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The Italian approach to determining background values (BGVs) of metals and trace
elements in marine sediments according to the national legislation transposing the water
framework directive (WFD) has been illustrated. This study may be helpful for all countries
that need to establish local BGVs for the correct assessment of contamination in areas
with wide geological and geochemical variability and, particularly, for those that need
assessing the good chemical status according to the WFD. The first step was clearly
defining the BGV as a concentration value that allows for discriminating between natural
and anthropogenic contributions and establishing the concept of the marine geochemical
province (MGP). Successively, criteria for delimiting the MGPs were provided, similar to
those adopted for the geochemical mapping of the territory. Finally, an integrated method
based on the constitution of a dataset from unpolluted sediments obtained from pre-
industrial levels was chosen for determining the BGV.
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1 INTRODUCTION

The Italian peninsula has some thousand kilometers of coastline, and since the second half of the
20th century, a large part has been subjected to a strong impact due to the growth of urban,
industrial, mining, and agricultural activities, and the presence of many harbors, which have
determined increasing contamination of the marine environment. The supply of contaminants may
occur for direct discharge to the sea, runoff from contaminated soils, input from river mouths, or via
atmospheric deposition, making the sediments the final sink of toxic, persistent, and
bioaccumulative contaminants (Kowalewska et al., 2011). In some cases, although the supply of
contaminants ceased owing to the closure of the industrial facilities or the implementation of
environmental legislation, the contamination persists in deeper sediments and can be recognizable
in sediment cores (Croudace et al., 2015). In other cases, the contribution is still active for both the
continuation of polluting activities and waste materials that work as a secondary source (Romano
et al., 2017). In all these cases, a variable thickness of sediment is contaminated, according to the
duration of the contributions and the sedimentation rate. Some of the most common contaminants
in.org May 2022 | Volume 9 | Article 8742481
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detectable in sediments are of exclusive anthropogenic origin,
while others, such as metals and trace elements (MTEs), are also
naturally present in the terrigenous component, deriving from
the minerals of rocks acting as sedimentary sources (Li and
Schoonmaker, 2003).

As a consequence of widespread contamination in the last
decades, the need for specific legislation providing threshold
values for natural concentrations to assess sediment
contamination arose at a national level (Ausili et al., 2020). At
the European level, the Water Framework Directive (2000/60/
EC) defined the strategy to hinder the chemical pollution of
water bodies through the adoption of the Environmental Quality
Standards (EQS). Successively, the Directive 2008/105/EC
required member states to define at a national level the EQSs
of some substances, including some trace elements, also for
sediments. However, the adoption of a single value for each
parameter, valid for the whole Italian seas, maybe the origin of
unreliable environmental assessment due to the high
geochemical heterogeneity of sediments, deriving from the
geological complexity of the mainland. Italy is located at the
boundary of some tectonic plates and is involved in many past
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and still active geological processes at a regional and local scale. It
is characterized by two orogens which, on the whole, affect nearly
the entire territory: the Alps to the North, due to the thrusting
toward west and north-west of the Adriatic plate, and the
Apennines along the peninsula and in Sicily, due to the
subduction of the same plate toward the west (Doglioni and
Flores, 1997). Due to this geological setting (Figure 1), several
structural units and magmatic provinces, with different
chemism, outcrop in the mainland, representing the main
sources for sediments, enriching them for one or more
elements and determining geochemical anomalies (De Vivo
et al., 2008). For example, Hg enrichments affect the sediments
of the northern Adriatic and central Tyrrhenian seas, while Cr
and Ni are enriched in the northern Tyrrhenian and Ligurian
Seas sediments; As enrichments characterize sediments of
specific sectors of the central and southern Tyrrhenian Sea,
while Cd, Zn, and Pb enrich the sediments of the southern
Sardinian Sea (Barghigiani et al., 1996; Bertolotto et al., 2005;
Covelli et al., 2006; Piazzolla et al., 2015; Lopes-Rocha et al., 2017;
Giglioli et al., 2020; Romano et al., 2020; Sarti et al., 2020
among others).
FIGURE 1 | Italy’s simplified geological map; the chemical symbols of enrichments elements in marine sediments have been added (modified from Bosellini, 2017).
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Considering these aspects, the Italian law transposing the
European directive introduced the option of identifying the
marine geochemical provinces (MGPs) and establishing in
each one “local” BGVs that replace the ones identified by the
national decrees. Through a scientifically-based approach, their
determination is needed only for marine areas with BGV of one
or more elements higher than EQSs. Then, the first issue posed
by this law consisted in defining the borders of the marine
geochemical anomalies related to the geochemical provinces of
the land (Spagnoli et al., 2014; Romano et al., 2017; Trifuoggi
et al., 2017); however, no examples were available from scientific
literature for this purpose. Differently, many methods have
historically been applied for the determination of BGVs, that
can be categorized in two distinct types, one geochemical (direct)
and the other statistical (indirect) (Matschullat et al., 2000;
Galuszka, 2007). The direct method may be applied at a global
or local scale and includes all the works dealing with fixed (mean
or median) concentrations from samples not affected by
anthropogenic contribution, both from pre-industrial
sediments (e.g., Tanner et al., 2000; Xu et al., 2009; Guo and
Yang, 2016), or of pristine areas. The indirect method applies
different statistical techniques, such as regression, relative
cumulative frequency curves, and the iterative 2s method for
analyzing the distribution of natural concentrations and
identifying the contaminated ones as outliers (Matschullat
et al., 2000). This paper aims to illustrate the methodological
path defined in Italy by the National Network System for
Environmental Protection to determine MGPs and their local
BGVs for trace elements to be used in the framework of
environmental legislation instead of nationally defined values
(Romano et al., 2018). In this path, the first aim was to provide
the elements for the conceptual, unambiguous definitions of
MGP and BGV. Consequently, the methodological approach was
defined to delimit the borders of MGP and identify a suitable
one, taking into account earlier literature, for building a suitable
concentration dataset and processing these data for determining
BGVs, according to the given definitions.
2 DEFINITIONS

2.1 Marine Geochemical Provinces
Defining the concept of the terrestrial geochemical province is an
indispensable element for the subsequent identification of the
MGP because it constitutes the principal origin of the material
constituting the marine-coastal sediments.

The first definitions of the geochemical province were
exclusively based on the homogeneity concept of some
characteristics. According to Fersman (1934, 1939), the
geochemical province was a geochemically homogeneous area
containing a well-defined association of chemical elements.
Similarly, Beus and Grigorian (1977) defined the geochemical
provinces as units with common geological and geochemical
evolution characteristics. The geochemical province was also
considered a region characterized by a particular mineral
association or one or more specific mineralizations
(Parker, 1984).
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However, the homogeneity of the geochemical characteristics
is not the only requirement to define a geochemical province,
distinguishable from the surrounding areas. The introduction of
the concept of “anomaly”, as a segment of the earth’s crust with a
chemical composition significantly different from the average
(Hawkes, 1957; Rose et al., 1979), was fundamental for making
the geochemical province easily recognizable. Evidence of the
existence of a geochemical province was commonly found by
comparison with the composition of igneous rocks; according to
Hawkes (1957), variations in the concentration of minor
elements could provide reliable criteria to identify it. Anselmi
et al. (1978) defined the geochemical provinces as areas of the
earth’s crust in which the content of rare elements was
persistently anomalous, so introducing the temporal concept in
the definition.

Govett (1983) defined the geochemical anomaly as an
abnormal content of an element or combination of elements in
a particular type of sample due to a specific analytical method. In
this case, both uniformity of matrix and analytical method were
considered in the definition. These principles were extended to a
geochemical province scale, considering the geochemical
province as the abnormal distribution of one or some elements
in a particular type of sample, as defined by a specific analytical
technique (Bölviken et al., 1990). This logical path, which
transfers the definition of the geochemical anomaly to the
geochemical province, is possible because the geochemical
dispersion model has a fractal nature. This means that similar
units have a similar shape, albeit at a different scale (Bölviken
et al., 1992).

The definition of Bölviken et al. (1990) also highlighted the
concept of “abnormal concentration”, making it necessary to
define the normal value, corresponding to the global BGV, for
quantifying the significant difference characterizing the
geochemical province. This value is generally identified by
calculating the average crustal composition (Turekian and
Wedepohl, 1961; Taylor, 1964; Wedepohl, 1995). The concepts
of anomaly, uniformity of matrix, and analytical methods may be
transferred to the definition of MGP identified as a sector of sea-
bottom characterized by sediments with persistent, anomalously
high natural concentrations of specific elements, deriving from
the supply from a terrestrial geochemical province, determined
through modern, commonly used techniques such as graphite
furnace atomic absorption spectrometry (GFAAS) and/or
inductively coupled plasma optical emission spectroscopy
(ICP-OES).

2.2 Sediment Background Values
A precise and unambiguous definition of the concept of BGV is
fundamental to identifying the methods for its determination in
a marine geochemical province. There are several definitions of
BGV in the scientific literature. Some include numerous specific
concepts, such as the type of matrix or exotic processes, while
others provide a more general definition. Although some
definitions such as “ambient background” include both natural
and diffuse anthropogenic sources (Crane et al., 2021), only the
contribution of natural origin is considered in the concept of
(geochemical) BGV (Birch, 2017). For some authors, the BGV
May 2022 | Volume 9 | Article 874248
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implies the absence of any anomalies, and, consequently, neither
the natural ones may be considered in the determination of this
value (Gough, 1993; Matschullat et al., 2000). More recently, the
BGV was defined as a theoretical natural concentration of a
substance in marine sediments, considering temporal and spatial
variables, determined by direct, indirect, and integrated methods
(Galuszka, 2007; Galuszka and Migaszewski, 2011). In this work,
the BGV in marine sediments is defined, according to
Matschullat et al. (2000), as the value allowing the distinction
between the exclusively natural concentration from that
influenced by anthropogenic supply, deprived of any anomalies.
3 METHODOLOGICAL APPROACH

The logical path that leads to the definition of the MGP and the
determination of the BGVs starts from the hypothesis that there
is a geochemical anomaly in the marine sediments of a certain
area, based on the existence of a geochemical anomaly on the
mainland, documented by pre-existing studies. Once they arrive
at the sea, sedimentary contributions from these areas, mainly
through waterways, are redistributed starting from the river
mouth by sea currents and then deposited in a more or less
extensive area which depends on numerous factors. Then, there
is the need to collect information through bibliographic and/or
field studies on the factors influencing the extent and shape of the
MGP to define its potential borders. Finally, based on the
bibliographic results, it will be necessary to define an
investigation strategy for collecting specific data to define
the MGP.

3.1 Identification of Marine Geochemical
Provinces
3.1.1 Elements to be Considered
Some aspects of natural processes, both in the terrestrial and
marine environment, contribute to the definition of the potential
MGP between the limit of the lower action of the waves and the
continental shelf border in the absence of anthropogenic
modifications. For this reason, they should be considered
before any other action.

The geology of the mainland, particularly the chemism of
different outcropping lithotypes, and the characteristics of the
hydrographic basin, such as its maturity and extension, are
important elements for understanding how they may have
influenced the chemical and mineralogical composition of
marine sediments.

Then, the geochemical characteristics of sediment particles and
their entire route, from the rocks of origin to the consequent
transport to the sea by the rivers to the sea currents that redistribute
them according to the grain-size, up to compositional variations
due to geochemical processes such as, for example, dissolution and/
or precipitation of solid phases, which occur in the marine
environment, are the main aspects to be considered.

The textural and geochemical characteristics of river
sediments, associated with the quantification/estimation of
suspended solid transport, can be of fundamental importance
for a correct evaluation of any enrichment of metals and trace
Frontiers in Marine Science | www.frontiersin.org 4
elements in marine sediments. Also, the use of the soil and the
vegetation structure existing on the entire hydrographic basin
that affects the erodibility of the surface due to meteoric events
and runoff are useful elements to consider. Finally, an estimate of
the actual solid transport operated by waterways, through
multiparametric empirical models, will help assess the
reliability of the criteria adopted for this selection and verify if
any significant watercourses may not have been considered.

Once the geochemical aspects of the terrestrial environment
have been deepened, some processes of the marine environment
should be considered. Among the factors that contribute to the
formation of sediment in the marine environment, there is
certainly the contribution provided by the water column, by
possible eutrophication phenomena, as well as by atmospheric
depositions responsible not only for the deposition of
radionuclides but also the atmospheric contribution of
inorganic elements, organic compounds, and nutrients
deposited by precipitation. Another very important aspect is
related to the hydrodynamic features of the area and the different
scales of influence, such as, for example, coastal currents
generated by the interaction of wave motion with the seabed.

The knowledge about the topography, bathymetry, and wavy
climate of the coast, is fundamental for better understanding the
potential influence of the river supply in the marine area. The
hydrodynamic currents, generated by the three-dimensional
movement over a wide scale of water masses and set in motion
along the entire water column by temperature and salinity
gradients and on the surface by tides and wind, substantially
decide the dispersion of the turbid plumes once offshore. On the
whole, the spatial variability of the MGPs is determined by the
overlap of two phenomena: the more heterogeneous short-range
“coastal” deposition, mainly influenced by local variability of the
territory, and the long-range deposition of the turbid plume,
whose extension and spatial homogeneity is directly related to
the importance of river basins, given that the solid transport of a
large basin will affect more physiographic units and will
predominate beyond a certain distance from the shore (Ricci
Lucchi and Mutti, 1980). Therefore, the comprehension of these
two components is of basic importance to identify the extension
of the MGP. In addition, specific calculation models are really
important, able to integrate all the information into a 3D-
hydrodynamic model and simulate the dynamics of mesoscale
currents under the action of significant forcing. These are:

− large-scale marine circulation;

− meteorological forcing;

− liquid flow input from watercourses that affect the movement
of water masses, both in terms of speed and salinity.
3.1.2 Investigation Strategy
Once the essential information related to elements and processes
of both the terrestrial and marine environment that influence the
extension of the MGPs has been acquired, it will be necessary to
integrate this information with the geochemical data of
sediments, with particular attention to those elements which
could be responsible for the geochemical anomalies in the area.
May 2022 | Volume 9 | Article 874248
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In the scientific literature, there are no examples of field studies
finalized to the geochemical characterization of marine sediments
finalized to the definition of a MGP, while many papers reported
the geochemical mapping of the territory. However, it seems
reasonable to adapt to the marine environment the general
criteria used for the geochemical mapping of the territory
(Bölviken et al., 1986; Ottonello and Serva, 2003; Salminen et al.,
2005; De Vivo et al., 2009). The investigation strategy subdivides
the area into square meshes of equal size where one or more
stations are sampled. This approach can be easily transposed to the
marine environment, adapting it to the scale of interest and the
different morphological and environmental characteristics, also
using existing data with the same requirements as those acquired
by the field study.

Very variable scales have been adopted for geochemical
mapping of the mainland (Garrett et al., 2008). They range
from one station every 1-15 km2 for mining exploration, to very
low densities, such as one station every 2,500-10,000 km2, for
environmental mapping projects on a national and international
scale. Reimann et al. (2010) defined, for the sampling grid, the
following orders of magnitude:

− Global: < 1 station every 5,000 km2;

− Continental: from 1 station every 5,000 km2 up to 1 every 500
km2;

− Regional: from 1 station every 500 km2 to 1 every 2 km2;

− Local: from 1 to 100 stations every km2;

− Detailed: > 100 stations every km2.

For the definition of sampling density, aimed at defining
borders of the MGPs, a regional scale seems appropriate because
the processes responsible for the formation and preservation of
mineralizations, including the processes that determine the
mobilization of their components, transport, accumulation, and
preservation in subsequent geological history, occur on a regional
to global scale (Wyborn et al., 1994; Reimann et al., 2015).
Furthermore, several studies have shown that a low-resolution
survey can be adequate in the interpretation of the geological
evolution of large regions and the selection of representative areas
(Reimann and Melezhik, 2001; Smith and Reimann, 2008;
Reimann et al., 2010) due to the fractal nature of geochemical
landscapes (Bölviken et al., 1992). This concept, valid for
continental areas, can also be applied to the marine
environment since the MGP is closely related to continental
inputs. In the marine environment, the fractal geometry
determined by the topography in the continental areas is not
maintained, but the marine processes do not reduce the scale of
competence of the geochemical province; on the contrary, it is
enlarged and homogenized by the dispersion of contributions to
the sea by the coastal dynamics. Therefore, to define the limits of a
MGP, a survey at a regional scale can be applied, taking into
account the morphology of the seabed, the existing geochemical
information, and the potential extension of the area subject to a
geochemical anomaly.

Based on the concept that, as described in section 3.1.1, there is
a greater variability of the chemism of marine sediments in the
Frontiers in Marine Science | www.frontiersin.org 5
areas close to the coastline and a gradual effect of homogenization
of the sediments towards the continental margin areas, the
sampling scheme needs to be denser in the coastal sector than
offshore. Consequently, the portion of the seabed closer to the coast
could be sampled along a line, presumably within the bathymetric
of 20 m, compatibly with the morphology of the continental shelf,
with a variable density from 1 to 10 stations per km. Beyond 20 m
of depth, it is recommendable to adopt a regular mesh with
different areal densities at increasing depths, between 20 and
50 m depth and between 50 m depth and the limit of the shelf.

A sediment core, sufficiently long to identify pre-industrial
levels, must be collected in each mesh, or may be acquired
environmental data with similar requirements from previous
characterizations. Each core must be sub-sampled by levels not
thicker than 2 cm, which must be analyzed for grain size and
MTEs to reconstruct vertical concentrations profiles, identifying
natural and anthropogenic contributions. For this purpose, the
study of the core by an XRF core scanner, which provides the
concentration of a wide range of elements, may alternatively be
used. This device can provide a large amount of data in a very
short time and with a minimum of sample preparation and not
destructive analysis (Croudace et al., 2015; Rothwell and
Croudace, 2015a; Rothwell and Croudace, 2015b).

3.2 Definition of Sediment Background
Values
3.2.1 Review of Methods for BGV Determination
Determining a real background of MTEs is of basic importance
for recognizing the presence of contamination, defined as the
presence of a substance where it should not be or at
concentrations above the natural one (Chapman, 2007). The
BGVs are used in the calculation of some indices aimed at the
quantification of contamination, such as the Geoaccumulation
Index (Müller, 1969), Contamination Factor (Hakanson, 1980),
Pollution Load Index (Tomlinson et al., 1980), and Enrichment
Factor (Middleton and Grant, 1990). Identifying local BGVs is
essential in MGPs, because of abnormally high natural
concentrations for some elements above the mean global ones.

Geochemists have no general agreement on how geochemical
background values should be established; direct, indirect, and
integrated methods have been applied (Galuszka and
Migaszewski, 2011). The direct one also called geochemical, is
based on a single value, determined as a mean or median
concentration from exclusively uncontaminated samples
obtained from pre-industrial levels of sediment cores
(historical aspect) or pristine areas (contemporary aspect). The
indirect method uses statistics to identify and remove outliers or
spatial analysis. However, both methods have intrinsic limits: the
geochemical one does not consider the natural variability of
MTEs concentrations, while the statistical one is strongly
conditioned by the initial dataset that, in densely populated
areas, might not include sediments deprived of MTEs
anthropogenic enrichment (Birch, 2017). For this reason, the
integrated method, processing with statistical methods
concentrations from pristine areas, was considered the best
option (Galuszka and Migaszewski, 2011, Figure 2).
May 2022 | Volume 9 | Article 874248
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The integrated method has been applied in many cases, even
if the dataset included the variable proportion of contaminated
samples. Different statistical techniques have been applied, all
substantially aimed at the identification of the threshold between
natural and anthropogenically enriched concentrations
(Marmolejo-Rodriguez et al., 2007; Surricchio et al., 2019);
however, it was recognized that they need a dataset obtained
from samples with scarce anthropogenic input to identify reliable
BGVs (Sprovieri et al., 2006). Moreover, surface sediment
samples assumed to be clean were recognized as metal-
enriched compared to pre-industrial core samples making
them unreliable for determining BGVs (Aloupi and Angelidis,
2001). Consequently, it was deduced that this approach would
not be applicable in a framework of environmental legislation
because, due to the high anthropization of the Italian coast, it
would not be ensured that most samples are not affected by
anthropogenic contribution.

The approach based on sediment cores to determine BGVs in
highly anthropized areas appears preferable to the one based on
surface sediments because the sediment cores can provide
concentration data showing exclusively natural metal contribution
because of their pre-industrial age. Several studies based on
sediment cores applied the direct (geochemical) methods
considering as BGVs the mean or median concentrations of
samples from lower core sections deposited in pre-industrial
times (Tanner et al., 2000; Cobelo-Garcıá and Prego, 2003;
Zourarah et al., 2007; Xu et al., 2009; Guo and Yang, 2016).
However, this method does not consider the natural variability,
and values above the average or the median are considered
enrichment. Differently, making a regression line, together with
the 95% prediction interval, by plotting the concentration of an
element against a normalizer one, allows the identification of BGVs,
considering the sediment variability (Covelli and Fontolan, 1997;
Liu et al., 2003). In some cases, the regression technique was applied
to a dataset, selected using radiochronological dating and statistical
methods, to reflect the concentration distributions of natural levels,
eliminating the anthropogenic ones (Apitz et al., 2009). More
recently, Shahabi-Ghahfarokhi et al. (2021) applied a similar
integrated approach, which determined BGVs by considering the
Frontiers in Marine Science | www.frontiersin.org 6
pre-industrial samples from sediment cores and applying the
median + 2 MAD (Median Absolute Deviation). This approach
may be considered as an improvement of the integrated method of
Galuszka and Migaszewski (2011) because it considers the natural
variability of pre-industrial levels (historical aspect), providing the
guarantee to work on a dataset of MTEs concentrations exclusively
deriving from natural contributions (Figure 3).

3.2.2 Determination of BGVs
From the review of scientific literature in the above section, it
appears clear that the best choice for determining local BGVs is
an integrated approach using unpolluted, pre-industrial samples
from sediment cores. This approach guarantees reliable BGVs
which can replace the national EQSs. Furthermore, the start of
the MTEs supply to marine sediments from anthropogenic
activities, such as mining or industries, is recognizable in the
sediment cores by typical concentration profiles, which abruptly
increase in the upper section where generally show wider
variability than in the lower core. This event dates back to
variable historical periods along the Italian coasts, ranging
from the middle of the 19th to the middle of the 20th century
(Romano et al., 2017; Romano et al., 2021).

The approach adopted by the National Network System
for Environmental Protection guidelines is based on the
geochronological (210Pb, 137Cs), chemical (MTEs), and
granulometric data from the same cores used for the definition
of MGPs. Because the MGP has been defined as a marine area
ranging from the shoreline to the continental shelf limit, it should
be considered that variation of sediment texture and mineralogy
characterize these samples, from coarser sandy sediments collected
close to the coast to clayey ones from offshore bottom. This implies
that MTEs concentrations may vary for supply changes both from
natural and anthropogenic sources and for changes in sediment
texture, mineralogy, and organic matter content (Dung et al.,
2013). Normalization procedures, based on the separation of the
fine (<63 mm) fraction or the use of conservative elements as
geochemical normalizers, are generally used for removing the
variability due to different sediment characteristics in studies
finalized to contamination assessment (Kersten and
FIGURE 2 | The integrated method to determine BGVs (from Galuszka and Migaszewski, 2011).
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Smedes, 2002). Differently, to define local BGVs, the highest
natural variability of concentrations in the MGP area should be
considered, including one due to grain size and mineralogy
changes. This is ensured thanks to the characteristics of the
adopted strategy, which is aimed at the systematic sampling of
the whole MGP; as a consequence, the collected samples will be
representative of the concentration variability as a result of
changes of natural contribution, as well as of textural and
mineralogical variability of the province itself. The need for a
single value at the legislative level for environmental assessment,
which considers the natural variability, lets us discard regression
techniques and direct us towards simple, easily applicable
statistical methods. The study of concentration profiles,
associated with the geochronology and integrated with historical
information related to the anthropogenic activities in the area, led
to identifying the un-polluted, pre-industrial section. The
integrated approach applied to determine BGVs in the Orbetello
Lagoon (Romano et al., 2015) was recognized as suitable for being
adopted by the national guidelines.

3.2.3 Determination of BGVs in the Orbetello Lagoon
The Orbetello Lagoon is an enclosed area of approximately 25 km2

and is constituted by two well-connected basins where several
environmental surveys highlighted strong contamination due to
past andpresent anthropogenic activities, such as former industries,
historical mining, fish farming, and tourist facilities. The need for
anthropogenic contamination assessment was the reason for
determining the local BGVs, in particular, of Hg and As,
responsible for a geochemical anomaly in the mainland (Lattanzi
et al., 2017; Fornasaro et al., 2022), but also in surface marine
sediments (Barghigiani et al., 1996).

In the case of Orbetello, which belongs to the well-known
geochemical province of Monte Amiata (Tuscany), there was no
need to define the borders of theMGPbecause of the semi-enclosed
shape of the lagoon. According to a regional sampling density (one
station every 2.5 km2), a total of 10 sediment cores were collected to
study grain size variability andMTEs concentration along the depth
of the cores determinedbymeans of the ICP-OES technique, except
Frontiers in Marine Science | www.frontiersin.org 7
Hg, which was analyzed through DMA-80 (Ausili et al., 2011).
Among these, four cores were also studied for geochronological
dating using of 210Pb and 137Cs isotopes (Figure 4). These two
independent methods provided similar sedimentation rates for all
the cores, which ranged, on the whole, 0.36-0.44 and 0.29-
0.46 cm y-1, respectively. Then, a constant sedimentation rate of
0.36 cm y-1 was assumed in the Orbetello Lagoon for the whole
length of cores, also based on the homogeneous sediment texture
(Romano et al., 2015).

These last ones, selected because they were considered
representative of the chemical and textural variability of the
area, were used for making a dataset of MTEs concentrations for
the determination of BGVs. First, the study of core profiles,
supported by descriptive multivariate statistics (Principal
Component Analysis - PCA), identified the anthropogenic
contribution of MTEs (Figure 5). The PCA, based on
standardized chemical and grain size data, displayed two main
components, accounting for 65%of the variance on thewhole. The
PC1 discriminated the sandy sediment fraction, with negative
values, from the silty and clayey ones and theMTEs, with positive
values. The PC2 differentiated silt, clay, Cr, Ni, and fine sediment
fractions at the negative side, pointing to the exclusive geogenic
origin of these two elements from the other MTEs, which were at
the positive side and supposed to be anthropogenically influenced.
These MTEs, also based on the typical shape of concentration
profiles, were confirmed as anthropogenically enriched, and
among them, the Pb concentration profiles showed the earliest
and most marked increase in the upper sections of the four cores.
For this character, Pb was considered the best marker of
anthropogenic influence and used, also considering the
geochronology, to recognize the anthropogenically influenced
core levels to be removed from the dataset to determine BGVs.
Consequently, the upper core sections, corresponding to a time
interval ranging from 1900 for core OR96 to 1950 for cores OR94,
OR98, and OR100, were removed from the initial dataset
(Figure 5). More in detail, 47 out of 102 samples, which were
considered anthropogenically influenced, were excluded from the
dataset, while anthropogenic contribution in older times was
FIGURE 3 | The integrated method used to determine BGVs by the Italian National Network System for Environmental Protection (modified from Galuszka and
Migaszewski, 2011).
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considered negligible. Moreover, the outliers identified by
boxplots were removed because they were attributable to natural
causes or ancient anthropogenic activities. In particular, a Hg
outlier was recognized in all four cores and interpreted, due to its
age dating back to 1850, to the documented historical mining in
the Monte Argentario. At this point, the dataset included only
samples exclusively affected by a natural geogenic contribution,
which can be considered responsible for a normal or log-normal
distribution of data (Birch, 2017). Then, from a final dataset
including 36 samples the BGVs were calculated using the
formula “mean + 2s” where 97% of cases were below such
threshold. Using the described approach, based on cores
Frontiers in Marine Science | www.frontiersin.org 8
representative of natural sedimentological and MTEs variability
of the area, the local BGVs, exclusively valid for the Orbetello
Lagoon,were determined (Table 1).MostMTEswere very close to
the global averages, pointing to the validity of the applied method
to recover natural concentration values, while higher values were
obtained forAs andmostly forHg, which are naturally enriched in
the area (Ferrara et al., 1998; Protano et al., 1998; Grassi andNetti,
2000). The Anthropogenically-influenced Background Values
(ABV) were also determined to quantify the effect of
anthropogenic contribution on the concentration data
(Table 1). The ABVs were considerably higher than global
averages, except Cr and Ni, respectively, slightly higher and
FIGURE 4 | Concentration profiles of Pb in the four cores; the upper, anthropogenically enriched sections are highlighted by grey bars. On the left, the position of
the sediment cores in the Orbetello lagoon (Romano et al., 2015).
FIGURE 5 | Scatter plot of Principal Component Analysis on standardized MTEs concentrations and grain size data in the four sediment cores; elements affected by
anthropogenic enrichment are recognizable because they are not correlated to the fine sediment fractions (Romano et al., 2015).
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lower than these reference values. Also, a comparison between
ABVs and BGVs, highlighted that the first were as far higher than
the second ones, excluding Cr and Ni, which were the only
elements exclusively of natural origin in the Orbetello Lagoon.
The ABV of Pb is more than double than BGV, revealing the
highest anthropogenic enrichment for this element that was
reliably used as a marker of the anthropogenic influence to
define the thickness of the upper, anthropogenically enriched
core sections to be not considered in the dataset (Romano
et al., 2015).
4 DISCUSSION

The EQSs are tools applicable in national or supranational
legislation for the environmental assessment and the definition of
the chemical status of the coastal marine areas. BecauseMTEsmay
be supplied to the marine environment and finally stored in
sediments from natural and anthropogenic sources, their quality
standard should be the upper threshold of natural concentration,
thus distinguishing between the natural contribution and
anthropogenic enrichment. However, because the environmental
assessment based on these values supports the decision-makers for
adopting environmental policies, an assessment based on rigid
quality standards could be unreliable. EQSs for heavy metals
lower than local natural concentrations cause overestimation of
pollution levels, with possible application of improper remediation
actions and waste of public resources.

Peculiar territories, such as the Italian one, extensively affected
by geological processes and highly diversified by mineralogical
viewpoint, need to apply a flexible environmental strategy to
adopt local threshold values replacing the EQSs of MTEs for the
definition of the chemical status. The WFD has acknowledged this
need for areas affected by natural metal enrichments. The National
Network System for Environmental Protection provided a
scientifically-based method for determining a single
concentration value, corresponding to the BGV, for those MTEs
affected by natural enrichment. This value is exclusively applicable
locally in areas with evidence-supported geochemical anomalies.

The conceptualmodel applied to address this requirement was to
use scientific literature as the basis for the methodological choices. It
Frontiers in Marine Science | www.frontiersin.org 9
started fromproviding the clear definitionofMGPandBGVandwas
developed through the methods for the spatial definition of the first
one and the calculation of the second one from a dataset obtained
from sediment cores representative both of sedimentological and
geochemical variability within the marine province. An advanced
version of the integrated approach considering the historical aspect
(pre-industrial levels of geochronologically characterized sediment
cores) and statistical frequency analysis of a dataset of natural metal
concentrations, cleaned of any outliers, was considered the most
suitablemethod to estimate an accurateBGV.Because of the local use
of this value and a sampling strategy that allowed to collect data
representative of the local natural variability, no normalization
procedures or statistical regression techniques were considered
necessary to determine the BGV.

The proposed approach was intentionally conceived as a tool
applicable in a standardized way to the whole territory but at the
same time flexible and adaptable to the different geological and
geochemical conditions present at the local level. However, the
reliability of the determined BGVs has been demonstrated by
comparison of these values with those determined through the
same method, without removing anthropogenically-influenced
data, and with global average concentrations.

Pre-existing geochemical data may reduce the considerable
effort in terms of sampling and analytical activity required to
define MGPs and determine their BGVs; however, they must
comply with the criteria described in this work. Moreover, the
determination of reliable local BGVs can be considered an
investment for the future as, once defined, it supports all
upcoming environmental policies.
5 CONCLUDING REMARKS

The need to determine local BGVs forMTEs inmarine sediments of
naturally enriched areas to substitute the EQSs in the framework of
environmental legislation led to establishing the principles and
methods to achieve this aim. In this context, the first definition of
MGP has been provided, and the BGV has been defined as the
upper threshold of natural concentration variability. Based on these
definitions, the methods for the spatial delimitation of MGPs and
the determination of their BGVs considered the dated sediment
TABLE 1 | Orbetello Lagoon: MTEs parameters determined from the dataset including both natural and anthropogenically influenced data (Mean Anthropogenically-
influenced Value - MAV; Anthropogenically-influenced Background Value - ABV), are compared with those determined on the exclusively natural concentration data of
the same dataset (Mean Natural Value – MNV; local Background Value - BGV) reported by Romano et al. (2015).

As Cd Cr Cu Hg Ni Pb Zn

MAV 10.31 0.16 62.54 28.31 0.62 32.30 19.84 82.29
s 4.37 0.13 16.77 9.50 0.39 10.23 14.02 38.76
ABV (MAV + 2s) 19.05 0.43 96.09 47.31 1.39 52.77 47.89 159.80
MNV 9.55 0.09 61.28 24.28 0.48 31.23 10.51 65.18
s 3.62 0.03 15.62 5.63 0.19 9.76 3.55 15.52
BGV (MNV + 2s) 16.78 0.16 92.51 35.54 0.87 50.75 17.60 96.22
Average shale (Turekian and Wedepohl, 1961) 13 0.3 90 45 0.4 68 20 95
Average upper crust (Li and Schoonmaker, 2003) 1.6 0.1 69 39 0.08 55 17 67
M
ay 2022 | Volu
me 9 | Article
The global mean crustal and shale values are also presented. The background values exceeding the global mean concentrations are bold; concentrations are in mg kg-1.
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core as the only suitable tool for detecting natural concentrations in
the coastal zone of industrialized countries, where real pristine areas
are virtually absent. Consequently, an integrated geochemical-
statistical method for determining the BGVs, considering a
concentration dataset from core levels of the pre-industrial age,
has been developed.

This approach, adopted in Italy by the environmental
authorities, may be considered a scientifically-based and flexible
method applicable in other countries with similar geological and
geochemical characteristics to meet the increasingly demanding
environmental issues, providing reliable environmental assessment
for the application of suitable policies.
Frontiers in Marine Science | www.frontiersin.org 10
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