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Abstract: The impact of marine sediment pollution is crucial for the health of the seas, particularly in
densely populated coastal areas worldwide. This study assesses the concentration and distribution
of heavy metals in the marine sediments of the main regions of the Mediterranean Sea. The results
underscore high concentrations of mercury (Hg), nickel (Ni), and copper (Cu), whereas chromium
(Cr), zinc (Zn), cadmium (Cd), barium (Ba), and vanadium (V) exhibit moderate values. To assess
the heavy metal results, sediment quality guidelines and pollution indices (Igeo and Geochemical
Signal Type-GST) were employed, revealing a consistent trend of decreasing concentrations from
the coastal zone to the open sea. Principal Component Analysis (PCA) emphasizes the significant
roles of Cu, Zn, Ba, and Cr in sediment chemistry. The study suggests that the distribution patterns
of heavy metals are linked to wastewater discharges in coastal areas, requiring effective management
strategies to ensure the health of the Mediterranean Sea.
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1. Introduction

Coastal and marine environments represent a crucial interface between human society
and the natural world. Moreover, they also function as the primary sink of heavy metals,
making them valuable indicators of marine sediment pollution [1,2]. These accumulated
elements could be a contamination risk, releasing toxics elements through chemical and bio-
logical processes [3–5]. Additionally, due to their potential to accumulate in the food chain,
they could affect human health [6–8]. Several studies have highlighted the importance of
evaluating aquatic systems through marine sediments, confirming that a high level of heavy
metals can become a great problem for the health of the seas [9–16]. Such contamination
often can result from the discharge of wastewater into the sea (from underwater outfalls),
especially in areas with high urban development, and elevate pressure of anthropogenic
activities [17,18]. For instance, tourist destinations such as Mallorca Island, southern Spain,
Greece, and southern Italy witness an influx of more than 50 million visitors annually,
mainly during the spring and summer seasons. In these periods of high population rates, a
substantial volume of poorly treated wastewater is discharged, introducing heavy metals
into the sea and later into the marine sediments [2,19,20].
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In this way, numerous efforts to control toxic elements in marine ecosystems have been
made. Some good examples can be found in the monitoring carried out on the coasts of
Greece, south of Italy, and east and southern Spain [15,21–24]. Since the 1980s, assessing
marine sediment contamination has involved the use of sediment quality indices [25,26].
These indices assume that there is a threshold concentration of chemicals in sediments, below
which ecosystems are considered unharmed, thus serving as essential tools for detecting
contaminated areas. Furthermore, the concentration of heavy metals in marine sediments is
classified from highly to slightly contaminated based on background levels [2,27,28].

In this order, the studies carried out in the Mediterranean regions mentioned above
are useful to understand the pollution of marine sediments in the Mediterranean Sea
and to know what the main source of heavy metals that seem to be common among
the analyzed areas is. To compare the distribution and concentration of heavy metals in
marine sediments, we carried out a study in the southeast of Spain, correlating the data
with other regions of the Mediterranean Sea. These selected areas support strong tourism
development, with a high number of visitors during the summer and spring seasons,
leading to an exponential increase in water use and discharge into the sea.

In this context, the present study aimed to investigate the concentration of heavy
metals found in marine sediments of the Mediterranean Sea close to the coastal areas. The
objective was to identify the most contaminated areas as well as the source of contamination
of the toxic elements providing a complementary benefit and/or improvement of the marine
coast, such as discharge points of untreated or poorly treated water or chemical precipitation
processes associated with the product of the chemical solution of each element that quickly
exceeds the equilibrium situation. The study of this process and the identification of the
conditions were carried out by evaluating the chemical reaction between sea water and
water discharged from submarines outfalls. In addition, a study was carried out on the
spatial distribution of heavy metals and metalloids and the chemical mechanisms that best
describe the process.

The study emphasizes, despite the abundance of available studies focused on the
contamination of marine sediments [1,2,5,9,14–16,21,24–28] to date, that no comprehensive
investigation has been found for the sources of discharges and processes in marine zones
close to highly populated areas, which are considered complex. However, bibliography
detailed that as the world population grows and human activities expand, it is essential
to minimize anthropogenic impacts on coastal and marine ecosystems [1,2]. In addition,
it indicates the need to use different types of sonar to study the seabed and the biological
response of the ecosystem to the contamination of marine sediment (distribution of heavy
metals related to the identification of fauna or flora or potential biomass).In the literature it
has been compared the result of the concentration of heavy metals in marine sediments
with international pollution indices (NOAA and EPA), and with this, obtains a range of
pollution for each area and metal analyzed [2]. In addition, they use a regional index
obtained from studies of different sediments in the study area and calculate the type of local
geochemical signal. This methodology allows for measuring the natural concentration and
the deviations produced by discharges into the sea. Some authors applied the pollutant load
index or potential ecological risk, as well as other classic techniques such as Enrichment
Factor or geoaccumulation index to differentiate anthropogenic pollution and that of
natural origin [4,7,8]. Generally, study reviews have a strong basis of statistical analysis
using methods such as Pearson Correlation, component analysis, or dendrograms to obtain
groups of clusters that confirm the relationships between the variables indicated by the
correlation analysis.

Due to the diversity of chemical elements that can be introduced into the sea from
treatment plants and the chemical reaction that occurs when supersaturated fresh waters
and marine waters come into contact, it is very important to understand the chain of
processes [2]. Furthermore, no study has simultaneously focused on problematic chemical
species for marine habitat and human health (e.g., As, Cu, Hg, Ni, Pb,) that produce a
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negative impact on the environmental sustainability of the seas or oceans and a high risk
for people who are in contact with these elements.

2. Materials and Methods

The global characteristics of the Mediterranean Sea (from southern Spain to Greece)
features a hot and dry climate and a closed marine environment with high seawater
evaporation. The fluvial system consists of few long rivers and numerous short channels
active during intense rainfall. Bathymetry indicates a regular decrease in seabed elevation
from −1 to −100 m [2]. These factors intensify the impact of pollutants compared to
more open seas. Wastewater discharge points, in heavily populated tourist areas along the
coast, significantly contribute to the pollution in the Mediterranean Sea. Many discharge
points are located between 10 and 25 m deep, extending up to 1 km offshore, leading to
a substantial volume of poorly treated or untreated wastewater being discharged due to
limited treatment plant capacity.

2.1. Sampling Sites and Sample Collection

To assess heavy metal contamination in the Mediterranean Sea, we collected data from
various sources, including the southwest of Spain (69 samples) [15,23] Greece (53 sam-
ples) [24], South of Italy (10 and 19 = 29 samples) [21,22]. Additionally, we reviewed
manuscripts presenting heavy metal analyses in the Mediterranean Sea [29,30]. The field-
work in the southwest of Mallorca Island [2] contributed 96 samples. All examined loca-
tions shared significant anthropic pressure from tourism and urban development along the
Mediterranean coast. In Mallorca, sampling conducted between 2020 and 2022 was done
using dredger blades and autonomous diving equipment, supported by an oceanographic
research vessel. Sampling was systematic, considering factors like distribution, bathymetry,
distance to the littoral coast, and wastewater discharge points. The study focused on the
areas of the coastal areas closest to the points where wastewater is discharged, while the
control samples were taken on the furthest margins of the outfalls. The results showed that
the highest concentrations were located near the discharge points and decreased towards
the open sea. Variations could be attributed to factors such as depth, marine flow patterns,
or geological substrates. The analyzed samples revealed concentrations of heavy metals
that exceeded the natural values of the regional sediments.

2.2. Sediment Quality Guidelines—SQGs

The chemical parameter analyzed was made under rigorous methods and quality
assurance measures for credibility and accuracy. Heavy Metals: Arsenic (As), Barium
(Ba), Cadmium (Cd), Chromium (Cr), Copper (Cu), Nickel (Ni), Lead (Pb), Vanadium
(V), and Zinc (Zn) were analyzed using inductively coupled plasma–mass spectrometry
(ICP-MS) with Agilent 7500ce equipment (manufactured by Agilent, Santa Clara, CA, USA,
EEUU), following the EPA 6020 method. Mercury (Hg) levels were determined using
the EPA 7471 method for solid or semisolid waste. Main Elements of Minerals: Atomic
absorption spectrophotometry, with X-ray fluorescence, was employed to assess primary
mineral elements. Quality Assurance: Our X-ray laboratory participates in semi-annual
intercomparison tests for ongoing quality control, ensuring precision and reliability. For
ICP-MS, annual internal control tests involve sample repetitions, with achieved precision
ranging from 0.1% to 2.5%, which is within the acceptable relative standard deviation range
of ≤10%.

2.3. Contamination in Marine Sediments

The obtained results were evaluated using the Geoaccumulation Index (Igeo) [31]. The
Igeo index [32] is expressed as:

Igeo = log2

(
Cn

1.5Bn

)
(1)
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where Cn is the measured metal concentration, and Bn is the geochemical background
concentration derived from average continental shale. Igeo index illustrate in this study six
contamination levels.

In the marine sediments of Mallorca, a Geochemical Signal Type (GST) was developed
based on a regional background value of heavy metals from marine sediments of Mallorca.
The GST is established on local background values from unpolluted coastal areas, repre-
senting average concentrations of heavy metals in sand beach. However, in the rest of
the regions, regional background levels were determined using global mean background
values [33] to assess contamination extent in marine sediments. Background values are
defined as heavy metal concentrations unaffected by human activities. Deviation from
background levels is primarily attributed to anthropic activities [34].

2.4. Statistical Analysis and Mapping

This study conducted statistical analysis, including a correlation matrix, to compare
heavy metal concentrations in five Western Mediterranean regions. The Pearson coefficient
measured relationships between concentrations, and Principal Component Analysis (PCA)
reduced data dimensionality, explaining variation in a new coordinate system. Both
analyses utilized Statgraphics 19 software.

To plot a map of wastewater discharges, we adopted a systematic approach involving
weighted considerations based on discharges and population in each region.

V ∝
(
rp + fp

)
200

(2)

where V represents volume in hm3, rp is the resident population, ƒp is the floating popula-
tion, and 200 serves as the weighting factor.

Wastewater volume data, measured in hm3/year, was sourced from regional public
institutions, while resident and floating population figures were cross-referenced with
national census data. Results from this process were utilized to generate a database and
maps of heavy metals, with georeferencing done using ArcGIS 10.8.1 software. To determine
pollutant distribution, the Average Nearest Neighbor (ANN) relationship [35] calculated
distances between centroids and neighboring points, identifying values associated with the
closest centroid.

3. Results and Discussion
3.1. Mediterranean Sea: A Good Sink for the Sequestration of Pollutants

The seabed of areas of the Mediterranean Sea studied is mainly composed of sand
(<80%) and small amounts of fine sediments, silt, or clay <20%. Gravel-sized sediments
there are not abundant and, like clays, are generally deposited in the zones closest to the
littoral coasts [2]. These factors, as well as bathymetry, intensify the impact of pollutants
compared to more open seas. Wastewater discharge points in heavily populated tourist
areas along the coast significantly contribute to the pollution in the Mediterranean Sea.
Many discharge points are located between 10 and 25 m deep, extending up to 1 km
offshore, leading to a substantial volume of poorly treated or untreated wastewater being
discharged due to limited treatment plant capacity (Figure 1). The evaluation and review of
marine sediment contamination was based on the regional background level inferred from
uncontaminated sands and was compared with global contamination indices [2,36–38].
Statistical methods and spatial distribution analysis were applied to each area.
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Figure 1. Wastewater discharge volumes in the north-central Mediterranean Sea. Estimates have
been calculated with data provided by the Public Institutions from different countries. Subsequently,
a weighting has been carried out between the volume of water (hm3/year) and the resident and
floating population (α rp + ƒp).

3.2. Suitable Sea to Detect Relationship Pollution between Mediterranean Regions

The correlation matrices (Figure 2) reveal predominantly positive relationships among
heavy metals, with specific exceptions like As-Cr in the M-A limit (southeast of Spain)
and Hg-Zn in the south of Italy (Gulf of Taranto). However, Mallorca (southwest of
Spain) exhibits a unique pattern with positive correlations among As and V but negative
correlations with other heavy metals. The enrichment of As and V may be linked to
nitrogenous fertilizer discharges and coastal aquifer pumping systems. Matrices compare
study areas, excluding anomalous values from punctual discharges in northern Greece and
southern Italy.

The Igeo index distribution, shown in Figure 3, varies significantly between heavy
metals but reveals similar contamination patterns in marine sediments. The percentage
distribution of Igeo index classes indicates contamination levels for each heavy metal in
different regions.

Mallorca stands out for Ba, Cr, Pb, and Zn; Greece for Cr, Ni, Pb, and Zn; M-A limit
for Cu, Ni, Pb, and Zn; southern Italy for Cr, Cu, Ni, Pb, and Zn. The pollution ranking,
based on Igeo classes, is as follows:

SE Spain (Mallorca): Cu > Zn > Pb > Ni > Hg > Ba > Cr > As > Cd > V
SW Spain (M-A limit): Hg > Ni > Cd > Cu > Pb > Zn > As
SW Italy (Gulf of Taranto): Hg > Cr > Zn > Cu > Pb > Ni
S Italy (Sicily) (north (a) and south (b)): (a) Hg > Ba, and (b) Cu > Zn > Pb > Cr > Hg
Greece: Ni > Cu > Cr > Zn > Pb > As

The contamination levels of heavy metals, assessed by the Igeo index, show similarities
across regions, which are directly related to their discharge sources. In Sicily (a), the index is
influenced by industrial lixiviate discharge, while in Sicily (b), it is associated with diverse
anthropic activities linked to tourism.
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Figure 4 shows the analysis using PCA principal components corresponding to the
heavy metal concentration of the analyzed samples. As can be seen, the PCA does not
separate different families of concentrations between the regions studied. The PCA suggests
randomness in the presence of metals analyzed because the origin of the wide variability of
percentage concentrations is related to the discharge of untreated wastewater. This masks
certain concentrations that may be significant if studied in isolation. However, what the
global PCA analysis shows is that the concentration and type of heavy metals in discharged
wastewater is so broad that it is not possible to classify it.
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account for 3.76% and 19.72% of the variance, respectively.

3.3. Comparing Major Heavy Metals Trap Regions: Connections Evidence

In the studied Mediterranean regions, slight variations exist in the distribution of
heavy metal concentrations. The general trend indicates elevated pollution near discharge
points (outfalls or spillways), decreasing towards the open sea. While some samples exhibit
lower contaminant concentrations, they remain significantly higher than background values
from regional indices. As, Ni, and V show a moderately homogeneous spatial pattern
with moderate values, while Cu, Hg, and Pb concentrations are exceptionally high around
wastewater discharge points, surpassing background values by several orders of magnitude.

The distribution of pollution in the Mediterranean Sea demonstrates high agreement
(Figures 5 and 6). This clear correlation is because zones near the coast in densely populated
areas are points where poorly purified waters with high concentrations of heavy metals
are discharged into the sea. Moreover, because the cause of most pollution appears to be
common, some heavy metals seen in higher concentrations are common between these areas.
Occasionally, certain regions in southern Italy and northern Greece show anomalously
high concentrations in some heavy metals, which are attributed to discharges from the
metallurgical or mining industry [24]. Most areas with significant pollution values are
linked to poorly treated wastewater discharges near the coast, particularly in regions
experiencing seasonal overpopulation during Mediterranean summers. Increased tourist
pressure in these areas renders it challenging to treat the water consumed by visitors. As
depicted in Figure 5, the distribution and concentration of Cu, Pb, Hg, and Zn in the
central-northern Mediterranean reveal a similar spatial pattern, with the highest values
near coastal areas where wastewater discharges occur.

The current results and the statistical treatment revealed that the marine sediments
studied in different areas of the Mediterranean Sea present high concentrations of common
metals such as Cu, Pb, Zn or Cd. The analogous enrichment of these heavy metals in
southern Italy, eastern and southern Italy, Spain, and Greece indicated the existence of a
common and main anthropogenic source of these elements. Other areas of Mediterranean
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Sea, or even in other parts the world such as southern China or southwestern Turkey [4,38],
show a similar pattern, with high values of heavy metals in coastal areas of highly populated
cities. Although the values of these metals may vary between the areas studied, the
sequence, from highest to lowest presence, is usually similar between them. For example,
the order in southeast China is Cu, Pb, and Zn. In Turkey, Cu and Pb are among the
four most enriched metals. The statistical analyses of different regions confirm results
that support the thesis of this article, showing that spatial patterns of concentration and
sequences of heavy metals is similar to those mentioned.

These aspects show how specifically the high concentrations of metals and metalloids
are close to the submarine outfalls. Thus, is important in the possible application of active
methods to reduce concentration, since the actions can be carried out in more areas that
are limited. On the other hand, it is useful for opening new lines of research into chemical
vectors that break the balance of the solution and give rise to the chain precipitation of
heavy metals in waters that become supersaturated upon contact with the sea water. The
chemical relationship between certain elements is crucial to understanding the wide variety
of metals deposited in marine sediments, specifically in sand grain fraction. In addition, it
will be very useful to carry out simulations that determine the constant of the solubility
product of different substances working in a virtual laboratory that models marine waters
in contact with poorly treated purified waters.
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4. Conclusions

In this study, the high concentration and great variety of heavy metals in the Mediter-
ranean Sea has been confirmed, with its consequent environmental implications. The
most abundant heavy metals in the studied areas are Cu, Hg, Pb, Zn, and Ni. The high
concentrations of As, Cr, Cd, Ba, and V also stand out. However, the most relevant aspect
is the relationship between the specific distribution and diversity of metals and metalloids
and the distribution of wastewater discharges on the Mediterranean coast (very rich in
these toxic elements). In this sense, only significant volumes of discharged and poorly
treated wastewater could explain the data obtained. These volumes of wastewater must
necessarily be associated with areas that have undergone very rapid urban development in
the last decade and significant seasonal tourist pressure. All metals in some area exceed
global and regional background levels. Although correlations were observed between the
concentration of some metals (Cu or Pb, for example), the general pattern shows random-
ness between all metals and areas studied. This means that the seabed near the coast of
urban areas acts as a potential sink for toxic substances that are subsequently released into
the environment. Even considering that the Igeo index moderates the values obtained, it
continues to demonstrate that the contamination of marine sediments is very high. There-
fore, it can be seen how some heavy metals have given percentage results between classes 4
and 6 of the Igeo index. For example, Cd, Cu, or Hg in the SW of Spain. In the case of SE
Spain, Hg and Cd, or in Southern Italy, Hg reaches class 6. Furthermore, although Greece
presents more moderate values in class percentage, the amplitude range of concentrations
is very high.

These results have allowed us to understand that the most important geochemical
process is the chain chemical precipitation when wastewater meets seawater. The supersat-
uration of chemical elements in dilution causes them to precipitate on or between marine
sediments. This fact allows the use of heavy metals in marine sediments as a reliable
indicator of anthropogenic impact. Furthermore, the geochemical signature in marine areas
that is highly pressured by anthropogenic activities tends to deviate extremely from natural
background values. Therefore, there is a high possibility of risk to the environment, the
ecosystem, and human health, which is already a fact in the deterioration of coastal–coastal
habitats. Furthermore, the toxic elements analyzed could be incorporated into the food
chain in these areas that are visited by more than 50 million people a year. In the context
of acidification of the Mediterranean Sea and increases in average annual temperature,
which is a consequence of climate change, marine health is in danger. Consequently, it is
essential that administrations make decisions at a critical time for the health of the seas and
that legislation specifically regulates the protection and conservation of these exceptional
marine environments. It is important to note that the health of the seas is regulated by
European directives and included in the 2030 agenda, adopted by the United Nations, as
one of the Sustainable Development Goals (SDG, Goal 14-Target 14.1).
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