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• The study is based on an integrated geo-
logical, petrographic and geochemical
dataset.

• We assessed the geogenic versus an-
thropogenic origin of potentially haz-
ardous metals.

• Natural concentrations of toxic metals
in sediments can exceed regulatory
limits.

• Anomalous Cr, Ni and As concentrations
are recorded in modern beach sands.

• Natural element abundance is a function
of catchment geology and sediment
transport.
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Assessing soil contamination by hazardous metals and estimating the extent to which metal concentrations in
surficial sediments may pose risks to human health are increasingly important environmental issues. An inte-
grated sedimentological and geochemical study of 57 Holocene beach sands from the shallow subsurface
(120–130 cm depth) of the heavily urbanized Tyrrhenian Sea coast of Italy (Tuscany and adjacent coastal
stretches) allowed a remarkable compositional heterogeneity to be identified as a function of spatial variations
in riverine sediment supply and alongshore sediment dispersal patterns.
Concentrations of Cr, Ni, and As exceeding maximum permissible limits for recreational/industrial sites
(150 mg/kg, 120 mg/kg, and 20 mg/kg, respectively) reveal spatial trends that fit the petrography of modern
beach sands and closely reflect the geology of river catchments, thus indicating a geogenic origin. Extremely
high concentrations of Cr (and Ni), even 10 times greater than threshold values, are interpreted to reflect sedi-
ment supply from river catchments rich in ultramafic rocks (ophiolite sequences of Cecina and Campiglia
areas), with subsequent transport via the longshore drift. On the other hand, high As concentrations in the
Campiglia region and along the southern stretch of coast reflect leaching of felsic volcanic and plutonic parent
rocks and hydrothermal products related to the Tuscan and Roman magmatic provinces cropping out in the
Fiora, Albegna, and Cornia river catchments.
This study shows that coastal sediment derived from particular source rocks is likely to contain potentially harm-
ful metals in predictable proportions, which may easily exceed maximum allowable concentrations. Assessing
spatial distribution of such metals based on catchment geology and sediment transport pathways may help
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separate natural concentrations from the anthropogenic contribution, providing a valuable source of information
for appropriate remediation strategies and management options.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The assessment of soil contamination by potentially toxicmetals and
the estimate of anthropogenic enrichment represent increasingly im-
portant issues, especially in highly vulnerable coastal environments. In
Europe, coastal areas are subject to an increasing anthropic pressure:
around 86 million people live within 10 km from the coastline and
about 200 million people within 50 km from the coastline, respectively
(ETC-CCA, 2011; Collet and Engelbert, 2013). In highly permeable sand
deposits, pollutants can be leached through the soil profile and may
easily pollute groundwater. In finer-grained deposits, they tend to accu-
mulate in topsoil layers and can be toxic to plants and soil microbial bio-
mass (Planquart et al., 1999; Ashworth and Alloway, 2004; Businelli
et al., 2009).

To get an accurate depiction of environmental contamination, the
distinction between natural metal concentrations and the anthropo-
genic contribution should be taken into account. Once background
values are properly defined, geochemical anomalies can be estimated
by subtracting background concentrations from measured metal con-
tents (Reimann and Garrett, 2005; Zhang et al., 2009). It is well
established that the definition of background values of potentially
toxicmetals requires integration of geochemical datawith accurate geo-
logical studies (Miller, 1997; Box andWallis, 2002; Tarvainen andKallio,
2002; Myers and Thorbjornsen, 2004).

Although sediment provenance represents amajor controlling factor
of natural metal distribution in sediments (Salminen and Tarvainen,
1997; Vital and Stattegger, 2000; Amorosi and Sammartino, 2007;
Devesa-Rey et al., 2011), in the vast majority of environmental studies
in alluvial and coastal plains, the geological characteristics of river catch-
ments are neglected and the spatial distribution of potentially harmful
metals is interpreted on the basis of statistical analysis alone. In this
study, which is aimed to investigate the geogenic versus anthropogenic
origin of potentially hazardous metals along the Tyrrhenian coast
of Italy (Liguria, Tuscany and Latium – Fig. 1) through a combined sed-
imentological and geochemical approach, we present a set of 57
geochemical analyses from beach sands and use the excellent petro-
graphic datasets by Gandolfi and Paganelli (1975a, 1975b, 1975c,
1984) and Garzanti et al. (2002) from the same area to make geologic
inferences on sediment composition.

Human exposure to inorganic arsenic or hexavalent chromium is a
major public health problemworldwide. High Cr levels along the Cecina
River valley, Tuscany (Amorosi et al., 2013; Tassi et al., 2018) and along
the Tyrrhenian coast of Liguria (Cosma et al., 1979; Leoni et al., 1991)
have been inferred to reflect a possible natural control, though the pos-
sible influence of industrial/harbor activities related to shipbuilding and
chemical plant has not been ruled out (Bertolotto et al., 2005; Mugnai
et al., 2010). High levels of arsenic have been reported from agricultural
soils of northern Latium and Mount Amiata, in Tuscany (Tamasi and
Cini, 2004), and As concentrations exceeding the regulatory limit for
drinking waters have been detected in groundwater from a large area
of volcanic origin (Cubadda et al., 2015). However, lack of knowledge
about background levels, with few exceptions (Leoni and Sartori,
1996), has resulted in uncertain interpretations (Dinelli et al., 2005;
Cortecci et al., 2008; Ungherese et al., 2010).

Previous work on late Holocene alluvial deposits from the Pisa area
has shown that metals are typically concentrated in the finest sediment
fraction (floodplain clays), whereas coarser crevasse and overbank de-
posits exhibit invariably lower metal contents (Amorosi et al., 2013).
Marked changes in grain size, thus, can lead to biased estimates of spa-
tial metal distribution. To minimize the possible influence of grain size
and sediment texture on sediment composition, and thus emphasize
the provenance signal, in this studywe focused on a particular sedimen-
tary facies, which is representative of a specific (nearshore) sub-
environment, between the backshore and the shoreface. All study sam-
ples are sands, with only veryminor silt and clay proportions. To reduce
the possible effects of anthropogenic contamination, we focused
entirely on subsurface samples collected inland from the modern
shoreline.

2. Geological setting

Based on the distinctive geological features of major river catch-
ments (Geological Map of Tuscany – Fig. 1) and petrographic/mineral-
ogical compositions accurately depicted from modern nearshore sands
(Gandolfi and Paganelli, 1975a, 1975b, 1975c, 1984; Garzanti et al.,
2002), eight geological provinces, each reflecting particular river trans-
port, were differentiated from north to south (Fig. 1). For detailed geo-
logical information, the reader is referred to classic regional and local
studies (Giannini and Lazzarotto, 1975; Boccaletti and Coli, 1982;
Carmignani and Kligfield, 1990; Rocchi et al., 2003; Molli, 2008;
Carmignani et al., 2013).

(1) Magra River, 62 km long, flows from NW Tuscany into the Ligu-
rian Sea. Its catchment is dominated by siliciclastic, deep-
marine turbidites (sandstone-marl alternations of the Oligocene
Macigno Fm.). A significant volume of mafic and ultramafic
(ophiolite) rocks, including serpentinized peridotites and
gabbros, is exposed in the Vara River catchment, a western trib-
utary of Magra River.

(2) A similar lithologic composition typifies the catchments of Arno
River (241 km), the longest river in Tuscany, and Serchio River
(136 km). Thick turbidite foredeep successions are widespread
in both watersheds. Three wedge-shaped sediment bodies, Oli-
gocene to Miocene in age, exhibit progressively younger ages in
NE direction (Macigno, Cervarola, and subordinate Marnoso-
arenacea Formations). Turbidites consist of quartzofeldspathic
sandstone-marl alternations, with common metamorphic and
sedimentary lithic fragments of Alpine provenance. Sandstones
are also abundant along the lower reaches of the Arno River. At
the northwestern tip of this province (Apuane area), metamor-
phic rocks (including low-grade phyllites), metapsammites and
porphyroids are present.

(3) A varied lithologic composition, including sandstones, mud-
stones, limestones, and turbidite successions characterizes the
Cecina River system. The abundance of thick ophiolitic se-
quences, drained by both northern and southern tributaries, rep-
resents the diagnostic feature of this catchment.

(4) Minor rivers drain the relatively small Campiglia area, located at
the northern margin of the Tuscan magmatic province. Apart
from Jurassic limestones and marls, this area includes felsic
volcanic and plutonic rocks (monzo-syenogranitic rocks at
Campiglia Marittima, rhyolites at S. Vincenzo) emplaced during
the Pliocene. Ophiolite rocks crop out NW of Campiglia
Marittima, at short distance (b 2 km) from the Tyrrhenian coast
(Fig. 1).

(5) Turbidites of Oligo-Miocene age (Macigno Fm.) and large
shale, siltstone, and limestone lithosomes are exposed in the
Cornia River (50 km) watershed. Felsic volcanic and plutonic
rocks of the Tuscan magmatic province, coeval and lithologically
similar to those of the Campiglia area, crop out at distinctive



Fig. 1.Geological sketchmap of the study area (modified from the Geological Map of Tuscany, 2004), with location of the analyzed beach sands (white dots). Samples are subsurface, pre-
industrial beach-ridge deposits collected up to 1 km inland of the modern shoreline, Grey dots indicate river catchments (1: Magra, 2: Arno/Serchio, 3: Cecina, 4: Campiglia, 5: Cornia, 6:
Ombrone, 7: Albegna, 8: Fiora). Dashed circles indicate river-influenced sectors as a function of the longshore drift. Red letters indicate physiographic units (a: Northern Tuscany, b: Cecina
River, c: Follonica, d:Ombrone River, e: OmbroneRiver). Stars indicate ore deposits (SV: SanVincenzo, CM: CampigliaMarittima,MO:MonterotondoMarittimo,NC:Niccioleta;MA:Massa
Marittima, SC: Scarlino, GA: Gavorrano, RO: Roccastrada, AM: Mt. Amiata).
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locations (monzo-syenogranites at Gavorrano and rhyolites at
Roccastrada).

(6) Ombrone River, 161 km in length, is the second largest river in
Tuscany. Carbonate platform to pelagic sedimentary and
metasedimentary successions, thick turbidities (Macigno and
Mt. Modino Fm.) sequences, along with Upper Miocene to Qua-
ternary continental and marine mudstones, sandstones, and
conglomerates characterize this watershed. The Ombrone River
catchment is also fed by volcanic rocks, belonging to the Tuscan
magmatic province (Mt Amiata trachydacites and Roccastrada
rhyolites).

(7) Carbonate successions crop out extensively in the Albegna river
catchment. Pelagic limestones are associated with relatively
deep-water sediments (shale and cherts) and shaly to calcareous
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turbidites.
(8) In the Fiora river catchment, thick volcanic successions assigned

to the Quaternary Roman Magmatic Province crop out. Potassic
(trachytes, latites) to ultrapotassic (leucite tephrites to phono-
lites and leucitites) lavas are associatedwith abundant carbonate
detritus from theMesozoic platforms. Thick successions of mud-
stones, sandstones and relatively small conglomerate bodies are
also exposed in this watershed.

3. Morphodynamic setting

The stretch of coast investigated in this study is about 400 km long
and extends between the mouths of Magra and Fiora Rivers (Fig. 1). It
is dominated by low-coast sandy beaches (i.e. strandplains), with
small pocket beaches and short stretches with rocky cliffs. Major entry
points of fluvial sediment delivered to the Tyrrhenian Sea are from
Magra, Serchio, Arno, Cecina, Cornia, Bruna, Ombrone, Albegna and
Fiora rivers (see related geological provinces in Fig. 1).

River deltas are of wave-dominated type and their arcuate shapes
mostly reflect sand distribution parallel to the coastline due to the
longshore currents. Longshore currents form between the wave
breaker-zone and the beach, depending on the oblique incoming of
waves relative to the coastline. They run parallel to the coast and their
direction is controlled by the angle on which the waves approach the
coast. Longshore currents cause the longshore drift, which is the trans-
port of sediment along the coast.

Natural morphologic headlands along the coast of Tuscany confine
sediment movement to five distinct physiographic units (a-e in Fig. 1),
with their own patterns of longshore drift (Aiello et al., 1975; Anfuso
et al., 2011; Cipriani et al., 2013; Anthony, 2018). Petrographic analyses
of modern beach sands (Aiello et al., 1975; Gandolfi and Paganelli,
1975a, 1975b, 1975c; Garzanti et al., 2002) have been used to define
with accuracy the directions of the longshore drift within the individual
physiographic units and to localize zones of convergence. From north to
south, the following physiographic units have been identified:

a. The Northern Tuscany unit extends for 63 km from Punta Bianca to
the North Leghorns Hills and is fed by Magra, Serchio, and Arno riv-
ers. The longshore drift is southward-trending from theMagra River
mouth to Marina di Pietrasanta, where a zone of convergence is rec-
ognized. Another convergence area is located south of theArnoRiver
mouth.

b. The Cecina River unit is 43 km long. Sediment supply along this
stretch of coast is mainly due to the discharge from the Cecina
River. The littoral drift is S-directed and a zone of convergence is
identified close to the village of Campiglia Marittima.

c. The Follonica unit, 23 km long, is mainly fed by Cornia River and is
characterized by a northward longshore drift.

d. The Ombrone River unit is 32 km long. Along this stretch of coast,
sands supplied by the Ombrone and Albegna rivers are redistributed
by the N-directed longshore drift. A small convergence area is lo-
cated in the northernmost sector of this unit.

e. Only the northernmost portion of the Fiora River unit falls in the
study area. The sediment drift is northward-trending, from the
near Latium coast.

4. Methods

Fifty-seven sampling sites, with average spacing of about 1 sample/
7 km, cover the study area. To emphasize the role ofmajor rivers as sed-
iment feeders of the coastal system, we focused sampling on the later-
ally most continuous sandy beaches (strandplains). On the other hand,
no samples were collected along rocky cliffs or within small pocket
beaches. Sampling, in general, took place far from the modern beach,
in the subsurface of the Holocene coastal plain, within 1 km distance
from the modern shoreline.

At each study site, samples (500 g) were collected by hand drilling,
at depths of 120–130 cm, to avoid upper potentially contaminated hori-
zons, using Eijkelkamp equipment (01.11.SO hand auger set for hetero-
geneous soils). Soils in the study area (Arenosols) generally have low
maturity and thin (b1 m) profiles. Sampling depth in the area was suf-
ficiently deeper to be representative of truly pre-industrial conditions
(Romano et al., 2015).

Geochemical analyses were performed at the University of Bologna.
The entire sample obtained from the hand auger was oven-dried at
50 °C, powdered and homogenized in an agate mortar and analyzed
by X-ray fluorescence (XRF) spectrometry using a Philips PW 1480
spectrometer. The matrix correction methods of Franzini et al. (1972),
Leoni and Saitta (1976), and Leoni et al. (1986) were followed. Certified
referencematerial, including samples BR, BCR-1,W1, TB, NIM\\P, DR-N,
KH and AGV-1 (Govindarajiu, 1989), was also analyzed. The estimated
precision and accuracy for trace-element determinationswas 5%. For el-
ements with low concentrations (b10 ppm), the accuracy was 10%.

We preferred XRF to aqua-regia inductive coupled plasma mass
spectrometry (ICP-MS), because of the proven lower efficiency of aqua
regia extractions for the total determination of certain metals, such as
Cr and Ni (Sterckemann et al., 1996, Ščančar et al., 2000, Spijker, 2005,
Tarvainen et al., 2009, Amorosi and Sammartino, 2011).

Sediment provenance interpretations also relied upon detailed com-
parison with sand petrographic data by Gandolfi and Paganelli (1975a,
1975b, 1975c, 1984) and Garzanti et al. (2002). We grouped petro-
graphic analyses on a geographic basis into six assemblages that coin-
cide with the coastal stretches marked as 1–6 in Fig. 1. Unfortunately,
no petrographic data are available from the southern (Albegna and
Fiora) provinces (7–8 in Fig. 1). As a result, only qualitative data were
provided for these areas.

As our study samples are not loose sediments from modern beach
environments, but they were collected from the subsurface of older
(Holocene) beach ridges that are incorporated at present in the coastal
plain inland of the coast, we applied to these sediments the same legis-
lation used for soils.

5. Results

The results of XRF analysis are shown in Table 1, where elemental
concentrations are summarized through the subdivision of samples
into eight coastal segments (Fig. 1). Each group was identified using a
combination of catchment geologywith the local direction of the littoral
drift (Section 3). The environmental significance of geochemical data is
documented by red colors, which highlight the stretches of coast where
elemental contents are greater than the threshold limit values defined
by the Italian regulations (Legislative decree, 03/04/2006, no. 152,
Annex 4-V5).

If matched against the maximum permissible levels in soils, ele-
mental contents from the Tyrrhenian cored samples generally lie
under these values by a good margin, irrespective of the stretch of
coast considered. The opposite, instead, can be observed for particu-
lar elements, such as Cr, Ni, and As, which commonly exceeds the
threshold limit values (150 mg/kg, 120mg/kg, and 20mg/kg, respec-
tively - Table 1). Particularly, average chromium concentrations are
up to ten times greater than maximum allowable levels south of
the Cecina river mouth, and three times greater along the Campiglia
coast. These values are paralleled by nickel concentrations, which
also exceeded regulatory limit values up to three times. Significantly
high Cr values in beach sands were also recorded along the stretch of
coast south of the Magra River. Arsenic, instead, shows anomalously
high average concentrations, 2–3 times greater than maximum per-
missible levels in the Campiglia area and, subordinately, in the south-
ern regions, fed by Cornia, Albegna and Fiora rivers. Cobalt exhibits
concentrations higher than its threshold limit value (25 mg/kg) in
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Table 1
Average chemical composition of Holocene beach sands, collected at 120–130 cm depth, from eight distinct geological provinces (see Fig. 1). Values that exceed the Italian threshold limit
values for soil contamination are marked in red.

Magra R. Arno-Serchio R. Cecina R. Campiglia A. Cornia R. Ombrone R. Albegna R. Fiora R.

Average ± Average ± Average ± Average ± Average ± Average ± Average ± Average ±

SiO2 (%) 62.74 1.99 71.38 1.83 49.16 2.58 64.42 8.95 74.96 8.68 54.92 5.89 47.21 2.03 52.05 8.47
TiO2 (%) 0.35 0.04 0.35 0.09 0.45 0.17 0.27 8.95 0.16 0.04 0.29 0.07 0.21 0.04 0.47 0.18
Al2O3 (%) 9.50 0.47 8.87 0.98 5.85 0.38 6.44 2.49 3.66 1.11 6.06 1.00 4.92 1.01 8.41 1.66
Fe2O3 (%) 3.83 0.33 2.52 0.38 6.29 0.90 6.67 2.49 1.91 0.61 4.20 0.67 4.13 0.65 5.84 2.27
MnO (%) 0.09 0.02 0.08 0.01 0.18 0.03 0.18 0.12 0.11 0.05 0.16 0.03 0.29 0.03 0.18 0.02
MgO (%) 4.09 0.36 1.79 0.40 11.98 1.53 4.46 3.40 0.98 0.53 2.14 0.38 1.90 0.17 4.15 2.31
CaO (%) 7.82 0.99 5.50 1.00 11.33 1.87 6.87 4.62 8.81 3.48 16.22 3.72 20.56 1.23 15.22 4.55
Na2O (%) 1.26 0.13 1.75 0.14 0.97 0.19 0.96 0.07 0.69 0.24 0.85 0.20 0.57 0.09 0.82 0.10
K2O (%) 1.86 0.12 1.91 0.12 0.67 0.21 0.95 0.07 0.88 0.28 1.14 0.24 1.08 0.14 3.21 0.73
P2O5 (%) 0.08 0.01 0.07 0.01 0.07 0.01 0.07 0.01 0.04 0.01 0.07 0.01 0.07 0.00 0.13 0.08
LOI (%) 8.37 0.91 5.79 0.90 13.05 1.46 8.70 3.27 7.78 3.12 13.96 2.49 19.07 1.15 9.51 3.42
As (mg/kg) 6 2 6 1 12 1 49 27 22 5 10 2 21 7 27 8
Ba (mg/kg) 304 25 297 21 114 33 101 40 98 27 148 33 136 13 612 86
Ce (mg/kg) 35 5 34 10 15 4 29 20 16 8 26 8 25 8 83 25
Cl (mg/kg) 39 5 38 17 304 502 80 57 443 653 156 182 195 247 58 24
Co (mg/kg) 11 2 7 1 25 3 16 11 4 1 8 1 7 2 12 6
Cr (mg/kg) 221 70 84 17 1460 753 439 258 83 49 158 103 60 14 99 47
Cu (mg/kg) 17 6 9 2 20 3 20 17 5 1 13 1 12 4 8 9
Ga (mg/kg) 10 0 8 1 7 1 7 3 4 1 7 1 6 1 10 2
Ni (mg/kg) 112 16 39 6 376 64 195 150 15 9 40 5 31 7 38 17
Pb (mg/kg) 17 5 15 2 11 1 27 18 11 6 12 1 11 1 24 3
Rb (mg/kg) 67 4 71 6 21 6 40 24 33 8 35 11 30 4 87 34
S (mg/kg) 61 30 44 11 131 64 248 302 116 70 110 41 417 481 318 355
Sc (mg/kg) 10 4 8 4 8 1 14 5 9 3 10 4 8 1 14 7
Sr (mg/kg) 236 26 168 19 244 36 189 88 189 72 326 58 404 27 837 91
V (mg/kg) 46 4 35 7 70 22 46 20 22 6 41 6 40 8 103 58
Y (mg/kg) 15 1 14 3 15 3 18 10 10 3 16 2 19 1 26 7
Zn (mg/kg) 48 7 33 6 62 11 48 19 29 6 44 4 46 9 52 17
Zr (mg/kg) 103 12 111 29 84 19 78 38 56 14 92 13 71 5 237 109
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the Cecina area, whereas V exceeds its maximum allowable limit
(100 mg/kg) north of Fiora River.
6. Influence of catchment lithology on sediment composition

To get clues about the natural versus anthropogenic origin for such
anomalies, with a particular focus onCr andAs, the geochemical compo-
sition of the study sands was matched against the geological character-
istics of river catchments (Fig. 1). Ternary diagrams based onmajor and
trace element concentrations allow simple graphic discrimination of the
eight geological provinces that crop out along the coast of Tuscany, with
relatively scarce overlap (Fig. 2A, B). Amongmajor elements, high MgO
average values (up to 12% in Table 1) characterize beach sands from the
Cecina and Campiglia areas, whereas sand from the southern coast
(Albegna, Ombrone, and Fiora river catchments) exhibits the highest
CaO values (~ 20% - Table 1 and Fig. 2A). The highest K2O and Na2O
Fig. 2. Ternary plots, showing changes in composition of Holocene beach sand as a function of se
elements, B: selected trace elements, C: selected mineralogical components (data from Gandol
values are instead characteristic of the wide stretch of coast supplied
by Arno, Serchio, and Magra rivers (Fig. 2B).

Fig. 2C shows diagnostic petrographic signatures of six out of eight
geological provinces discussed in this work (data from the southern
Albegna and Fiora coastal stretches are not available), based on the de-
tailedwork byGandolfi and Paganelli (1984). The sand petrography ter-
nary diagram based on the relative amount of serpentine rock
fragments, felsic magmatic rock fragments and feldspars results invari-
ably in distinct fields for the different geological provinces. The Cecina
system (and subordinately beach sands supplied by the Magra River
catchment) is dominated by ophioliticlastic sands, including abundant
serpentinite grains (Garzanti et al., 2002). TheCampiglia and Cornia sys-
tems exhibit the highest amounts of felsic volcanic and plutonic rock
fragments (Fig. 2C). A volcanic detritus made up of felsitic lithic frag-
ments with abundant hypersthene has also been reported from the
Fiora River system (Garzanti et al., 2002). The abundance of feldspars
(K-feldspar+albite+anortite), likely recycled from foredeep turbidites
diment provenance (the eight geological provinces of Fig. 1 are plotted). A: selectedmajor
fi et al., 1984).
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derived (directly or indirectly) from Alpine sediment sources (Garzanti
et al., 2002) typifies the Arno-Serchio system (Fig. 2C). Abundant car-
bonate lithic fragments suggest additional supply from rocky coasts in
the south (Garzanti et al., 2002).

Consistent with the petrographic data shown in Fig. 2C, chromium
behaves as Mg and displays its maximum values in the ophiolite-rich
CecinaRiver system (Fig. 2B), whereas the highest As concentrations co-
incide with maximum amounts of volcanic lithic fragments.

7. The natural origin of Cr and Ni

To assess the possible influence of ophiolite-rich detritus on the spa-
tial distribution and anomalously high concentrations of Cr andNi along
the northern Tyrrhenian coast of Italy,we plotted the ratio between two
relatively immobile elements (Cr/V) versus Y/Ni (Hiscott, 1984 - Fig. 3).
This diagram enables a semi-quantitative estimate of the proportion of
ultramafic rocks in the source region, based on the composition of an ul-
tramafic end-member characterized by a very high Cr/V value (45) and
an extremely low Y/Ni ratio (0.001 - Turekian and Wedephol, 1961).
The dotted line roughly corresponds to 5% ultramafic detritus (Hiscott,
1984).

The Cr/V ratio is commonly used as a key index for sediment prove-
nance from ultramafic source rocks (Feng and Kerrich, 1990; Garver
et al., 1996; Bauluz et al., 2000; von Eynatten, 2003; Amorosi and
Sammartino, 2007; Lužar-Oberiter et al., 2009). High Cr/V levels (N10
in Fig. 3) from Holocene beach sands of the Cecina and Campiglia re-
gions are consistent with the marked abundance of ultramafic lithic
fragments reported from the Cecina River system (up to 40% in
Gandolfi and Paganelli (1977), as well as with the southward sediment
drift close to the Cecina River mouth (Leoni et al., 1991 - Fig. 1). In the
Cecina River system, dense minerals may include up to 40% Cr-spinel,
such as chromite, magnesium chromites, and Cr-magnetite (Garzanti
et al., 2002). Ophiolite rocks cropping out in the Campiglia area only
2 km from the Tyrrhenian coast (Rocchi et al., 2003 - Fig. 1) likely repre-
sent an additional source of Cr to the coastal area, as also suggested by
the abundance of spinel reported from beach sands south of Cecina by
Garzanti et al. (2002). We assume olivines, the primary mineral from
peridotites, to represent potential carriers for Ni e Co (Herzberg et al.,
2016), accounting for concentrations that exceeded regulatory limits
for both elements in samples from the Cecina area (Table 1).

Lower Cr/V values, but still consistent with significant ultramafic
input, are recorded by beach samples south of Magra River. Such values
Fig. 3. Scatterplots of Cr/V versus Y/Ni (Hiscott, 1984), showing the likely mafic-ultramafic cont
river mouths.
likely reflect remarkable input of serpentinite rock fragments at the
Magra Rivermouth and their south-directed transport via the longshore
drift (Fig. 1).

8. The natural origin of As

The As concentration varies markedly along the Tyrrhenian coast,
with generally higher values (commonly higher than threshold limits
– Table 1) in the southern (Campiglia, Cornia, Albegna and Fiora)
provinces.

Magra, Arno/Serchio, Cecina and Ombrone coastal sands exhibit As
concentrations below the maximum allowable concentration for parks
and residential areas (20 mg/kg in Table 1). If plotted against CaO
(Fig. 4A) and SiO2 (Fig. 4B), which can be used as proxies for carbonate
and siliciclastic deposits, respectively, As exhibits obvious direct and in-
verse linear relationships, respectively, with only slight changes.

A significantly different behaviour typifies most southern coastal
sands, for which no relation can be seen between these variables
(Fig. 4A, B). This suggests an origin for As other than from siliciclastic
and carbonate rocks.

A simple look at the geological map shows that high As is concen-
trated in the southern part of the study area, along stretches of coast
that are fed by rivers where magmatic rocks are abundant in the catch-
ments. (Table 1 and Fig. 1).

The clear relation betweenAs abundance and S/MnO(Fig. 4C) is con-
sistent with its concentration in sulfide minerals other thanmanganese
sulfides. Arsenic sulfides like realgar (As4S4), orpiment (As2S3), arseno-
pyrite (FeAsS), and enargite (Cu3AsS4) have been reported as common
constituents of skarn deposits in the Tuscan region (Tanelli, 1977).
The interpretation of a geogenic origin for As along the coast of Tuscany
is strongly corroborated by the occurrence of As-rich mineralizations in
the Campiglia area (Tanelli et al., 1993; DaMommio et al., 2010). On the
other hand, huge As concentrations (up to 9000 mg/kg) have been re-
ported from the Roman magmatic province, in the Monte San Pietro
area, along Fiora River (De Casa et al., 1996), and are likely to supply
As-rich detritus to the Latium coast and to the Tuscany coast via
longshore drift.

The geochemical ‘anomaly’ in V observed north of Fiora River, in as-
sociationwith high As levels (Table 1), is interpreted to reflect high con-
centrations of this element in volcanic rocks of the Quaternary Roman
Magmatic Province. Vanadium can replace iron in themineral structure
of pyroxene and magnetite or be contained in V-rich minerals (i.e.
ribution to Holocene beach sands in the Campiglia area and close to the Cecina andMagra



Fig. 4. Scatterplots of CaO (A), SiO2 (B) and S/MnO (C) versus As. Arsenic shows direct (A) and inverse (B) relations with CaO and SiO2 in samples fromMagra, Arno/Serchio, Cecina, and
Ombrone river systems, but positive correlation with S/MnO (C) in samples from Campiglia, Cornia, Albegna and Fiora river systems. Regression lines for samples from the Magra, Arno/
Serchio, Cecina and Ombrone river systems highlight linear correlations in A and B.
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carnotite and vanadinite) that commonly occur in the volcanic rocks of
northern Latium (Cinti et al., 2015).
9. Factors controlling the spatial distribution of geochemical ele-
ments along the Tyrrhenian coast

Beach sands along the northern Tyrrhenian coast of Italy are com-
plexmixtures of detritus fed by a variety of sources (sedimentary,meta-
morphic and magmatic rocks) and subject to transport and sorting by
distinct traction processes (rivers, waves, and longshore currents –
Garzanti et al., 2002). This study showed the strong relation between:
(i) elemental concentrations in Holocene coastal deposits (Fig. 2A, B),
(ii) modern beach sand petrography (Fig. 2C), and (iii) drainage basin
composition (Figs. 3 and 4).

Geological data may allow pinpointing the sources of geochemical
‘anomalies’ (Fig. 1). In particular, the spatial distribution of potentially
toxic elements appears to be a function of sediment provenance and
transport. In the study area, the type of particular source rocks, such
as ophiolitic and volcanic successions, is critical to account for signifi-
cant Cr, Ni and As concentrations. Clear provenance signals are carried
by Cr and Ni, hosted preferentially in serpentinite lithic fragments
(von Eynatten, 2003; Amorosi, 2012; Garzanti, 2016), and by As, associ-
atedwith sulfideminerals (Protano et al., 1998; Costagliola et al., 2010).
These elements are transported by rivers to fluvial mouths and then
concentrated in littoral sands by waves and nearshore processes, fol-
lowing longshore transport along north- or south-directed pathways.

The distance the sediment is transported appears to be another
major controlling factor of the geochemical composition of the beach
sands. For example, the limited durability of volcanic lithic fragments
(Garzanti et al., 2002) can be compensated by their lower selective de-
struction due to the relatively short transport distance. In the relatively
small Campiglia area, despite comparatively small volumes of ophiolitic
and magmatic rocks (and related hydrothermal products) cropping out
in the catchment (Fig. 1), nearshore sands are markedly enriched in Cr
and As (Table 1). Such high Cr and As concentrations are interpreted
to reflect proximity of Cr-bearing and As-bearing source rocks to the
shoreline. Lack of significant fluvial transport likely favored the high
preservation of Cr- and As-bearing lithic fragments, as well as of min-
erals highly resistant to chemical and physical weathering, such as spi-
nels, resulting in high elemental concentrations in the adjacent, narrow
coastal plain.

To assess the extent to which element concentrations in sediments
may pose risks to humanhealth, futurework should focus on estimating
bioavailability of elemental contaminants. While remarkably high
amounts of chromium of geogenic origin, even exceeding maximum
permissible concentrations, do not imply necessarily high bioavailabil-
ity (Albanese, 2008; Amorosi et al., 2014), it is possible that highly
leachable, potentially harmful elements, such as As, may enter the
food chain, exposing local population to exposure to inorganic arsenic
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via water and also through consumption of food (Cubadda et al., 2015).
Specific bioavailability studies, however, are needed to corroborate this
hypothesis.
10. Conclusions

Holocene beach sands from the north Tyrrhenian coast of Italy were
examined in light of detailed geologic information and a complete pet-
rographic and mineralogical database available from previous work.
Metal determinations based on geological criteria showed that elemen-
tal contents exceeding the threshold values designated for contami-
nated areas are not the product of artificial contamination, but reflect
primarily the local geological characteristics. Concentrations of Cr, Ni,
and As higher than maximum admissible values strictly reflect source-
rock composition and sediment transport pathways.

Threshold limit values for Cr and Ni were exceeded in samples from
the central coast of Tuscany (Cecina and Campiglia areas), where rivers
drain ophiolite-rich catchments. The remarkably high Cr andNi concen-
trations reflect river mouth deposits and transport of ophiolitic detritus
by the longshore drift along south-directed sediment pathways. Selec-
tive concentration of serpentinite rock fragments likely took place in re-
sponse to diffuse traction processes, including a combination of
longshore currents, storms, and waves. On the other hand, felsic volca-
nic and plutonic lithic fragments and hydrothermal products related to
the Tuscan andRomanmagmatic provincesmay account for remarkably
high As concentrations within Holocene beach deposits of southern
Tuscany and Latium.

This study showed that the spatial distribution of potentially harm-
ful elements can be defined accurately as a function of different sedi-
ment sources and modes of sediment transport, if sufficiently detailed
geological information is available. A lack of accurate geological analysis
may result in ambiguous interpretations of measured metal contents,
thus preventing the adoption of adequate environmental protection
measures by the regulatory bodies.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This studywas supported byUniversity of Pisa (Fondi di Ateneo per la
Ricerca, leader G. Sarti). We thank Francesca Datoli for her help in sam-
ple collection. We are grateful to three anonymous reviewers for their
constructive comments.

References

Aiello, E., Bartolini, C., Caputo, C., D’Alessandro, L., Fantucci, F., Fierro, G., Gnaccolini, M., La
Monica, G.B., Lupia Palmieri, E., Picazzo, M., Pranzini, E., 1975. Il trasporto litoraneo
lungo la costa toscana tra la foce del Fiume Magra ed i Monti dell’Uccellina. Boll.
Soc. Geol. Ital. 94, 1519–1571 (Boll. Soc. Geol. Ital. 94, (1975), pp. 1519–1571).

Albanese, S., 2008. Evaluation of the bioavailability of potentially harmful elements in
urban soils through ammonium acetate–EDTA extraction: a case study in southern
Italy. Geochem. Explor. Environ. Anal. 8, 49–57.

Amorosi, A., 2012. Chromium and nickel as indicators of source-to-sink sediment transfer
in a Holocene alluvial and coastal system (Po Plain, Italy). Sediment. Geol. 280,
260–269.

Amorosi, A., Sammartino, I., 2007. Influence of sediment provenance on background
values of potentially toxic metals from near-surface sediments of Po coastal plain
(Italy). Int. J. Earth Sci. 96, 389–396.

Amorosi, A., Sammartino, I., 2011. Assessing natural contents of hazardous metals in soils
by different analytical methods and its impact on environmental legislative mea-
sures. Int. J. Environ. Pollut. 46 (3-4), 164–177.

Amorosi, A., Sammartino, I., Sarti, G., 2013. Background levels of potentially toxic metals
from soils of the Pisa coastal plain (Tuscany, Italy) as identified from sedimentological
criteria. Environ. Earth Sci. 69, 1661–1671.
Amorosi, A., Guermandi, M., Marchi, N., Sammartino, I., 2014. Fingerprinting sedimentary
and soil units by their natural metal contents: a new approach to assess metal con-
tamination. Sci. Total Environ. 500–501, 361–372.

Anfuso, G., Pranzini, E., Vitale, G., 2011. An integrated approach to coastal erosion prob-
lems in northern Tuscany (Italy): littoral morphological evolution and cell distribu-
tion. Geomorphology 129, 204–214.

Anthony, E.J., 2018. Sand and gravel supply from rivers to coast: a review from aMediter-
ranean perspective. Atti Soc. Tosc. Sci. Nat. Mem. A 125, 13–33.

Ashworth, D.J., Alloway, B.J., 2004. Soil mobility of sewage sludge-derived dissolved or-
ganic matter, copper, nickel and zinc. Environ. Pollut. 127, 137–144.

Bauluz, B., Mayayo, M.J., Fernandez-Nieto, C., Lopez, J.M.G., 2000. Geochemistry of Pre-
cambrian and Paleozoic siliciclastic rocks from the Iberian range (NE Spain): implica-
tions for source-area weathering, sorting, provenance, and tectonic setting. Chem.
Geol. 168, 135–150.

Bertolotto, R.M., Tortarolo, B., Frignani, M., Bellucci, L.G., Albanese, S., Cuneo, C., Alvarado-
Aguilar, D., Picca, M.R., Gollo, E., 2005. Heavy metals in surficial coastal sediments of
the Ligurian Sea. Mar. Pollut. Bull. 50, 348–356.

Boccaletti, M., Coli, M., 1982. Carta Strutturale dell'Appennino Settentrionale, 1:250.000.
Pubblicazione n. 429 C.N.R. - Progetto Finalizzato Geodinamica, Sottoprogetto 5 -
Modello Strutturale. SELCA, Firenze.

Box, S., Wallis, J.C., 2002. Surficial geology along the Spokane River, Washington and its
relationship to the metal content of sediments. US Geol Survey, Open-File Rep. 02-
126, 1–16.

Businelli, D., Massaccesi, L., Said-Pullicino, D., Gigliotti, G., 2009. Long-term distribution,
mobility and plant availability of compost-derived heavy metals in a landfill covering
soil. Sci. Total Environ. 407, 1426–1435.

Carmignani, L., Kligfield, R., 1990. Crustal extension in the northern Apennines: the tran-
sition from compression to extension in the Alpi Apuane core complex. Tectonics 9,
1275–1303.

Carmignani, L., Conti, P., Cornamusini, G., Pirro, A., 2013. Geological map of Tuscany
(Italy). J. Maps 9, 487–497.

Cinti, D., Poncia, P.P., Brusca, L., Tassi, F., Quattrocchi, F., Vaselli, O., 2015. Spatial distribu-
tion of arsenic, uranium and vanadium in the volcanic-sedimentary aquifers of the
Vicano-Cimino Volcanic District (Central Italy). J. Geochem. Explor. 152, 123–133.

Cipriani, L.E., Pranzini, E., Vitale, G., 2013. Coastal erosion in Tuscany: short vs. medium
term evolution. In: Cipriani, L.E. (Ed.), Coastal Erosion Monitoring. Nuova Grafica
Fiorentina, Florence, Italy, pp. 135–155.

Collet, I., Engelbert, A., 2013. Coastal Regions: People Living Along the Coastline, Integra-
tion of NUTS 2010 and Latest Population Grid. Statistics in Focus 30/2013; ISSN:2314-
9647, Catalogue Number:KS-SF-13-030-EN.

Cortecci, G., Dinelli, E., Boschetti, T., Arbizzani, P., Pompilio, L., Mussi, M., 2008. The Serchio
River catchment, northern Tuscany: geochemistry of stream waters and sediments,
and isotopic composition of dissolved sulfate. Appl. Geochem. 17, 79–92.

Cosma, B., Drago, M., Piccazzo, M., Scarponi, G., Tucci, S., 1979. Heavy metals in Ligurian
sea sediments: distribution of Cr, Cu, Ni, and Mn in superficial sediments. Mar.
Chem. 8, 125–142.

Costagliola, P., Benvenuti, M.M., Benvenuti, M.G., Di Benedetto, F., Lattanzi, P., 2010. Qua-
ternary sediment geochemistry as a proxy for toxic element source: a case study of
arsenic in the Pecora Valley (southern Tuscany, Italy). Chem. Geol. 270, 80–89.

Cubadda, F., D’Amato, M., Mancini, F.R., Aureli, F., Raggi, A., Busani, L., Mantovani, A.,
2015. Assessing human exposure to inorganic arsenic in high-arsenic areas of La-
tium: a biomonitoring study integrated with indicators of dietary intake. Ann. Ig.
27, 39–51.

Da Mommio, A., Iaccarino, S., Vezzoni, S., Dini, A., Rocchi, S., Brocchini, D., Guideri, S.,
Sbrilli, L., 2010. Valorizazione del geosito “Sezione Coquand”, miniera del Temperino
(Parco Archeominerario di San Silvestro, Campiglia Marittima). Atti Soc. Tosc. Sci. Nat.
Mem. Ser. A. 115, 55–72.

De Casa, G., Ferrini, V., Manni, A., Saviani, G., Venturelli, G., Violo, M., 1996.
Mineralizzazioni di oro in Italia Centrale: lisciviazione, trasporto e deposizione dei
metalli ad opera di fluidi idrotermali. Rendiconti scientifici del Gruppo di Giacimenti
Minerali. pp. 93–108.

Devesa-Rey, R., Díaz-Fierros, F., Barral, M.T., 2011. Assessment of enrichment factors and
grain size influence on the metal distribution in riverbed sediments (Anllóns River,
NW Spain). Environ. Monit. Assess. 179, 371–388.

Dinelli, E., Cortecci, G., Lucchini, F., Zantedeschi, E., 2005. Sources of major and trace ele-
ments in the stream sediments of the Arno river catchment (northern Tuscany,
Italy). Geochem. J. 39, 531–545.

ETC-CCA, 2011. In: Methods for Assessing Coastal Vulnerability to Climate Change.
European Topic Centre on Climate Change Impacts, 93 p. Vulnerability and Adapta-
tion Technical Paper 1/2011. http://cca.eionet.europa.eu/docs/TP_1–2011.

Feng, R., Kerrich, R., 1990. Geochemistry of fine-grained clastic sediments in the Archean
Abitibi greenstone belt, Canada: implications for provenance and tectonic setting.
Geochim. Cosmochim. Acta 54, 1061–1081.

Franzini, M., Leoni, L., Saitta, M., 1972. A simple method to evaluate the matrix effects in
X-ray fluorescence analysis. X-Ray Spectrom. 1, 151–154.

Gandolfi, G., Paganelli, L., 1975a. Il litorale pisano–versiliese (Area campione alto Tirreno).
Composizione, provenienza e dispersione delle sabbie. Boll. Soc. Geol. Ital. 94,
1273–1295.

Gandolfi, G., Paganelli, L., 1975b. Il litorale toscano fra Livorno e il promontorio di
Piombino (Area campione alto Tirreno) Composizione, provenienza e dispersione
delle sabbie. Boll. Soc. Geol. Ital. 94, 1833–1854.

Gandolfi, G., Paganelli, L., 1975c. Il litorale toscano fra Piombino e la foce dell’Ombrone
(Area campione alto Tirreno). Composizione, provenienza e dispersione delle sabbie.
Boll. Soc. Geol. Ital. 94, 1811–1832.

Gandolfi, G., Paganelli, L., 1977. Le provincie petrografiche del litorale toscano. Boll. Soc.
Geol. Ital. 96, 653–663.

http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0005
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0005
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0005
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0010
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0010
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0010
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0015
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0015
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0015
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0020
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0020
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0020
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf1937
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf1937
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf1937
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0025
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0025
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0025
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0030
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0030
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0030
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0035
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0035
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0035
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0040
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0040
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0045
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0045
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0050
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0050
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0050
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0050
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0055
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0055
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0060
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0060
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0060
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0065
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0065
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0065
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0070
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0070
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0070
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0075
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0075
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0075
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0080
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0080
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0085
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0085
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0085
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0090
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0090
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0090
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0095
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0095
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0095
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0100
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0100
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0100
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0105
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0105
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0105
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0110
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0110
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0110
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0115
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0115
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0115
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0120
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0120
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0120
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0125
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0125
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0125
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0130
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0130
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0130
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0135
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0135
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0135
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0140
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0140
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0140
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0145
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0145
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0150
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0150
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0150
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0155
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0155
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0155
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0160
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0160
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0160
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0165
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0165


9G. Sarti et al. / Science of the Total Environment 714 (2020) 136870
Gandolfi, G., Paganelli, L., 1984. Petrografia delle sabbie del litorale Tirrenico fra i Monti
dell’Uccellina e Monte di Procida. Mineral. Petrogr. Acta 28, 173–191.

Garver, J.I., Royce, P.R., Smick, T.A., 1996. Chromium and nickel in shale of the Taconic
foreland: a case study for the provenance of fine-grained sediments with an ultra-
mafic source. J. Sediment. Res. 66, 100–106.

Garzanti, E., 2016. From static to dynamic provenance analysis – sedimentary petrology
upgraded. Sediment. Geol. 336, 3–13.

Garzanti, E., Canclini, S., Moretti Foggia, F., Petrella, N., 2002. Unrevelling magmatic and
orogenic provenance in modern sand: the back-arc side of the Apennine thrust
belt, Italy. J. Sediment. Res. 72, 2–17.

Giannini, E., Lazzarotto, A., 1975. Geological map of Tuscany. In: Squyres, C. (Ed.), Tectonic
Evolution of the Northern Apennines. Earth Sci. Soc. Libyan Arab. Rep., Tripoli. Geol-
ogy of Italy, pp. 237–287.

Govindarajiu, K., 1989. Compilation of working values and sample description for 272
geostandards. Geostand. Newslett. 13, 1–114.

Herzberg, C., Vidito, C., Starkey, N.A., 2016. Nickel-cobalt contents of olivine record origins
of mantle peridotite and related rocks. Am. Mineral. 101, 1952–1966.

Hiscott, R.N., 1984. Ophiolitic source rocks for Taconic-age flysch: trace-element evidence.
Geol. Soc. Am. Bull. 95, 1261–1267.

Leoni, L., Saitta, M., 1976. X-ray fluorescence analysis of 29 trace elements in rock and
mineral standard. Rend. Soc. It. Min. Petr. 32, 497–510.

Leoni, L., Sartori, F., 1996. Heavy metals and arsenic in sediments from the continental
shelf of the northern Tyrrhenian/eastern Ligurian seas. Mar. Environ. Res. 41, 73–98.

Leoni, L., Menichini, M., Saitta, M., 1986. Determination of S, Cl and F in silicate rocks by X-
ray fluorescence analysis. X-Ray Spectrom. 11, 156–158.

Leoni, L., Sartori, F., Damiani, V., Ferretti, O., Viel, M., 1991. Trace element distributions in
surficial sediments of the northern Tyrrhenian Sea: contribution to heavy-metal pol-
lution assessment. Environ. Geol. 17, 103–116.

Lužar-Oberiter, B., Mikes, T., von Eynatten, H., Babic, L., 2009. Ophiolitic detritus in Creta-
ceous clastic formations of the Dinarides (NW Croatia): evidence from Cr-spinel
chemistry. Int. J. Earth Sci. 98, 1097–1108.

Miller, J.R., 1997. The role of fluvial geomorphic processes in the dispersal of heavy metals
from mine sites. J. Geochem. Explor. 58, 101–118.

Molli, G., 2008. Northern Apennine–Corsica orogenic system: an updated overview. In:
Siegesmund, S., Fugenschuh, B., Froitzheim, N. (Eds.), Tectonic Aspects of the
Alpine–Dinaride–Carpathian System. Geological Society of London Special Publica-
tion 298, pp. 413–442.

Mugnai, C., Bertolotto, R.M., Gaino, F., Tiberiade, C., Bellucci, L.G., Giuliani, S., Romano, S.,
Frignani, M., Albertazzi, S., Galazzo, D., 2010. History and trends of sediment contam-
ination by heavy metals within and close to a marine area of national interest: the Li-
gurian Sea off Cogoleto-Stoppani (Genoa, Italy). Water Air Soil Pollut. 211, 69–77.

Myers, J., Thorbjornsen, K., 2004. Identifying metals contamination in soil: a geochemical
approach. Soil Sediment Contam. 13, 1–16.

Planquart, P., Bonin, G., Prone, A., Massiani, C., 1999. Distribution, movement and plant
availability of trace metals in soils amended with sewage sludge composts: applica-
tion to low metal loadings. Sci. Total Environ. 241, 161–179.

Protano, G., Riccobono, F., Sabatini, G., 1998. La cartografia geochimica della Toscana
meridionale. Criteri di realizzazione e rilevanza ambientale attraverso gli esempi di
Hg, As, Sb, Pb e Cd. Mem. Descr. Carta Geol. D’It. 55, 109–140.
Reimann, C., Garrett, R.G., 2005. Geochemical background - concept and reality. Sci. Total
Environ. 350, 12–27.

Rocchi, S., Dini, A., Mazzarini, F., Poli, G., 2003. Campiglia Marittima and Gavorrano intru-
sive magmatism. Periodico di Mineralogia 72, 127–132.

Romano, E., Bergamin, L., Croudace, I.W., Ausili, A., Maggi, C., Gabellini, M., 2015. Establish-
ing geochemical background values of selected trace elements in areas having geo-
chemical anomalies: the case study of the Orbetello lagoon (Tuscany, Italy).
Environ. Pollut. 202, 96–103.

Salminen, R., Tarvainen, T., 1997. The problem of defining geochemical baselines a case
study of selected elements and geological materials in Finland. J. Geochem. Explor.
60, 91–98.

Ščančar, J., Milačič, R., Straźar, M., Burica, O., 2000. Total metal concentrations and
partitioning of Cd, Cr, Cu, Fe, Ni and Zn in sewage sludge. Sci. Total Environ. 250, 9–19.

Spijker, J., 2005. Geochemical patterns in the soils of Zeeland. Natural variability versus
anthropogenic impact. Neth. Geogr. Stud. 330, 1–205.

Sterckemann, T., Gomez, A., Ciesielski, H., 1996. Soil and waste analysis for environmental
risk assessment in France. Sci. Total Environ. 178, 63–69.

Tamasi, G., Cini, R., 2004. Heavy metals in drinking waters from Mount Amiata. Possible
risks from arsenic for public health in the province of Siena. Sci. Total Environ. 327,
41–51.

Tanelli, G., 1977. I giacimenti a skarn della Toscana. Rendiconti della Società italiana di
Mineralogia e Petrologia. 33, pp. 875–903.

Tanelli, G., Morelli, F., Benvenuti, M., 1993. I minerali del campigliese: beni ambientali,
culturali e industriali. Boll. Soc. Geol. Ital. 112, 14.

Tarvainen, T., Kallio, E., 2002. Baselines of certain bioavailable and total heavy metal con-
centrations in Finland. Appl. Geochem. 17, 975–980.

Tarvainen, T., Jarva, J., Kahelin, H., 2009. Geochemical baselines in relation to analytical
methods in the Itä-Uusimaa and Pirkanmaa regions, Finland. Geochem. Explor. Envi-
ron. Anal. 9, 81–92.

Tassi, E., Grifoni, M., Bardelli F., Aquilanti, G., La Felice, S., Iadecola, A., Lattanzi, P.,
Petruzzelli, 2018. Evidence for the natural origins of anomalously high chromium
levels in soils of the Cecina Valley (Italy). G. Environ. Sci. Process Impacts 20,
965–976.

Turekian, K.K., Wedepohl, K.H., 1961. Distribution of the elements in some major units of
the earth's crust. Geol. Soc. Am. Bull. 72 (2), 175–192.

Ungherese, G., Baroni, D., Focardi, S., Ugolini, A., 2010. Trace metal contamination of Tus-
can and eastern Corsican coastal supralittoral zones: the sandhopper Talitrus saltator
(Montagu) as a biomonitor. Ecotoxicol. Environ. Saf. 73, 1919–1924.

Vital, H., Stattegger, K., 2000. Major and trace elements of stream sediments from the low-
ermost Amazon River. Chem. Geol. 168, 151–168.

von Eynatten, H., 2003. Petrography and chemistry of sandstones from the Swiss Molasse
Basin: an archive of the Oligo-/Miocene evolution of the Central Alps. Sedimentology
50, 703–725.

Zhang, L., Wang, L., Yin, K., Lv, Y., Zhang, D., 2009. Environmental–geochemical character-
istics of Cu in the soil and water in copper-rich deposit area of southeastern Hubei
Province, along the middle Yangtze River, Central China. Environ. Pollut. 157,
2957–2963.

http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0170
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0170
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0175
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0175
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0175
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0180
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0180
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0185
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0185
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0185
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0190
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0190
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0190
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0195
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0195
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0200
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0200
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0205
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0205
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0210
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0210
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0215
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0215
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0220
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0220
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0225
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0225
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0225
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0230
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0230
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0230
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0235
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0235
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0240
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0240
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0240
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0240
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0245
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0245
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0245
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0250
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0250
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0255
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0255
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0255
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0260
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0260
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0260
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0265
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0265
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0270
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0270
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0275
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0275
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0275
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0275
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0280
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0280
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0280
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0285
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0285
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0290
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0290
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0295
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0295
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0300
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0300
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0300
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0305
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0305
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0310
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0310
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0315
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0315
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0320
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0320
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0320
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf4226
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf4226
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0325
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0325
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0325
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0330
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0330
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0335
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0335
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0335
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0340
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0340
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0340
http://refhub.elsevier.com/S0048-9697(20)30380-6/rf0340

	Geochemical anomalies of potentially hazardous elements reflect catchment geology: An example from the Tyrrhenian coast of ...
	1. Introduction
	2. Geological setting
	3. Morphodynamic setting
	4. Methods
	5. Results
	6. Influence of catchment lithology on sediment composition
	7. The natural origin of Cr and Ni
	8. The natural origin of As
	9. Factors controlling the spatial distribution of geochemical elements along the Tyrrhenian coast
	10. Conclusions
	Declaration of competing interest
	Acknowledgements
	References




