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A B S T R A C T   

This paper is focused on the field-evidence of environmental hazard associated with flood events in highly 
contaminated marine coastal areas. The Crotone site (Ionian Sea), in the 1900s hosted a large industrial set-
tlement (with the largest plant in Europe of zinc production, phosphorus manufacture, etc.) which left a severe 
legacy of environmental pollution. Here, we report the results of an investigation related to the distribution of 
heavy metals (Zn, Pb, Cd, Cu) in 230 sediment cores that allowed a detailed reconstruction of the contamination 
due to the discharge at sea of industrial wastes deriving from the Zn-sulphides leaching processes. High con-
centrations of heavy metals (e.g., Zn > 5000 mg kg− 1) accumulated in sediments of the seabed along coastline, 
exposed to the fluvial and coastal dynamics, act as a potential long-term source of pollution for the marine 
ecosystem. Fingerprints of historically flash flood events evidenced in two 210Pb dated sediment cores suggest 
that these catastrophic events played a crucial role in the land-to-sea transferring (and sequent dispersing effects) 
of highly polluted sediments. Anomalous depositions of heavy metals-rich sediments in the offshore system (4–6 
km from the coastline) testify secondary contamination due to mobilization and redistribution of old contami-
nated sediment due to flood events. These interactions between natural and anthropic hazards trigger cumulative 
mechanisms of multiple-pollution and transfer of contamination from polluted nearshore to offshore nearly 
pristine areas trough main canyon axes.   

1. Introduction 

The exponential growth of the world economy over the last 70 years 
exposed coastal areas to significant pressures, as combined effects of 
increase of urbanization and development of infrastructure and indus-
trial plants, such as refineries and chemical and steel factories. Several 
Mediterranean coastal areas currently witness the legacy of this 

economic growth with large volumes of wastes deposited in extensive 
landfills and near-shore dumps. Most of the contaminants derived from 
these industrial activities affect the aquatic environment, its ecosystem 
and the marine sediments which represent the final sink and a potential 
secondary source of highly toxic, generally persistent, and bio-
accumulative pollutants (Kowalewska et al., 2011; Bonsignore et al., 
2013; Salvagio Manta et al., 2016; Ausili et al., 2020). The conventional 
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approach to assess environmental pollution is mainly focused on 
detailed analyses of contaminants in sediments, seawater and biota from 
specific contexts (e.g., Borch et al., 2010), without considering com-
bined effects potentially triggered by geomorphological/geological 
components (presence of river mouths, highly variable hydrological 
regimes, instability of slopes and lands, high runoff capacity, etc.) that 
could be strictly associated to natural risks (earthquakes, floods, land-
slides, tsunamis, etc.) and potentially produce multi-hazard effects and 
amplified hazard chains (e.g., Massarra et al., 2019). For instance, the 
supply of sediments by rivers represents a primary pathway of pollutants 
from land to the sea (e.g., Viers et al., 2009). This could be significantly 
amplified during flash flood events with an exponential effect of surface 
soils mobilization and transfer in the marine environment (Ollivon et al., 
1999; Velasco et al., 2006; Sicre et al., 2008; Martínez-Santos et al., 
2015; Irabien et al., 2019). In the Mediterranean region, flash floods 
represent an important contribution to particulate inputs to the sea, 
although only a few studies have explored mechanisms of mass transfer 
and dispersion of contaminants from land to the sea under these con-
ditions (Marín-Guirao et al., 2007; Bradley et al., 2010; Roussiez et al., 
2011; The MerMex Group, 2011; Oursel et al., 2014). 

This research deals with the case study of the Crotone marine coastal 
area (Southern Italy, Ionian Sea) where the interferences between 
environmental contamination and high-energy floods were accurately 
documented, thus offering a good example of multi-hazard impact. A 
multi-proxy sedimentary investigation, including sedimentological, 
mineralogical, geochemical (heavy metals) and isotopic (210 Pb, 137Cs, 
40K, 226Ra) tools, has been achieved to reconstruct the contamination 
status of the Crotone coastal area and to examine the extension of the 
marine pollution as consequence of remobilization and dispersion of 
highly contaminated sediment caused by from flood events. The results 
highlight a systematic amplification of the environmental damage 
caused by remobilization and relocation of polluted sediments in 
offshore distal areas. Flood events will likely increase in the upcoming 
decades due to global climate change (Alfieri et al., 2017; Arnell and 
Gosling, 2016) and the damage caused by floods may increase up to 
20-fold by the end of the century especially along coastal areas (Win-
semius et al., 2016). Consequently, polluted marine sediments could be 
transported, by intensive flooding events, in highly delicate marine 
environments and negatively affect wildlife and biodiversity in the deep 

sea system. 

2. Study area 

The study area represents the easternmost emergent sector of the 
Calabrian arc, which belongs to the Calabrian subduction system and is 
related to the opening of the Tyrrhenian Sea Basin. Crotone is located on 
the Ionian Sea (Calabrian Region, Italy; Fig. 1A) and is part of the ho-
mologous Basin, which represents the upper Neogene-Quaternary fore-
arc basin of the Ionian arc-trench system, generated by eastward 
rollback of a west-dipping subduction zone associated with extension in 
the Tyrrhenian back arc basin (Bonardi et al., 2001; Zecchin et al., 2004; 
Massari et al., 2010). Due to its tectonic activity (Zecchin et al., 2020), 
this area is characterized by long-term uplift (Ferranti et al., 2009) 
testified by the exposure of flight of marine terraces (Zecchin et al., 
2004) and by the emerging submarine canyon head (Zecchin and Caffau, 
2020). This resulted in a generalized over steepening that triggers a 
diffuse slope instability ranging from small (Confuorto et al., 2015) to 
large scale effects (“mega landslide”; Zecchin et al., 2018). The 
geological facies are progressively younger eastward in the study area 
(from the Sila Massif to the Holocene fluvial basins; Fig. 1B) with a 
dominating left-lateral striking system that constraints the tectonic 
evolution of the area (Fig. 1B), while the whole easternmost sector 
shows a prevailing eastward oriented reticulate stream (Fig. 1C). The 
Crotone Basin is a depocenter essentially filled by. 

Serravallian to Pleistocene deep marine pelitic sediments and by 
arenaceous-conglomerate also arising from marine terraces (Roda, 
1964; Fig. 1B). The Neto and Esaro (Fig. 1A–C) are the most important 
rivers in the area, feeding the Deep Ionian Basin trough the Neto-Lipuda 
and Esaro submarine Canyons (Rebesco et al., 2009; Fig. 1A). Further-
more, among the river streams the Passovecchio Stream can be period-
ically characterized by relevant discharges specially during alluvial 
events (Fig. 1D). The lithogenic supply of the Neto River is mainly 
constituted by quartz-feldspar sands because the upper drainage system 
flows on the plutonic (granite) and metamorphic (gneiss) rocks of the 
Sila Massif, locally covered by thick weathering profiles (Messina et al., 
1991; Le Pera et al., 2001; Fig. 1B). The Esaro drainage system involves 
only the Plio-Quaternary sediments of the Crotone Basin where litho-
genic supply contains mainly silicoclastic and carbonate fraction (Roda, 

Fig. 1. Location map of the study area. A) Digital Terrain Model and location of the main river basins (Neto, Esaro), canyons (Neto-Lipuda and Esaro) and of the KR3 
and KR13 sediment cores; B) Geology of the Crotone promontory (modified after Zecchin et al., 2020); C) Reconstructed streamlines of the Neto and Esaro Rivers and 
of the Neto-Lipuda and Esaro Canyons.; D) Location map of the sampling stations used for geochemical characterization of the area. Dotted line divides the offshore in 
the northern sector (N) and the southern sector (S). Vectors report reconstructed slope directions. The two bold arrows indicate the main directions of Neto-Lipuda 
and Esaro Canyons. 
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1964; Zecchin et al., 2012, 2020; Fig. 1B). Morphological features of the 
bottom sediments were reconstructed by Digital Terrain Model (DTM; 
Fig. 1) derived by joining topographic and multibeam data (EMODdnet 
data-centre, Fig. 1). The main DTM frame shows ca. 260 km2 at 50 m 
grid cell size (Fig. 1A), ranging from 1870 m to 2000m of depth. The 
Esaro and Neto Rivers and the easternmost marine canyons linked to the 
Crotone Cape (i.e., Esaro and Neto-Lipuda; Rebesco et al., 2009) have 
been also indicated (Fig. 1A). 

An intensive metallurgical activity of zinc purification by applying 
roast-leach-electro-win technique from Zn-sulphide compounds (Mon-
hemius, 1980), was active in the Crotone area between the 1930s and 
the 1990s. Huge amounts of tailings, mainly containing ferrites of zinc, 
lead, cadmium and copper (deposited on land and discharged at sea) 
represent a critical legacy of this industrial activity. An additional 
chemical plant of phosphorous production generated important radio-
active wastes (e.g., phosphogypsum, Ca-metasilicates) containing 
Naturally Occurring Radioactive Materials (NORM) (IAEA 599, 2013). 
Furthermore, since 1996, a new chemical factory dedicated to produc-
tion of zeolite detergents was added to the industrial compartment of 
Crotone. In the ‘90s all the industrial activities (except for that con-
nected to zeolite detergents) were definitively closed. 

This industrial complex is placed near to the mouth of the Esaro 
River which, along with the Passovecchio stream, has seen several 
events of flash floods and overflowing causing destructive impacts on 
land often with casualties. Major effects have been reported for several 
historical flood events in 1954, 1957, 1959, 1976 and 1996 (Petrucci 
et al., 1996, 2012; Petrucci and Dodaro, 1998; Mendicino, 2006; Canale 
et al., 2020). In particular, the most recent flash flood in 1996 has been 
reported as highly destructive and caused relevant damages to several 
compartments of the industrial plant and the near town (Macchione 
et al., 2019; Costabile et al., 2020). 

3. Materials and methods 

3.1. Sampling 

Four sediment sampling surveys (Fig. 1D) were carried out in the 
study area: i) in 2006 (DTS06) in the marine area in front of the in-
dustrial plant; ii) in 2007 (DTS07), within the Crotone harbor area; iii) in 
2009 (DTS09), in the sectors facing the Esaro and Passovecchio river 
mouths and offshore within ~4 km from the coast; iv) in 2017 (DTS17), 
in the offshore within ~4 km from the coast (Fig. 1D), but also at dis-
tance from the coast of ~6 km (depth of 70 m) at the head of the Esaro 
canyon system (KR3 sediment core, Fig. 1A and 1D) and at a distance 
from the cost of ~19 km (depth of 369 m, KR13, sediment core; Fig. 1A). 

The sediment cores collected in 2006 (DTS06) and 2009 (DTS09) 
were sampled by the ‘Delegate Commissioner for Environmental Emer-
gency in the Calabria Region’ and by the Regional administration, 
respectively; the 2007 cores (DTS07) were collected by the ‘Reggio 
Calabria Civil Engineering Maritime Works’. All the sampling activities 
(in 2006, 2007 and 2009) used a vibrocorer with internal liner, to avoid 
cross contamination and collected a total of 73, 54 and 103 sediment 
cores, respectively. The sediment cores from the harbor area (DTS07) 
were sub-sampled at levels of 0–20 cm, 30–50 cm, 100–120 cm and 
180–200 cm, for a total of 186 samples. The sediment cores from the 
coastal and offshore areas (DTS06 and DTS09) were sub-sampled at 
0–10 cm, 10–30 cm, 30–50 cm, 100–120 cm and 180–200, for a total of 
230 and 462 samples, respectively. 

The 2017 sediment cores (DTS17) were collected by the Institute of 
Anthropic impacts and Sustainability in the marine environment of the 
Italian Research Council (IAS-CNR) using a 60 cm cylindric box-core 
sampler. They consisted in i) 18 cores ranging in length between 6 
and 38 cm, sliced at 1–2 cm intervals and for a total of 205 samples and 
ii) two longer cores KR3 (35-cm long) and KR13 (42-cm long) sliced at 1 
cm intervals for a total of 76 samples. 

3.2. Grain size analysis 

Grain size measurements were carried out in all the collected cores 
(DTS06, DTS07, DTS09 DTS17) to characterize main sedimentary pro-
cesses in the study area. All samples were treated with a solution of 
hydrogen peroxide (30 w/v – 100 vol%) and distilled water (1:4) for 24/ 
48 h to remove organic matter, then washed for eliminating salts. Grain 
size for DTS06, DTS07 and DTS09 was previously wet-separated into 
coarser and fine fractions; then analyzed by ASTM series sieves (>63 
μm) and X-ray sedigraph (<63 μm). Grain size analyses for the DTS17 
samples were carried out using a Horiba Partica LA-950V2 laser 
granulometer. 

3.3. Mineralogical and SEM analysis 

Bulk sample mineralogy was performed on selected samples of 
DTS17, as representative of the coastal and offshore sector, in order to 
assess the main sources of sediments in the study area. Dried (T = 50 ◦C) 
and powered samples were analyzed by X-ray diffraction (XRD) using a 
D8 Discover Bruker, equipped with a Sol-X detector, Cu–Kα radiation 
and a scanning speed of 2 2◦ϑ/min. The semi-quantitative analysis of 
minerals was performed according to the methods and data reported in 
Schultz (1964) and Barahona et al. (1982). For SEM observation, the 
untreated aliquot of sediment was mounted on aluminum stubs, sputter 
coated with gold and observed under a Scanning Electron Microscope 
(SEM) EVO MA 10 ZEISS equipped with an EDS Bruker Quantax 200 
detector. 

3.4. Heavy metals analysis 

The analysis was performed on all the cores (DTS06, DTS07, DTS09 
DTS17). Heavy metals analysis on samples of DTS06, DTS07 and DTS09 
was carried out by previous microwave-assisted digestion with a 
mixture of concentrated hydrochloric and nitric acids (EPA 3050, EPA 
3051A). They were then measured according to different EPA methods 
(EPA 6020, EPA 200.8) which involved Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) or atomic emission spectrometry (ICP- 
AES). Heavy metals were analyzed on the < 2 mm fraction and no 
normalization to different grain size fractions was adopted. 

Sediment samples of the DTS17 were dried at 35 ◦C, ground and 
homogenized in an agate mortar to a fine powder. For metal de-
terminations, ~0.20 g of dry sediment was digested with an acid 
mixture: nitric acid (67% w/v), hydrochloric acid (37% w/v), hydro-
fluoric acid (40% w/v) and boric acid in a ratio of 3:1:1:5. The acid 
mixture and sample were introduced into a closed teflon vessel (EPA 
3052 and EPA 6010D methods) and subjected to digestion using a 
DISCOVER SP-D80 microwave oven (CEM Corporation). Sample solu-
tion and reagents blank for total TM, were analyzed by Inductively 
Coupled Plasma-Optical Emission Spectrometer (iCAP 6000, Thermo 
Scientific; US EPA, 2014). 

The accuracy estimated to be ~94–106% and the precision 
(routinely better than 7%; RDS%, n = 3) of the analytical procedures 
have been checked by applying to the Reference Standard Material 
(PACS-2, Marine Sediment Reference Materials for Trace Metals and 
other Constituents- NRC-CNRC). Finally, duplicate samples (about 20% 
of the total samples) were analyzed to estimate the reproducibility 
(better than 94%). Finally, results are reported as mg kg− 1 dry weight (T 
= 105 ◦C). 

3.5. Radiometric analysis 

Radiometric analysis were carried out only in samples from DTS17 to 
quantify Naturally Occurring Radioactive Materials (NORM) in surficial 
sediments and establish the geochronology in the KR3 and KR13 sedi-
mentary cores. Radiometric analyses were performed by gamma spec-
trometry at ENEA Marine Environment Research Centre. Each sample 
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was counted for 2–3 days on high-purity germanium detectors, with 
carbon fiber window for low energy gamma ray’s detection. The de-
tectors have an efficiency of 60% and a resolution of 2.2 keV at the 1.33 
MeV 60Co gamma emission. The calibrations for 238U series radionu-
clides, 40K and 137Cs were performed using CANMET (CANada centre for 
Mineral and Energy Technology) reference standard DL1a, IAEA refer-
ence standard RG K-1 and multi-elemental Eckert & Ziegler Analytics 
reference standard QCYA48, respectively. Quality controls are routinely 
realized by analyzing standard reference materials of the International 
Atomic Energy Agency (IAEA-385). Detector blanks are monthly 
determined from measurements performed on empty sample containers 
over a few days. Detection limits were calculated according to Currie 
(1968), considering a “well-known” blank: where measurements are 
indicated as 0, the detection limit is reported instead of uncertainty. 
Sample self-absorption of the low-energy 210Pb gamma (47 keV) by the 
calibration standard and sample is made using the method of Cutshall 
et al. (1983). 226Ra is determined by averaging the calculated activities 
from daughters 214Bi and 214Pb. 226Ra and 40K have long half-lives, 
hence are considered constant. 210Pb dating method has been widely 
used for establishing geochronology in marine sediments on time scales 
of ~110 years, compatible with 210Pb physical half-life. This method is 
based on the decay of the unsupported 210Pbex fraction (equal to the 
total 210Pb concentration minus the concentration of 226Ra) inside the 
sediment, and it must always be verified using an independent time 
marker (Smith, 2001). For this purpose, a radionuclide frequently used 
is the 137Cs, an artificial radionuclide that has been introduced in the 
environment mainly during the nuclear bomb testing in atmosphere and 
had its maximum release just before the Treaty Banning Nuclear Weapon 
Tests in the Atmosphere, in Outer Space, and Under Water (1963). Among 
the typically used dating models based on 210Pbex profiles, the Constant 
Flux - Constant Sedimentation (CFCS) dating model (Sanchez-Cabeza 
and Ruiz-Fernández, 2012; Krishnaswamy et al., 1971; Appleby and 
Oldfield, 1983)) was applied on KR3 sediment core, assuming a constant 
flux of 210Pbex at the sediment-water interface and a constant Mass 
Accumulation Rate (MAR, g cm− 2 y− 1). Since this model is based on 
210Pbex concentration, data have been normalized to pelitic (silt + clay) 
fraction before fitting. The 137Cs specific activities have been normalized 
to the same fraction to identify the layer corresponding to 1963. On 
KR13 sediment core the Constant Rate of Supply (CRS) model was 
applied (Appleby and Oldfield, 1978; Robbins, 1978), since the 210Pbex 
trend suggests that the MAR is not constant. Since this method uses the 
inventory of 210Pbex under a given layer to determine its age, no age can 
be assigned to layers deeper than the “equilibrium depth”, where 210Pbex 
reaches the zero value. Dating models have been applied using the mass 
depth scale (g cm− 2) to compensate possible effects of sediment core 
compaction. 

3.6. Statistical analysis 

Distribution maps were generated for heavy metals based on a vector 
layer core locations to synthesize the main information from the huge 
available datasets. The heavy metals concentrations were interpolated 
in QGIS 3.14.16 using RST (Regularized Spline with Tension) method, 
described by Mitášová and Mitáš (1993). The interpolation reports a 
buffer area with a fixed distance of 1 km from sampling sites. 

4. Results 

4.1. Grain size and mineralogy 

The grain size distribution of the analyzed samples is reported in the 
Shepard diagram (Fig. 2A). The sediments along the coastal sector and in 
the northern offshore sector (DTS06, DTS09, DTS17; Fig. 1D) are mainly 
characterized by sands (average value 80%; yellow ellipse in Fig. 2A). 
The sediments in the outer sector of the harbor, close to the mouth of the 
Esaro River, and in the southern offshore sector (DTS07, DTS09, DTS17; 
Fig. 1D) principally consist of silty sands and sandy silt (red ellipse in 
Fig. 2A), except for some cases where clayey-silt grain size occurs. In the 
southern offshore sector, some DTS17 cores (16, 17, 29, 30) show yellow 
sands (95–100%) with unconsolidated facets and lack of silt and clay in 
the topmost levels (Fig. S1) in contact with the underlying silty sedi-
ments (Fig. S2). 

The harbor area (DTS07, DTS17; Fig. 1D) is mainly characterized by 
silt-clayey sediments that change to sandy or sandy-silt with depth (blue 
ellipse in Fig. 2A). Thus, an evident sedimentological dissimilarity 
emerges between the northern sector, characterized by prevalent sandy 
sediments, and the southern sector with silty and clayey deposits 
(Fig. 2A). This primarily suggests a predominant contribution of 
terrigenous supply from the Esaro River (Fig. 1D). 

The mineralogical features (Figs. 2B and 2C) of the dark to grey sands 
in the northern offshore sector mainly consist of quartz (21–35%; mean 
26%), K-feldspar (17–30%; mean 27%), albite (18–45%; mean 29%) 
and, secondarily, muscovite (13–23%) and calcite (2–5%, mean 4%). 
The silty sands in the southern sector shows similar mineralogical 
composition even if the K-feldspar (2–40%; mean 13%) and albite 
(3–17%; mean 9%) decrease whereas percentages of calcite increase 
(4–13%; mean 10%); also clay minerals are present (8–48%; mean 
12%). Calcite (15–21%; mean 17%) and clay minerals (28–36%; mean 
30%) together with quartz (19–24%; mean 20%) become primary con-
stituents in the clayey silt sediments, while the feldspars are absent or 
only accessory minerals (<5%). K-feldspar (mean 64%) and quartz 
(mean 19%) dominate the mineralogical composition of the topmost 
yellow sandy layers with minor percentages of albite (mean 8%) and 
calcite (<3%). 

Fig. 2. A) Grain size of DTS06, DTS07, DTS09 and DTS17 sediments in the Shepard’s diagram (1958). Blue ellipse includes samples from the harbor area; Red ellipse 
includes samples from the area in front of the Esaro River and southern offshore sector; yellow ellipse includes samples from the northern coastal and offshore sectors. 
B) Mineral ternary plots. C) K-felspar-albite diagram includes southern sediments characterized by low albite percentages. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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The SEM-EDS analyses of some yellow sand samples revealed the 
presence of Ca-rich silicates with limited percentages of Mg and Fe 
(Fig. S3). Particularly, measured values of Si/Al>3 and Ca/Si > 1 
document a synthetic origin for feldspars (Si/Al = 1–3, Ca/Si < 0.6 for 
natural feldspar, according to Yang et al., 2014 and Liu et al., 2019). 
These Ca-silicates could belong to the zeolite series, reasonably artificial 
in origin, due to the high Ca contents and the presence of traces of Fe and 
Mg (Villa et al., 2010). 

4.2. Heavy metals 

4.2.1. Spatial distribution in coastal and offshore sectors 
The heavy metal concentrations (Cd, Cu, Pb, Zn) are reported in 

Table S4 and their distributions, at the different depths, are shown in the 
box-whiskers plots (Fig. S5). Normalization to Al was not applied as this 
element was an essential component of treatment processes of bauxite. 
The distribution map of Al shows, in the harbor area, a highly inho-
mogeneous pattern for the entire investigated sedimentary column thus 
supporting the hypothesis of a pervasive industrial contamination of this 
element (Fig. S6). Also, the approach to normalizing heavy metals 
concentration to grain size appears inappropriate due to the presence of 
nearly 100% sands in most samples, except for several sediments in the 
harbor area. 

The concentrations of heavy metals widely vary between 0.005 and 
82.40 mg kg− 1 for Cd, 0.05 and 297.50 mg kg− 1 for Cu, 0.40 and 
2659.20 mg kg− 1 for Pb, 2.80 and 22027.79 mg kg− 1 for Zn (Table S4). 
In Fig. 3 we reported the spatial distribution of Zn in the different 
sedimentary levels. The maps clearly show how the highest concentra-
tions (>5,000 mg kg− 1) characterize the internal harbor area and the 
coastal sector, in front of the mouth of the Esaro River, and identify 
sectors of major impact at sea (hereafter named ‘impact area’). The 
external area, which represents the rest of the investigated zone, shows 
significantly lower concentrations (<200 mg kg− 1), except for samples 
S105, S109, and S112 (30–50 cm) located in proximity of the outer dam 
of the harbor (Fig. 3b). 

The correlation matrix shows a strong covariance among Zn, Pb, Cd, 
and Cu (0.6<r < 0.8; p value < 0.05) reasonably suggesting analogue 
contamination pathways and sources (mainly related to the working 
processes on sphalerite minerals) reflecting leaching of source minerals. 
In the impact area, the heavy metals concentrations show a general 
decreasing trend along depth, with some exceptions documenting high 
values also in deeper levels (Fig. S5). 

4.2.2. Vertical distribution of heavy metals in the offshore DTS17 cores 
Most of the analyzed heavy metals show lower values in the cores of 

the northern sector than in those of the southern one (Fig. 4). In addi-
tion, also in 3 cores (29, 17, 16) values of the same order of magnitude of 
those found in the “impact area” are detected; the core 29 shows Zn 
values with averages of 400 mg kg− 1 in the interval 9–18 cm (Fig. 4) 
followed by a weak decreasing trend (172–335 mg kg− 1) in the interval 
5–8 cm (Fig. 4). In the topmost sediments, where the yellow sands are 
present (Fig. S2), Zn significantly drops to values comprised between 20 
and 31 mg kg− 1. The Pb concentration patterns appear reasonably like 
those of Zn with average values of 100 mg kg− 1 in the interval 9–18 cm 
followed by a sharp decrease in the upper sediments (Fig. 4). 

The patterns of Cd and Cu are well correlated to other metals and 
show the highest values at depth of 10 cm below the top (up to 3 and 34 
mg kg− 1, respectively). In the core 17 the Zn and Pb concentrations 
reach very high values (up to 1,374 and 366 mg kg− 1, respectively) in 
the interval 14–22 cm (Fig. 4). Similarly, Cd and Cu concentrations in-
crease in the deepest sedimentary levels where reach values up to 9 and 
49 mg kg− 1 respectively (Fig. 4). All the heavy metals strongly decrease 
in the topmost sediments, where yellow sands deposited (Fig. 4). In the 
core 16, at the deepest levels 10–25 cm, the Zn and Pb concentrations 
result to be elevated (up to 740 and 250 mg kg− 1, respectively). 
Following the same scheme of the two previous cores, a sharp decrease 

in heavy metals concentration is evident in the topmost sediments 
constituted by yellow sands (Fig. 4). 

4.3. Timing of contamination in the offshore cores KR3 and KR13 

4.3.1. Age model 
In the KR3 sediment core, depth-age was determined using the CFCS 

(Constant Flux - Constant Sedimentation) dating model, fitting the 
210Pbex data linearly, with variable uncertainties. The 210Pbex dating has 
been confirmed by the 137Cs trend, since the knee near the bottom of 

Fig. 3. Distribution maps of Zn in the DTS06, DTS07, DTS09 sediments at 0–20 
cm, 30–50 cm, 180–200 cm depths. The red dot line delimits the ‘impact zone’. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 4. Depth profiles of Cd, Cu, Pb, Zn in the DTS17 cores (northern and southern sectors).Core 29, 16, 17 present yellow sands in the topmost levels. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. A) Depth profiles of 210Pbex and 137Cs activities (Bq kg-1) normalized to the pelitic fraction through the KR3 core; B) Depth profile of sandy fraction through 
the KR3 core. 
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137Cs profile that marks 1963 (Buffoni et al., 2020) has been observed in 
the layer 16–17 cm (age 1965 ± 4; Fig. 5A). 

We have also applied the CRS dating model, but the “knee” age in 
137Cs activity profile results 1957 ± 2, without matching 1963. Only for 
CFCS dating model, 137Cs profile confirms the 210Pb dating. The 226Ra 
and 40K specific activities range around 26 ± 2 Bq kg− 1 and 720 ± 20 Bq 
kg− 1, respectively. 

In the KR13, the age has been determined using the CRS (Constant 
Rate of Supply) dating model. The 210Pbex dating has been similarly 
confirmed by the 137Cs trend. Having applied the CRS model, no age can 
be estimated for layers deeper than the equilibrium depth (19 cm 
Fig. S7A). The 226Ra specific activity ranges around 29 ± 1 Bq kg− 1, 
similarly to KR3 core. Since the same values are observed in layers older 
than the industrial age, it is possible to consider 28 ± 2 Bq kg− 1 as an 
average natural value in the area. The 40K specific activity ranges around 
720 ± 30 Bq kg− 1 as the KR3 core. 

4.3.2. Grain size and heavy metals 
The grain size distribution in the two sediment cores KR3 and KR13 

is dominated by silt (51–69%, and 55–58%, respectively) and clay 
(21–41% and 40–45%, respectively). The depth profile of sands in KR3 
core (Fig. 5B) shows two peaks at 7–8 cm (with a maximum of 12%) and 
at 12–15 cm (with. 

a maximum of 28%), that correspond (on the basis of the achieved 
age model) to the year 2000 ± 2 and to a period between the years 1972 
± 5 and 1980 ± 5, respectively (Fig. 5B). KR13, in contrast does not 
show evidence of specific trends with depth (Fig. S7). 

To mitigate the effects due to the grain size differences caused by the 
presence of rich-sand levels and to clearly evidence the increase of Zn, 
Pb and Cu contents related to the effects of contamination, we have 
normalized the metals concentration values to the finer grain size frac-
tion (silt + clay). In the KR3 core from the bottom to the top, the Znnorm 
exhibits an increasing trend with the highest values (Znnorm > 1.2) in the 
interval 13–21 cm, reflecting the extra-supply of Zn during the period of 

Fig. 6. Profiles of Cu, Pb, Zn normalized to finer fraction (silt + clay) and as total concentrations through the KR3 sediment core.  
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maximum industrial activity between 1949 and 1976 (Fig. 6). The 
relatively lower Znnorm values in the interval 10–13 cm (1975–1980) 
suggests a temporal reduction of Zn industrial production as reported by 
Sorrentino (2018). Finally, the lowest Zn background values (Znnorm <

1) below 28 cm (1904–1925) clearly document a time interval of 
pre-industrial activity (Fig. 6). The sharp peaks of Zn documented at 7–8 
cm (Znnorm = 1.1) and 12–15 cm (Znnorm = 1.6) coincide with the two 
peaks of sandy material and suggest input of coarse-grained sediment 
with elevated Zn concentrations (Fig. 6). Similar increasing trend in the 
interval 13–21 cm has been documented for Pbnorm and Cunorm, and 
coincides with the greater industrial activity (Fig. 6). However, high 
values of Pb and Cu in the lower interval of the core could reasonably 
document effects of historical mining activities present in the area 
(Larocca and Breglia, 2016). 

In the core KR13, from the bottom to the top, the Znnorm shows a 
relative increase of values (Znnorm > 1) in the uppermost sediments 
which, following the age model, records the chronological evolution of 
industrial activity in the interval 12–13 cm (1940; Fig. S8). Analogue 
trends emerge for Pbnorm and Cunorm with higher values above the in-
terval 12–13 cm (Fig. S8). However, the Pbnorm concentrations show a 
sudden increase at the interval 20 cm (Fig. S7) 

4.4. Naturally Occurring Radioactive Materials (NORM) 

NORM measurements on the surficial sediments (0–5 cm) in the 
offshore sector are reported in Fig. 7. The yellow sandy samples (black 
circle; Fig. 7) show lower 226Ra (average 8 Bq kg− 1) and higher 40K 
activities (average 900 Bq kg− 1) with respect to the natural background 
documented by dated pre-industrial levels from the cores KR3 and KR13 
(28 ± 2 Bq kg− 1 for 226Ra; 720 ± 30 Bq kg− 1 for 40K; red cross in Fig. 7). 
Differently, the 226Ra and 40K activities in the dark grey sands (blue 
circle; Fig. 7) result to be in good agreement with the average natural 
background. It is worth to note that the three records P4, P3 and 10 
document 226Ra values significantly higher than the other records again 
emphasizing hot spots of anthropogenic input (green circle; Fig. 7). 

5. Discussion 

5.1. Mechanisms of land-to-sea sediment transfer 

According to the streamlines derived by the DTM analysis (Fig. 8A), 
an overall eastward coastline sediment supply may be reasonably forced 
by the slope changes and morphologic boundaries that essentially con-
trols the sediment delivery from land. Differently, the lower slope values 
on the shelf (<0.5◦ down to − 20 m b.s.l. and ~1◦ down to − 70 m b.s.l., 
Fig. 8A) reduce the importance of the gravity-driven transport with 

respect to oceanographic factors such as wave regimes, marine currents, 
etc. (Flemming, 1981). Indeed, Iwasaki and Parker (2020) emphasized 
that these oceanographic factors may potentially be co-responsible, 
together with the sea-level changes, of the shelf emplacement. The Al 
distribution in surface sediments reveals a N–S onshore-to-offshore 
mechanism of sediment transport characterized by a limited 
oceanographic-driven mixing (Fig. 8A). In particular, a general eastward 
sediment transport can be inferred as the result of gravity-driven sedi-
ment supply that preserves the original difference in mineralogical and 
compositional contents from Neto and Esaro Rivers. The contribution 
from the Esaro River seems to be well-supported by evidence of 
increasing supply of clay minerals and calcite to sediments (Fig. 2B), 
reasonably fueling the marine deposits by the argillaceous rocks of the 
Argilla di Cutrò formation and the carbonate marine terraces charac-
terizing the Plio-Quaternary Esaro drainage system (Zecchin et al., 2012, 
2020; Roda, 1964; Fig. 1B). Differently, the quartz-felspathic composi-
tion of sediments from the northern sector (Fig. 2B) seems to well-reflect 
lithogenic fractions influenced by detrital inputs from the peri-Ionian 
land system (mainly Sila Massif) through Neto River (Perri et al., 2012). 

In addition, the estuarine morphology revealed by both the Passo-
vecchio (Fig. 8B) and Esaro (Fig. 8C) river mouths suggests a relatively 
low-energy (in correspondences of the barriers) and low-sediment sup-
ply settings. In particular, the Esaro estuarine morphology shows sedi-
ment features which reflect transgression events of marine water inside 
the river mouth (Fig. 8C). Shoreward of the breaking zone by wave- 
induced cross-shore sediment and longshore sediment transport 
emplaced the Passovecchio Estuarine (as it happens at a very large scale 
on the Senegal River Delta; Barusseau et al., 1998). The resulting Pas-
sovecchio Estuarine morphology, as well as the onset of across-track 
barriers and spits (FitzGerald et al., 2015; Fig. 2C) at the Esaro clearly 
indicate wave-dominated estuarine systems and an overall scarcity of 
sediment supply. 

All this suggests that most of the recent sediment supply on the shelf 
originates from flash floods from land and successive eastward transport 
delivered to the Esaro and Neto-Lipuda Canyons (Fig. 8A–C). 

5.2. Dispersion of contaminants from the coastal system to the offshore 

The spatial distribution of heavy metals suggests a significant 
contamination of sediments in the “impact area” (Fig. 3). The Zn maps 
clearly show plumes of contamination located in the areas next to the 
Esaro river mouth where major transport of pollutants from land 
occurred during floods. The “external area” seems to be substantially 
unaffected by a direct contamination, except for the area identified by 
the three DTS09 cores (S105, S109, S112; Fig. S9) and the DTS17 box- 
cores (29, 17, 16; Fig. 4) where the Zn concentrations are significantly 
higher than the background level (Tab. S4). In all those cases (except for 
S109) the increase of Zn concentrations is accompanied by an increase of 
finer-grained fractions (silt + clay) that seems to indicate a major input 
from Esaro River. In addition, the mineralogical data evidence an 
important increase of calcite and clay minerals in the Zn-enrich layers of 
DTS17 samples supporting again an important input from the Esaro 
River (Fig. 2B). This evidence suggests that the deposition of those Zn- 
enrich layers resulted by impulsive transfers of contaminated sedi-
ments from the ‘impact area” to the offshore zone connected to flash 
flood events of the Esaro River. The hydrogeological instability reported 
for the study area is well recorded by the number of floods documented 
in the last century. Indeed, Canale et al. (2020) have recognized in the 
Crotone area a concomitant occurrence of 17 floods and sea storms 
events from 1990 to 2017 with connected damages to buildings and 
infrastructures. The flood event of 1996, triggered by the overflow of the 
Esaro River, was historically documented by significant damage of 
infrastructure in all the urbanized areas, including the harbor area 
(Macchione et al., 2019; Costabile et al., 2020). This flood generated a 
massive transport of sediments from land to the sea and a relevant 
mobilization of highly polluted material from the “impact area” to the 

Fig. 7. Plot of 226Ra and 40K activities measured in superficial sediments. Blue 
circle: dark grey sand samples; Red cross: background value; Black circle: yel-
low sands; Green circle: dark grey sands with anomalous 226Ra values. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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offshore. The same mechanism can be recognized in the offshore core 
KR3 which reliably documents the lithogenic inputs from the Esaro 
River and connected transport of industrial contaminants (Fig. 6). 
Particularly, the Zn peaks recorded at 7–8 cm (Znnorm = 1.1) and 12–15 
cm (Znnorm = 1.6) document a high-energy coast-to-offshore mass 
transport reasonably linked to the major flood events of 1976 period and 
to the event of 1996. These peaks are linked to inputs of coarse-grained 
sediments (due to flood events) with 20-40% of finer grain size fraction 
that, presumably, with their very high values of Zn concentrations, 
document, in terms of bulk mass balance, peaks along the sediment 
profile. 

The KR13 core does not show a detailed sequence of those events, 
although a weak rise of values (Znnorm>1) in the uppermost sediments 
testify the industrial temporal interval (Fig. S8). Re-distribution of the 
polluted sediments from the impact area to the offshore system testifies 
the effects of flood events on sediment dynamics. Most of this secondary 
pollution seems to principally affect areas along a W-E trajectory (29, 
17, 16, KR3, Fig. 1D; S105, S109, S112; Fig. 3) following the main 
streamline of the Esaro River that plays a critical role in the resus-
pension/redeposition dynamics of this coastal environment. Also, the 
Esaro canyon act as a natural channel for pollutants from the shelf to the 
deep sea, potentially amplifying the effects of contamination to a wider 
marine area. 

The documented high-sensitivity of the offshore marine system to 
natural risks on the coastal area, represents a crucial aspect to consider 
for appropriate and sustainable territory management. The strong 
interconnection between land and sea and the delicate deep-sea 
ecosystem demand comprehensive understanding of the dynamics 
involving anthropogenic contamination and natural risk assessment. A 
multi-hazard approach and inclusive modelling systems are required for 
a modern management of areas characterized by high-anthropic 
pressure. 

Also, scenarios of climate change reported by the IPCC documents 
(IPCC, 2017) indicate an increasing trend, in frequency and intensity of 
impulsive flooding triggered by powerful runoff, mainly in the southern 
part of the central Mediterranean Sea and compel specific consideration 
of the documented cumulative effects of natural and anthropic impacts. 

5.3. Recent industrial sands 

A peculiar mineralogical feature characterizes the sediments of the 
29, 16, 17, and 30 cores (Fig. S1). Indeed, in these sedimentary records, 
the topmost 5–10 cm are characterized by a thick layer of yellow sand 
(95–100%), superimposed on silty sediments. The mineralogical asso-
ciation is characterized by high percentages of K-feldspar (Fig. 2B) and 
allow us to classify these yellow sands as arkosic arenite (Folk, 1968). 
Additional mineralogical information by SEM analysis revealed traces of 
Ca-rich silicates with Si/Al which are atypical for natural feldspar. These 
Ca-silicates are firstly documented as zeolite or synthetic silicates 
because of their high Ca contents (Ca/Si > 1) and minor contents of Fe 
and Mg (Villa et al., 2010). Likewise, the measured high Ca/Si ratios 
could be associated to artificial silicates from industrial treatment of 
K-feldspar (Liu et al., 2019). Remarkably, the NORM distribution con-
firms a non-natural origin of this material with 226Ra (average 8 Bq 
kg− 1), 40K (average 900 Bq kg− 1) significantly different from those 
measured in natural background (29 Bq kg− 1 for 226Ra; 700 Bq kg− 1 for 
40K) (Fig. 7). Similar values of radioactivity have been measured in 
aggregates of building material (226Ra = 4–69 Bq kg− 1; 40K = 22–964 Bq 
kg− 1; Trevisi et al., 2018) and in tile manufacture (226Ra = 20–90 Bq 
kg− 1; 40K = 500–1000 Bq kg-1, Bruzzi et al., 1991). 

The combination of these mineralogical and chemical (and radio-
chemical) features seems to suggest an industrial origin for the yellow 
sands, associated with the production of tile manufacture which oper-
ated since 2003 and the zeolite production previously active in the same 
industrial plant (termed Gres-2000 after Sasol). Also, the industrial 
sands can contain abundant K-feldspars because of their ability as 
fluxing agent in the production cycle of ceramics (Valchev et al., 2014; 
Joaquim and Pereira Junior, 2016; Silva et al., 2019). We reasonably 
suppose that the yellow sand layers in the southern sector (top of the 
core offshore 29, 17, 16, 30, 18) testify recent dumping of synthetic 
material produced by industrial processes active in the chemical plant 
on land. 

Fig. 8. Distribution map of Al on the Crotone shelf (color map) and vectors showing principal streamlines. Vectors have been calculated as slope directions from the 
DTM. B) The Passovecchio stream mouth. C) The Esaro River mouth. B and C were obtained by google earth imagery (https://www.google.it/intl/it/earth/). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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6. Conclusion 

The reported multi-proxy investigation of the sedimentary records 
from the Crotone’s coastal system offered an unprecedented opportunity 
to explore and estimate the dynamics of contaminants discharged from 
historical industrial activities combined to the effects of extreme 
geological hazards. Indeed, precisely dated events of flooding triggered 
remobilization and transport offshore of huge amount of highly 
contaminated sediments deposited alongshore during periods of inten-
sive industrial activities. Thus, a coastal to offshore connections appears 
crucial in controlling the real spatial scale of the contamination impact 
alongshore. Consequently, methodological approaches for appropriate 
risk reduction, such as remediation measure or to constrain of polluted 
sediments dispersion, are urgently requested to protect and preserve 
delicate deeper sea ecosystems, connected by deep morphology to the 
coasts. Highly polluted landfills and/or coastal dumpsites, where major 
anthropogenic contamination has resulted from intensive industrial 
activities, solicit a major effort and specific consideration, also in terms 
of integrated tools, for appropriate evaluation of multi-hazards associ-
ated to natural events impacting on the biogeochemical dynamics and 
spreading pollutants in the marine environment on highly variable 
temporal and spatial scales. 
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Italy). Bollettino Società Geologica Italiana 129 (3), 353–384. 

Massarra, C.C., Friedland, C.J., Marx, B.D., Dietrich, J.C., 2019. Predictive multi-hazard 
hurricane data-based fragility model for residential homes. Coast. Eng. 151, 10–21. 
https://doi.org/10.1016/j.coastaleng.2019.04.008. 

Mendicino, G., 2006. Rainfall and hydrometric thresholds for flood warning. The Esaro 
river case study. In: Ferrari, E., Versace, P. (Eds.), Observing and Modelling 
Exceptional Floods and Rainfalls, Proceedings of the AMHY-FRIEND International 
Workshop on Hydrological Extremes. held at University of Calabria, Cosenza (Italy), 
pp. 213–228. May 3-4.  

Messina, A., Compagnoni, R., De Vivo, B., Perrone, V., Russo, S., Barbieri, M., Scott, B., 
1991. Geological and petrochemical study of the Sila Massif plutonic rocks northern 
Calabria, Italy. Bollettino Società Geologica Italiana 110, 165–206. 
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