A worrying new recent report described non-conforming materials being used for the
contrast of the erosion of a sector of the Ionian coast and the related infrastructure (parking
areas), damaged in these last years by wave action. These materials, notwithstanding
certification, appeared full of tiles, plastics, and wastes in general [56]. The construction
site was seized by the judicial police.

The ACMs were particularly abundant in the Ionian beaches of Messina [24], presum-
ably because the highly urbanized coasts were vulnerable to winter storm action and or
coastal erosion (Figure 2a). After their disposal, these materials underwent processes of
removal, modeling, and roundness. The average sea wave directions, reported by remote-
sensing analyses on satellite imagery [57] and by the PRCEC project [48], were responsible
for the actual drift of the mobile sediments, including ACMs, parallel to the Ionian coastline
and mostly NE-wards (Figure 2b).

A temporal analysis on the ACM contamination of the study coasts is underway,
notwithstanding preliminary historical information, provided by interviews with old civil
workers, reported that part of the Messina Ionian coasts, from S to N of the city center,
could experience the uncontrolled abandonment of demolition materials, ACMs included,
since the 1970s.

As regards the Tyrrhenian coast of the study area, the amount of ACM was significative
but in minor amounts with respect to the Ionian side, as reported in previous research [24].
It must be underlined that the area being less impacted by the urbanization could have
the benefit of a lower anthropogenic stress. In this case, the (ii) and (iii) origins could
nourish the sediment drift, parallel to the coast and mainly directed east-wards (Figure 2).
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Preliminary surveys made during a storm event, west-wards, out of the reserve, at the
Cape Orlando beach (about 80 km west of Cape Peloro), indicated an absence of ACM.

It must be evidenced that other hazardouswastes present locally in the Cape Peloro
reserve are represented by the cartridges of fireworks abandoned on the beach. Indeed,
in general, there is a growing phenomenon of exploding fireworks during private parties
in nightclubs, usually at midnight [58]. In the present case, the cartridges were found
on the beach. These unauthorized activities, beyond causing acoustic pollution (with
consequent inconveniences for human and non-humans), simultaneously created several
illegal abandonments, being cartridges expensive to dispose.

8. Conclusions

The unsuccess of the reclamation activities carried out in these years in different Italian
regions (Sardinia) [59] evidenced that the simple manual removal of ACMs from the beach
or the remobilization of sands by means of mechanical excavators cannot be sufficient
actions for contrasting or solving this growing problem. Marine coastal plains and beaches
are complex dynamic systems that actually may be strongly modified by erosion and
accretion phenomena. Consequently, ACMs being included in the beach deposits and
also coming from submerged areas [24] evidently cannot be eliminated in such a simple
way. Effective reclamation activities of ACM-contaminated environments should consider
several different crucial aspects for providing permanent results. Three of them should be
the main pillars of conceptual models at the base of possible reclamation activities:

i The extent of the contaminated beach deposits (in surface and depth).
ii. The source of the contaminant sources.
iii. The main mechanisms responsible for the contaminant dispersion.

As regards the epidemiological issue, according to the VII report of the Italian national
mesothelioma registry of 2021, there are 31,572 (calculated according to the number of
villages) cases of mesothelioma in the country [24,60]. The origin of the exposure is
unknown for 17.4% of the national cases. Among these, the populations of Messina,
Catania, and Palermo show the highest incidence of mesothelioma with respect to the
Sicilian region [24,60]. Notwithstanding, it must be underlined that actually there are no
epidemiological and environmental data inferring the unknown exposure mesothelioma
cases in Messina to the ACMs found in the beaches. Indeed, the unknown exposure
to asbestos fibers could be dependent on the ACMs present on the beaches, as well as
on other sources such as asbestos present in the roofs of old houses or in working sites.
However it may be, due to the long time to manifest asbestos-related disease, the incidence
of mesothelioma should decrease with an age-standardized rate of 20-40 years [24,60].

On the basis of the above, for a protection precautionary principle, competent organi-
zations for the protection of the human and animal health and environment should pay
attention to this growing phenomenon of environmental contamination.

It is desirable that the research presented here, together that reported in [23,24], may
provide to other scientists, as well as to managers, politicians, and officials, effectual scien-
tific data for correctly planning the following in the future: (i) efficient removal and recla-
mation activities for limiting possible health and environmental damages, (ii) regulatory
measures, and (iii) guidelines to prevent further contamination.
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