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Abstract Geochemical analysis of Potentially Toxic
Elements (PTEs) in stream sediments is essential for
understanding environmental impacts in areas with
complex geology and mining activities. This study
focuses on stream sediments from the eastern sector
of the Mt. Amiata Hg-district (central Italy) to define
the background values of As, Sb, Cr, V, Co, Cu, Ni,
and Hg, the latter being speciated to assess its bio-
availability and mobility for potential environmental
risks. The stream sediments are divided into four dif-
ferent groups: (1) Volcanic, (2) Volcanic-dominated,
(3) Sedimentary-dominated, and (4) Sedimentary.
This subdivision is confirmed by spatial distribu-
tion maps. While Cr, Co, V, Cu, and Ni are related to
mafic and ultramafic rocks, Hg shows higher concen-
trations (up to 850 mg/kg) close to the former mining
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sites and organic-rich areas. In streams draining the
Mt. Amiata volcanics and hydrothermal zones, As
is up to 311 mg/kg while Sb is uniformly distributed
(up to 84 mg/kg), though depleted in volcanic rocks.
Consolidated sediment clusters (group 1 and group
2 and group 3 and group 4, respectively) are used to
calculate the geochemical background values (crucial
for post-extractive land reclamation), which result to
overcome the concentrations imposed by the Italian
law for Hg in both clusters, As in cluster 1 and Co
in cluster 2 (5.2-6.3, 20-24.3, 39.7-48.5, and 26.3—
32.2 mg/kg, respectively). In the stream sediments,
Hg speciation by thermal desorption highlights the
presence of stable Hg forms. Thus, low Hg bioavaila-
bility is expected, being also consistent with the soils
from the nearby mining areas.
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Introduction

Stream sediments are outstanding geochemical tools
that apply to investigations on local geology and map-
ping, exploration of ore deposits and environmental
studies. Their composition is affected by the climatic
conditions of the catchment area as well as by the
feeding geological terrains (Levinson, 1974; Rose
et al., 1979; Bonham-Carter & Goodfellow, 1986;
Ottesen & Theobald, 1994; Cheng et al., 2007; Buc-
cianti et al., 2008; Carranza et al., 2008; Garret et al.,
2008; Farahbakhsh et al., 2019; Salomao et al., 2021;
Doherty et al., 2023; Bourdeau et al., 2024). Accord-
ing to Meyer et al. (1979), stream sediments are to be
mainly regarded as a compositionally variable matrix
than a uniform geological body. Stream sediments
indeed belong to a specific drainage catchment, and
they are the integrated result of chemical weathering,
physical erosion of rocks (including ore deposits) and
soils, addition of atmospheric particulate (Ottesen &
Theobald, 1994; Najafian et al., 2023 and references
therein) and a number of possible sources related to
anthropogenic activities.

When target mineralization and/or alteration are
exposed to weathering and entrainment in drain-
age sediments and/or organic material, stream sedi-
ments are the most often employed sample media for
reconnaissance exploration (Rose et al.,, 1979). On
the other hand, mineralization abundance tends to
decrease with increasing distance downstream (Kel-
epertzis et al., 2010). This is because the geomorpho-
logical and climatic regime strongly influences chem-
ical erosion and hydromorphic dispersion (energy is
being lost) of mobilized elements in ground and/or
surface waters. In a few environments, precipitates
and/or organic material may dominate (Doherty et al.,
2023), and stream sediments from other non-polluting
sources are being diluted (Plumlee, 1999). Organic
substrate, iron (Fe)-manganese (Mn)-aluminum (Al)
oxides, secondary authigenic phases and drainage
sediments are potential factors that may favor the pre-
cipitation of chemically mobilized elements. While
clastic dispersal is the primary cause influencing the
geochemistry of stream sediments, other components
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affecting their chemical composition include chemi-
cally dispersed and/or extremely fine-grained silt,
clays, colloids, and/or oxides. According to Feng and
Kerrich (1990), some elements may undergo mutual
fractionation during weathering, which might hinder
their use as surrogate provenance markers.

Main earth alkaline and alkaline elements and
other lithophile elements such as Ba, Rb, Sr, and Cs
are examples of mutual fractionation since they are
extremely mobile during weathering, transport, and
sedimentation and are mostly partitioned in the liquid
phase. On the other hand, in agreement with Salm-
inen et al. (2005), the release of these elements in
river sediments is low as Rb is re-absorbed by clay
minerals (e.g. illite), while Sr is mostly contained in
lithic fragments and detrital feldspars. Conversely,
other elements are relatively recalcitrant to weather-
ing, being hosted in refractory minerals, or adsorbed
by clay minerals (Amireh et al., 2022). High field
strength elements (Zr, Hf, Nb, Y), several transition
elements (e.g. Sc, V, Co, Ni, Ta, Cr), and REEs are
examples of immobile elements in stream waters
characterized by slightly acid to slightly basic pH
values. Aluminum, Si, Fe and Mn tend to be prefer-
entially partitioned in the solid phase or transported
as suspended material. Hence, immobile elements are
extremely useful since they can serve as provenance
proxies (Bhatia & Crook, 1986; Condie, 1993; Hol-
land, 1978; Phillips et al., 2017; Roser & Korsch,
1986, 1988; Taylor & McLennan, 1985).

Since the time of the Etruscans, the southern part
of Tuscany (Central Italy) has been known for the
presence of polymetallic ore-deposits containing Fe,
Zn, Cu, Pb, Sn (e.g. Dini et al., 2024 and references
therein). Later on, during the industrialization period
(second half of the nineteenth century), elements
such as B, Sb, Mn, Ag and Hg were also exploited,
although in the early eighties all mining activities in
Tuscany shut down (D’Orazio et al., 2020; Nannoni
et al., 2022 and reference therein).

Two areas in southern Tuscany stood out from the
rest of the region: (1) the “Colline Metallifere” and
the Elba Island, characterized by large deposits of
pyrite (Dini, 2003), hematite, and Cu—Zn deposits,
and (2) the Hg district of Mt. Amiata, classified as the
third largest producer of Hg in the world (Rimondi
et al., 2019), where more than 100,000 tons of lig-
uid Hg were produced (Segreto, 1991). Most of these
ore deposits are linked to the Neogene-Quaternary
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magmatic-hydrothermal activity (Dini et al., 2024
and references therein). Currently, these two areas are
constellated by many abandoned mining sites where
tailings, calcines and gangue material interact with
meteoric precipitations, causing serious environmen-
tal impacts on surface and ground waters (e.g. Meloni
et al., 2024a). It is about a couple decades that most
these sites are under remediation, although some of
them could be considered of relevant importance as
source of critical raw materials (e.g. Sb, Cu) accord-
ing to the new European Legislation (EU 2024/1252).

The European Directive 2000/60/EC, as well as
the Italian Legislative Decree 152/2006, provides
quality standards for hazardous substances mainly
for marine-coastal and transitional water bodies (e.g.
lagoons and estuaries). Curiously, stream sediments,
though their importance, are apparently not an envi-
ronmental matrix to pay attention to. The establish-
ment of reasonable post-mining remediation targets
in any decommissioned mine requires the knowledge
of the residual geochemical signature for areas sur-
rounding mine deposits, known as geochemical back-
ground, in pristine areas, or geochemical baseline
where anthropogenic activities occurred (Gustavsson
et al., 2012; Kelepertzis et al., 2010; Paternie et al.,
2023; Protano et al., 1998; Runnels et al., 1998).
With this in mind, and due to the presence of min-
ing dumps along the watercourses in the study area
that have not been subject to remediation, the sedi-
ments in the watercourses cannot be neglected. In the
Hg district of Mt. Amiata, some remediation projects
were completed (e.g. Siele and Morone mines), or
are about to be over (e.g. Abbadia San Salvatore),
or to be initiated (e.g. Solforate and Abetina mines).
Numerous studies, carried out in this Hg district, have
highlighted anomalous Hg concentrations in the river
sediments downstream mining activity (e.g. D’Aglio
et al., 1966; Protano et al., 1998; Rimondi et al.,
2012, 2014a, 2014b, 2019; Colica et al., 2019; Forna-
saro et al., 2022).

Mercury is classified as one of the most danger-
ous contaminants for ecosystems and human health
due to its highly toxic effects on living organisms
(e.g., Gonzalez-Raymat et al., 2017). In soils and
stream sediments, Hg may be present in elemental
(Hg®), inorganic (Hg,**, Hg*") or organic forms (e.g.
methyl-Hg). The adverse health effects of Hg depend
on its accumulation and speciation in the body (Kim
et al., 2016). In its inorganic forms (Hg>*), Hg occurs

in ore minerals as cinnabar (a-HgS) and metacinna-
bar (f-HgS), can be regarded as insoluble in aqueous
solutions, their solubility constants (logK,) being
of =53 and—52 mol/L, respectively; (Ariya et al.,
2015), and notably less toxic than methyl-Hg or
HgCl,. Therefore, understanding the presence of Hg
species in solid environmental matrices, such as sedi-
ments or soils, is of pivotal importance.

This study is aimed at: (1) investigating the
source(s) that characterizes the stream sediments in
the eastern sector of Mt. Amiata, where most of the
mining activity was concentrated; (2) identifying the
geogenic or anthropic origin of PTEs in the stream
sediments with particular attention to Hg; (3) deter-
mining the geochemical background values in the
river basins draining the study area and (4) assessing
the speciation of Hg in the stream sediments to com-
prehend whether it can be considered as a potential
contaminant of surface waters.

Study area

The study area is located in the eastern sector of the
Mt. Amiata volcano (300-200 ka old, Laurenzi et al.,
2015), between the SE part of the Siena Province and
the NE part of the Grosseto province, and includes
the northernmost portion of three various basins:
Fiora, Tevere and Ombrone (Fig. 1A). In the study
area, it is possible to subdivide these three basins into
nine watersheds, being characterized by eight main
creeks (Rondinaia, Minestrone, Senna, Solforate,
Siele, Stridolone, Carminata, and La Canala) and one
main watercourse (the Paglia river), developing three
different hydrological drainage networks from the
mountain to the plains: SW-NE, W-E, and NE-SW
(Fig. 1B). The surface waters drain eight of the
most important former Hg-mines of the Mt. Amiata
Hg district (i.e. Abbadia San Salvatore (ASS, here-
after), Siele, Morone, Solforate Rosselli, Solforate
Schwarzenberg, Abetina, Petrineri, and Cornacchino,
whose activity terminated between 1930 and 1982).
In the upper part, the Rondinaia Creek (watershed 1,
Fig. 1B) crosses the Tuscan Nappe (Mt. Poggio Zoc-
colino, 1030 m a.s.l.), a sedimentary cover of the
Adria continental paleo-margin (Brogi & Fabbrini,
2010) and the Quaternary travertine plate deposited
by the thermal waters present in the area (Chiodini
et al., 2020; Fig. 1B).
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«Fig.1 A Tuscany Region, Grosseto and Siena Province,
Ombrone, Tevere and Fiora Basin. B Schematic geological
map of the study area. Hg-mineralization, and Hg-abandoned
mines, the nine catchments where the main rivers, creeks are
reported

The northern-central and central part of the area
is characterized by the Paglia river (watershed 2
in Fig. 1B), and the Minestrone and Senna creeks
(watersheds 3 and 4, respectively, Fig. 1B). They
drain the Ligurian Complex, characterized by the
Ligurian Units (Lower Cretaceous-Eocene), which
consist of the Santa Fiora (External Ligurian
Domain) and Ophiolitic Units, and the Mt. Amiata
(1780 m a.s.l.) Quaternary volcano (304-231 ky;
Laurenzi et al., 2015), the latter being composed
by trachytic to olivine latitic lava flows and domes.
The Santa Fiora Unit is made up of shales, sand-
stone, calcarenites, and marly-calcareous bodies
(Marroni et al., 2015; Pandeli et al., 2005 and ref-
erence therein), while the Ophiolitic Unit includes
the Palombini Shales Formation (Lower Creta-
ceous). Within this formation, remnants of the
ancient ocean crust are found, namely “selagiti”,
such as pillow lavas, and basaltic dykes (Upper
Cretaceous; Pandeli et al., 2005 and reference
therein). The Solforate, Siele, Stridolone, Carmi-
nata and La Canala creeks (watersheds 5, 6, 7, 8
and 9, respectively, Fig. 1B) flow over the Ligurian
Complex and the Tuscan Nappe near Mt. Penna
(1050 m a.s.1.).

In the study area, ore deposits, mainly consisting
of cinnabar (HgS), realgar (As,S,), stibnite (Sb,S5)
and pyrite (FeS,), are mostly occurring within the
Ligurian complex and the Tuscan Nappe (Brogi &
Fabbrini, 2010; Forconi, 2011; Losacco, 1960 and
references therein), whereas they are scarcely pre-
sent in the volcanic system. In addition, scattered
throughout the study area, thermal waters, dry gas
(CO,-rich) vents, and fossil and active travertine
deposits (i.e. Bagni di San Filippo, Fig. 1B) occur
(Chiodini et al., 2020; Tassi et al., 2009; Vaselli
et al., 2012). About 54% of the study area is cov-
ered by forests, while ca. 27% are devoted to agri-
cultural areas and grazing lands whereas urban
and industrial areas and rock outcrops occupy the
remaining 19% of the investigated territory.

Materials and analytical methods
Sampling strategy and analysis methods

Between January and December 2022, sixty-three
stream sediments from the nine watersheds were
collected (Fig. 1B) with a plastic shovel. These
samples were integrated with five stream sediments
from the database created by Fornasaro et al. (2022)
(i.e. MSIE 05, MSIE11, MSIE 16 SIE189, SIEBR
2 in watershed 6) for the Siele and Paglia Rivers,
and six sediments from Nannoni, A (personal com-
munication) (i.e. 9163A22, 9171A22, 9080A22,
9081A22, 9083A22, and 9211A22 in watershed 5),
for a total of seventy-four stream sediments.

The sampled material was stored in 1L poly-
ethylene containers before being transferred to the
laboratory. For each sample, the geographical coor-
dinates (UTM WGS84—32N) were acquired with a
Garmin GPS with an average error of 3 m. Moreo-
ver, six rocks from the main outcrops of the study
area were sampled, as follows: three rocks from
the Ofiolitic Unit (Lizardite, Filone and Altered
Filone), a sedimentary rock from the Santa Fiora
Unit (SFR4), a sandstone sample from the Pietra-
forte Fm. (PTF) and a Triassic anhydrite pertain-
ing to the Burano Fm. (Burano). In addition, the
rocks reported by Meloni et al., (2023a, 2023b),
and four main volcanic lithologies in the study
area (Olivine Latitic lava flow, Pianello Fm., Bel-
laria Fm., and Quaranta Fm.; Conticelli et al., 2015)
were also included in this study. Characteristics and
main mineralogical phases (Meloni et al., 2023b)
of the investigated rock suite were analyzed using
transmitted light microscopy. The stream sediments
were oven-dried at 30 °C to minimize as much as
possible the release of gaseous mercury, if present.
Each sample was then sieved at 2 mm according to
the protocol adopted by the Environmental Protec-
tion Agency of Tuscany (ARPAT) and described in
Meloni et al. (2022). The <2 mm fraction was then
ground by a planetary with agate mortars and balls
for 30 min.

The mineralogical composition was semi-quanti-
tatively determined using X-Ray Diffraction (XRD)
with Cu-K o radiation. The analysis was conducted
with a D8 “Da Vinci” Diffractometer (Bruker) at the
CRIST (Centro di Servizi di Cristallografia Struttur-
ale) Laboratories (University of Florence).

@ Springer



123 Page 6 of 26

Environ Geochem Health (2025) 47:123

The concentration of major oxides (SiO,, TiO,,
Al,O;, Fe,O0;, MnO, MgO, CaO, Na,O, K,O,
P,0s) and trace elements (Nb, Zr, Y, Sr, Rb, Ce,
Ba, La, Ni, Cr, Co, S, Cu, Zn, Pb, As, V, Cl, Nd)
was determined in the rocks and stream sediments
using a X-Ray Fluorescence spectroscopy (XRF)
on pressed powder pellets using a Panalytical Axios
4000 equipped with a Rh tube at the Department
of Biological, Geological, and Environmental Sci-
ences (University of Bologna). The overall accuracy
was within the reproducibility range, as detailed in
Lancianese and Dinelli (2015), due to a calibration
curve constructed using certified reference materi-
als. Reproducibility for major elements was gener-
ally better than 5%, while trace elements showed
an average reproducibility < 10%. Loss on ignition
(LOI) was gravimetrically assessed by heating the
samples for 2 h at 950 °C (LOI%). This measure
represents the weight percentage of volatile sub-
stances, such as structural water in the mineral lat-
tices, gases, inorganic carbon, and organic matter
(OM).

OM was also determined via gravimetry. About
0.25 g of stream sediment were placed in fiber quartz
crucibles and then heated at 550 °C for 1h. The Hg
concentrations were measured following the EPA
7473 (2007) method, using DMA 80 (Milestone),
at the accredited Laboratories of C.S.A. Group Ltd.
(Rimini, Italy) with LoQ (Limit of Quantification) of
0.005 mg/kg. Arsenic, Sb, Co, Ni, Cu, Cr,, and V
were analyzed in the same laboratory after aqua regia
digestion, following the EPA 3051A 4+ 6010D method,
using ICP-AES (Agilent 720 ES), with LoQ 1 mg/
kg for As and Sb, and 0.5 mg/kg for the other ele-
ments, respectively. Three replicates were performed
for each sample and the error was < 10%. The pH was
determined in a soil-water suspension with a 1:5 w/v
ratio, following the IRSA-CNR (1985) method, at the
Department of Earth Sciences of Florence.

Mercury in the stream sediment leachates was also
analyzed by the Laboratories of C.S.A. Group Ltd.
(Rimini, Italy) using methods UNI 10802 (2013),
UNI EN 12457-2 (2004), UNI EN 16191 (2012),
and UNI EN ISO 17294-2 (2016), with LoQ of
0.1 pg/L. Arsenic and Sb in leachates were measured
using ICP-MS (Agilent 7800) at the Department of
Earth Sciences of Florence, after 24 h of interaction
between soil and MilliQ water (ratio 1:10) under agi-
tation. The LoQ was 0.1 pg/L.
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Thermal desorption and Hg speciation

Mercury speciation by thermal desorption (TD)
technique was carried out in those stream sediments
where the Hg concentration was>5 mg/kg, this
limit being able to provide reliable speciation results
(Meloni et al., 2024b). TD implies the use of Lumex-
915 + coupled with Pyro-915 +, following the method
proposed by Meloni et al. (2024b). The heating ramp
with three different steps was selected to warm-up the
instrument: (1) first step at 28.8 °C min~! for 140 s;
(2) second step at 40.8 °C min~! for 340 s and (3)
third step at 49.8 °C min~! for 360 s. The tempera-
ture at the beginning of the heating ramp was set up
at 36 °C and at the end of each run the temperature
reached 635 °C. Hg-free air was used as carrier gas
with a flow rate of ca. 3 L min~'. The analytical curve
was constructed with four different aliquots (5, 10, 20
and 30 mg) of the NIST 2711A standard (mass frac-
tion of Hg=7.42+0.18 mg/kg). Pure Hg standards
(Meloni et al., 2024b; Rumayor et al., 2013) were
used for the interpretation of the thermo-desorption
profiles (TDP). Additionally, the total Hg concentra-
tions and the corresponding proportion of the species
(area in %) were determined using the Biester and
Scholz (1996) method by integrating the area sub-
tended by each peak.

Statistical analysis and determination of geochemical
baseline and background

R and RStudio (R Core Team, 2021) were used to
statistically analyze the chemical data and compute
summary exploratory statistics of the metal con-
centrations in soils. Chemical data below LoQ were
substituted with two-thirds of the LoQ for statisti-
cal computations (Gozzi, 2020; Gozzi et al., 2021).
Using ArcGis-Pro 3.0, dot-distribution maps of
stream sediments were produced. The Spearman cor-
relation matrix was used for the correlation analysis
among the stream sediment PTEs since it is relatively
robust against data outliers (Reimann et al., 2017).
Although river sediments are not regulated under
the Italian and European Environmental Legislation,
defining natural geochemical background values or
threshold values can help authorities to understand
the source of potential environmental contaminations.
In this regard, to calculate the background values, the
ProUCL 5.2 software (Singh & Maichle, 2015) was
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used following the guidelines provided by Meloni
et al. (2023b) and expressed as an interval of concen-
trations (for more details see Meloni et al., 2023b).
According to many authors (e.g. Cave et al., 2012;
Johnson et al., 2012; Meloni et al., 2023b; Reiman &
de Caritat, 2017), when the distribution only follows
the log-normal distribution, the graphical methods
(Cumulative Probability Diagram CP-plot) was used
to verify the value obtained by ProUCL. The back-
ground values can be recognized in correspondence
with the breaking slope present in the CP-plot. As
suggested by SNPA (2017), the geochemical back-
ground value of river sediments will only be calcu-
lated for those metals (i.e. As, Sb, Cr, Co, Cu, Ni and
V) analyzed after extraction in aqua regia and Hg
analyzed by EPA 7473 method.

Results
Mineralogical composition

Tables S1.1 and S1.2 (Supplementary Materials S1)
list the mineralogical features for the investigated
rocks and stream sediments, respectively. Supplemen-
tary Material S2 summarizes the main petrographic
characteristics of the studied rocks. The XRD analy-
sis of the six rocks sampled for this study highlighted
that PTF mainly consists of calcite, quartz, and dolo-
mite, with minor contents of plagioclase and phyl-
losilicate (e.g. mica, illite, chlorite, kaolinite). SFR4
has calcite, quartz, phyllosilicate and minor plagio-
clase. The Burano rock is characterized by anhydrite
and trace of calcite, whereas lizardite has tiny talc
veins, and a high amount of serpentine crystals. The
Filone sample is dominated by phyllosilicates (chlo-
rite, biotite) and pyroxene. Analcime is a minor com-
ponent, while K-feldspar is present as a trace com-
ponent. Conversely, the main components of Altered
Filone are calcite, phyllosilicates (chlorite and biotite)
and antigorite (serpentine group), with few quartz,
plagioclase and analcime crystals. According to Tan-
gari et al. (2020), analcime is a typical hydrothermal
alteration in volcanic materials. The XRD analysis of
other sedimentary rocks (SFR1, 2, 3) and volcanic
rocks (QRT, VULC and OLF1) are reported in Mel-
oni et al. (2023b).

The microscope observations support the XRD
analyses, except for analcime and kaolinite, illite and

dolomite, which were not recorded, likely due to the
fact that their contents is<4%. According to Far-
aone and Stoppa (1990) and Stoppa et al. (2014), the
Filone sample can be classified as an alkaline lam-
prophyre. The main components are clinopyroxene,
biotite, muscovite, chlorite and, to a lesser extent,
serpentine, due to the alteration of olivine (present
as a relict) and biotite (Fig. 12B, C, Supplementary
Material S2). The formation of serpentine and thus
the alteration of olivine and biotite, as well as the
presence of calcite, are likely associated with hydro-
thermal metamorphism. As accessory minerals, apa-
tite and Fe-oxy-hydroxides are present. In this rock,
serpentine was not recorded by XRD analysis, whilst
it is found in the altered sample (Altered Filone) as
antigorite. Chlorite and serpentine content increases
when compared to that occurring in the unaltered
rock. The microscope observations of the three vol-
canic rocks (QRT, VULC and OLF1) confirmed the
XRD analysis reported in Meloni et al. (2023b).

In the stream sediments, K-feldspar and plagio-
clase are minor minerals, whereas quartz and phyl-
losilicates (clay minerals and mica) are the domi-
nant minerals. K-feldspar is the juvenile mineral in
the stream sediments collected from the volcanic
lithology. The dominant component in the stream
sediments draining the sedimentary lithologies is cal-
cite. Gypsum occurs in Salto 1, Salto 3, STA41 and
STA15. Ankerite is only recorded in STA16, while
hematite sporadically occurs as trace.

Descriptive statistics of major and trace elements in
rocks and stream sediments

The concentrations of major (expressed as oxides
in wt.%) and trace elements (in mg/kg) of the rocks
SFR1, SFR2, SFR3, SFR4 and APA, with the excep-
tion of the Burano sample, and of those reported in
Meloni et al. (2023b) are listed in Table 1. SiO, is the
most abundant major oxide, except for SFR2, where
CaO prevails (44.8wt %). CaO in the other rocks is
the second constituent except for Filone, Altered
Filone, and Lizardite, where MgO shows the high-
est content (38.3%). LOI is ranging from 10.0 to 40.0
wt.%. According to Marroni et al., (2015 and refer-
ence therein) and based on the Total Alkali Silica
(TAS) diagram (Le Maitre, 2002), the lamprophyres
from the Valle del Senna Creek vary from foidite
to tephrite, trachybasalt, and andesite. Therefore,
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Table 1 Major (SiO,, TiO,, Al,05, Fe,0;, MnO, MgO, CaO,
Na,O, K,0, P,05 and LOI) expressed as wt.%, and trace ele-
ments (mg/kg) for the rock samples analyzed with XRF. Arse-

nic and Sb, and Hg (mg/kg) were analyzed after aqua regia
digestion and after method EPA 7473, respectively

APA Filone Altered Filone Lizardite PTF SFR 1 SFR 2 SFR 3 SFR4
XRF SiO, 27.3 37.2 37.9 37.2 51.7 24 10.7 39.1 41.3
TiO, 0.2 2.3 2.7 0.1 0.4 0.1 0.1 0.1 0.2
Al Oy 6 9.5 9.3 2 8.2 2.7 1.7 53 5.2
Fe, 04 4.5 9.9 9.2 7.5 3 3.1 1.6 10.4 6.2
MnO 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.3 0.2
MgO 0.9 23.6 14.1 38.3 4.3 1.4 0.4 2.5 1.7
CaO 30.2 43 11.2 0.1 15.2 342 449 20 24
Na,O 0.4 0.8 0.7 0.1 0.5 0.2 0.2 0.1 0.3
K,0 1 1.7 2 0 1.6 0.5 0.4 0.2 0.6
P,04 0.1 0.5 0.6 0 0.1 0.1 0.1 0.1 0.1
LOI 29.2 10 12 14.3 14.7 334 40 21.9 20.2
S 40 80 160 80 20 160 60 130 930
Cl 135 140 145 453 166 147 160 133 129
v 35 234 264 67 64 11 3 22 30
Cr 74 238 224 1564 51 37 38 43 48
Co 5 58 31 111 5 2 2 15 11
Ni 32 476 180 2252 29 20 12 35 36
Cu 36 2 31 20 20 20 15 24 26
Zn 45 101 87 50 36 29 13 77 42
As 3 2 4 3 4 2 2 2 4
Rb 32 27 28 10 56 16 13 12 24
Sr 417 387 477 36 150 459 740 311 350
Y 12 11 11 6 13 10 8 10 12
Zr 75 204 207 18 119 60 79 53 63
Nb 5 81 77 2 11 2 2 2 3
Ba 99 597 626 13 181 110 86 71 121
La 30 41 44 2 12 7 15 14 6
Ce 37 59 34 4 26 28 17 26 27
Nd 9 18 32 2 5 4 3 2 2
Pb 11 6 5 6 7 5 9 6 7
EPA 7473 Hg 0.008 0.23 18.01 0.088 0.049 0.015 0.007 0.007 0.83
Aqua regia As 1 1 3 1 2 1 1 1 2
Sb 4 <1 <1 <1 2 1 <1 3 <1

by plotting the results of the two rocks (Filone and
Altered Filone) on the TAS diagram from Marroni
et al. (2015) (Fig. 2A), they can be classified as basan-
ite/picrite. Further confirmation of the mantle source
of this rock is provided by the Nb/Y vs. Zi/TiO,
binary diagrams (Pearce, 1996) (Fig. 2B), where the
two rocks fall within the basanite-nephelinite field.
These two rocks have SiO, and MgO concentrations
within the range reported by Marroni et al. (2015),

@ Springer

ie. 52.7-27.3 wt.%, and 2.0-10.4 wt.%, respectively.
Figure 3 shows a spider diagram normalized to the
Upper Continental Crust (UCC, Rudnick & Gao,
2003). While serpentinite is also enriched in CI, the
two basanite/picrite rocks are enriched in La, Nb, V,
and Zn. In addition, the altered basanite/picrite is also
enriched in Cu, and Nd. It should be noted that these
samples are characterized by a Hg content of 0.23 and
18.1 mg/kg, respectively.
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Samples from Marroni et al. (2015)
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Fig. 2 A The Total Alkali vs. SiO, (TAS) diagram for Filone and Altered Filone (modified after Faraone & Stoppa, 1990 and Stoppa
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Fig. 3 Spider diagram of the rocks analyzed by XRF. Con-
centrations are normalized to UCC (Upper Continental Crust:
Rudnick & Gao, 2003. Elements are ordered according to
increasing atomic number

According to De Castro (1914), cinnabar (HgS)
was found in the calcareous veins or at contact with
the serpentinite itself (from the mid-nineteenth cen-
tury to the early 2000s, the green rocks within the
Senna River, here classified as basanite/picrite, were
considered serpentinites). For this reason, in 1846,
the Modigliani Society carried out investigations and
the first Hg-mine, Casa di Paolo, opened (De Castro,
1914). The rocks in the Santa Fiora Unit are enriched
in Sr (up to 740 mg/kg). SFR3 differs with respect to
SFR2 due to its enrichment in Zn (up to 77 mg/kg),
while SFR4 distinguishes from the other rocks for

S and Hg, whose concentrations are up to 930 mg/
kg and 0.83 mg/kg, respectively. The main statis-
tics (minimum, maximum, mean, median, standard
deviation (SD), skewness and 95 percentile) of major
oxides, LOI and trace elements (including As, Sb and
Hg) of stream sediments are listed in Table 2.

The stream sediment statistics for pH, As, Sb,
Cr,, Cu, Co, V, and Ni (in mg/kg), analyzed after
aqua regia digestion, and organic matter (OM, in
wt.%) are listed in Table 3. Additionally, the mean
values of major oxides and trace elements analyzed
by XRF and after aqua regia dissolution of stream
sediments from the FOREGS-Geochemical Atlas of
Europe (http://weppi.gtk.fi/publ/foregsatlas/) are also
reported for comparison in Tables 2 and 3, respec-
tively. The whole dataset, including the geographic
coordinates, is listed in Table S3.1, S3.2 and S3.3
(Supplementary Materials S3).

In the study area, SiO,, Al,0;, LOI, Fe,O; and
CaO are the most abundant components of the sedi-
ments, with a mean value of 50.1, 17.7, 12.7 and
5.3 wt.% (Table 2 and Fig. 4), respectively. This is
in good agreement with the XRD analysis, where
quartz, phyllosilicates, calcite and K-feldspar are the
main mineralogical phases. By comparing the average
concentrations of major and trace elements in stream
sediments with those of the main European rivers, the
concentrations of Al,Os, Fe,0;, K,0, As, Co, Cr, Cu,
Ni, Rb, Sr, and V are higher than those reported by
FOREGS (Salminen et al., 2005). In particular, Rb

@ Springer


http://weppi.gtk.fi/publ/foregsatlas/

123 Page 10 of 26

Environ Geochem Health (2025) 47:123

Table 2 Minimum (min),

. Min max Mean median SD Skewness  95%ile  mean-FOREGS
maximum (max), mean,
g%ﬁfﬂ;’k standard ;Se;iaﬁoﬂ Si0, 343 626 501 494 6.5 —0.187  60.1  60.1
perctmﬂZ“(“g;;;’ﬂe) o sio, ~TO, 04 12 07 08 02 -0208 1 0.68
TiO,, ALOs, Fe,O3, MnO, ALO, 113 273 177 181 28  —0255 213 10.2
MgO, Ca0, Na,0, K,0, Fe,0, 29 116 68 69 19 031 104 407
P,05, LOL S, V, Cr, Co, Ni, MnO 0 0.6 02 01 0.1 1.825 0.4 0.112
gy‘l;(/;sl;?:r; dsf{??:iﬁjfe q MgO 07 47 1.8 1.7 0.7 1.01 2.5 1.77
by EPA 7473 method) in Cca0 1.1 186 53 42 39 1373 128 581
the stream sediments, and Na,O 0.2 1.6 0.7 0.6 0.4 0.984 1.4 1.14
mean of the same elements KO 12 76 34 32 17 0932 6.8 2.08
fg‘;ﬂ“g:gﬁ?;?;é%gﬁ“ P,0; 01 05 02 01 01 3073 02 0.14
LOI 27 246 127 127 54 0062 217 -
S 50 19760 1014 410 2490  6.299 3992 -
\% 668 234 1386 1446 395 —0096 1931 683
Cr 365 172 985 1059 346 —0.194 1485 928
Co 6 54 237 235 11 0.607 44 112
Ni 18 92 527 572 187 0399 794 352
Cu 126 69 429 471 161 0565 664 221
Al concentrations of the As 49 686 24 13.9 19 0.996 608  10.1
trace metals are expressed Rb 426 376 1558 127.8 1019 0.924 369 77.9
in mg/kg, while those of Sr 1316 500 2894 2714 989  0.345 4532 171
LOI'and the major oxides Hg 0.088 850 506 24 146.6 42 260 0.081
are in wt.%

Table 3 Minimum (min), maximum (max), mean, median,
standard deviation (SD), Skewness, 95% percentile (95%ile) of
pH, As, Sb, Co, Ni, Cu, Cr, V and organic matter (OM) in the

stream sediments analyzed by aqua regia extraction, and mean
of the same elements from FOREGS database

min max mean median SD Skewness 95%ile mean-FOREGS

pH 4.2 8.9 7.6 7.7 0.6 -2.8 8.2 -

As 1.5 84 13.9 5.8 36.8 7.3 35.5 9.5

Co 2.1 46.7 7.1 4.8 11.8 5.5 10.5 10.3

Ni 3.9 95.9 13.0 11.7 8.2 1.5 26.9 28.6

Cu 2.7 84.1 23.7 21.2 14.3 1.5 48.1 19

Cr 3.9 80 28.6 27.0 18.6 0.6 60.9 31

Sb <1 83.8 28.9 28.1 18.3 1.1 59.3 -

v 7.5 99.2 28.5 229 18.1 1.8 70.7 33

oM 1.5 28.5 6.2 5.1 44 2.9 15.1 -

All concentrations, except pH and OM (%), are in mg/kg

and V differ from the European averages by, at least,
one order of magnitude. Mercury had largely vari-
able concentrations (from 0.088 to 850 mg/kg), with
the mean values higher with respect to those reported
in the FOREGS database for the stream sediments
(Salminen et al., 2005).

The pH in the stream sediments (Table 3) is ten-
dentially neutral or alkaline. Only the sample STA41

@ Springer

(watershed 1) shows an acidic pH (4.2). Arsenic and
Sb have largely variable concentrations since they
span of two orders of magnitude (from 2 to 311 mg/
kg, and from< 1 to 83.8 mg/kg, respectively) (Fig. 5).
Differently, Co, Cr, Cu, and Ni, analyzed after aqua
regia extraction, are characterized by concentra-
tions varying within one order of magnitude (from
2.6 to 46.7 mg/kg, from 5.5 to 80.0 mg/kg, from 2.7
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Fig. 4 Ridge plots of major
elements and LOI (in wt.%)
of the stream sediments
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to 84.2 mg/kg, and from 3.9 to 95.9 mg/kg, respec-
tively), while those of V are oscillating between 7.5
and 99.2 mg/kg. By comparing the mean concentra-
tions with those from the FOREGS database, all the
elements in the stream sediments from the study area,
except Sb and Cr, result to be enriched. Moreover,
OM evidences a heterogeneous distribution, with a
minimum and maximum content of 1.5% and 28.5%,
respectively (Table 3).

Hg leachates in stream sediments

Table 4 illustrates the results of the Hg leachates
in the stream sediments. Most samples have Hg

Ni Cu Crtot Sb \'

concentration below the instrumental detection limit
(0.1 pg/L), and only two samples (Salto 4 and STA
47, in watersheds 5 and 7 respectively) show a Hg
value higher than the maximum content allowed by
the Italian law (1 pg/L: Legislative Decree 31/2001)
(Table 4).

TD Hg in stream sediments
In Table 5, the area subtended by the curve in % for
each Hg species and each sample is reported. Mer-

cury is mainly occurring as a-HgS and B-HgS while
less is associated with OM.
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Table 4 Concentration of Hg (ug/L) in the stream sediment leachates

Sample Hg pg/L Sample Hg pg/L Sample Hg pg/L Sample Hg pg/L Sample Hg pg/L

STA1L 0.2 STA19 0.2 STA37 b.d.l MSIE-16 b.d.l 9083A22 b.d.l

STA2 0.3 STA20 0.1 STA38 b.d.l MSIE-04 n.d 9084A22 b.d.l

STA3 0.1 STA21 b.d.l STA39 b.d.l sie 189 b.d.l 9211A22 b.d.l

STA4 0.3 STA22 b.d.l STA40 b.d.l SIE Br2 b.d.l 9163A22 b.d.l

STAS 0.1 STA23 b.d.l STA41 b.d.l MSIE 05 n.d 9189A22 b.d.l

STA6 b.d.l STA24 b.d.l STA42 b.d.l Msie 11 b.d.l

STA7 0.1 STA25 b.d.l STA43 b.d.l Salto 1 b.d.l

STAS 0.2 STA26 b.d.l STA44 0.2 Salto 2 b.d.l

STA9 0.1 STA27 b.d.l STA45 b.d.l Salto 3 b.d.l

STAI10 0.1 STA28 b.d.l STA46 0.4 Salto 4 2.5

STAI11 0.1 STA29 b.d.l STA47 1.6 Green Lake b.d.l

STAI12 0.2 STA30 b.d.l STA48 b.d.l GITO n.d

STA13 0.1 STA31 0.6 STA49 b.d.l GIT4 n.d

STA14 0.1 STA32 b.d.l STAS0 b.d.l GIT12 n.d

STAI1S 0.1 STA33 b.d.l STAS1 b.d.l PAO1 n.d

STAl6 0.2 STA34 b.d.l STAS2 b.d.l 9171A22 b.d.l

STA17 0.1 STA35 b.d.l STAS3 0.5 9080A22 b.d.l

STA18 0.1 STA36 b.d.l STAS4 b.d.l 9081A22 b.d.l

b.d.1, below detection limit (0.1 pg/L); n.d, not determined

gﬁ’i‘;{sg ’ ;}afgf’llfgg?%%a‘if Sample ~ OM-Hg f-HgS oHgS HgSO, Sample OM-Hg p-HgS o-HgS HgCl,

HgS, % HgSO,, % HeCl, STAI 455 395 150 - STA52  36.1 1.8 521 -
STA2 315 - 68.5 - STAS3 - - 100 -
STA3 41.0 - 59.0 - STAS4 2.6 - 97.4 -
STA4 - - 100 - SIE189 2.7 - 97.3 -
STAS 22.1 12.8 65.1 - MSIEO4 19 - 81.0 -
STAS - - 100 - MSIEOS 76.4 - 23.6 -
STA16 50.5 - 49.5 - MSIElIl 7.2 91.7 1.1 -
STA20 68.5 10.1 21.4 - MSIE16 80.8 - 19.2 -
Green Lake - - 100 - SIBR2 22.9 7.0 70.1 -
STA21 34 18.5 78.1 - 9171A22 7.33 92.67 - -
STA22 7.6 - 92.4 - 9081A22 14.7 74.8 10.5 -
STA23 20.4 12.0 67.6 - 9083A22 - - 100 -
STA24 7.8 2.2 90 - SALTO1 4.7 49 46.3 -
STA30 - - 100 - SALTO2 41.7 12.7 45.6 -
STA44 6.2 6.2 87.6 - SALTO3 9.6 6.6 83.8 -
STA45 100 - - - SALTO4 0.8 17.2 71.3 4.7
STA46 10.3 - 89.6 - GIT4 - - 100 -
STA47 1.07 3.03 542 41.7 GIT12 - - 100 -
STAS0 4.1 7.5 88.4 -
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Discussion

Sources of major and trace elements in stream
sediments

According to Rose et al. (1979), stream sediments
often represent the mineralogical and geochemi-
cal composition of the outcropping rocks in the
drainage basin upstream of the sampling sites. The
chemical data from the current study are compared
to those from the main geological units that consti-
tute the different basins to assess their contribution.
The main oxides can be considered markers of grain
distribution (Dinelli et al., 2005) or indicators of the
percentage of fine material (e.g. Al,0;, Bianchini
et al., 2012). Basically, they capture the distribution
of the dominant minerals (Zhao et al., 2019). Two
different groups of stream sediments can be recog-
nized in the AL,O5 vs. K,O and Al,0O5 vs. Na,O dia-
grams (Fig. 6A and B, respectively). The first group
(SS1) shows a positive correlation between Al,O;
vs. K,0O and Al,O; vs. Na,O, whereas the second
group (SS2) is characterized by an increase in K,O
and Na,O at almost constant Al,O; concentration.
SS1 refers to those stream sediments that have a
higher Al,O; concentration compared to the sedi-
mentary and metamorphic (blue and violet stars,
respectively) rocks. In most cases, the median of the
volcanic rocks (purple triangles) is likely associated
with Al-bearing mineralogical phases such as clay

minerals (Bianchini et al., 2012; Cox et al., 1995;
Hossain et al., 2017) or related to different altera-
tion processes that favor Al,O; over Na,O. SS2 is
represented by stream sediments that approach the
concentrations of K,0O and Na,O of the median val-
ues of the volcanic rock samples, probably due to
the fact that the alteration of K-feldspar is slower
than that of Na-plagioclase. The XRD data confirm
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Fig. 7 The SiO, vs. CaO (wt.%) binary diagram. Stream sedi-
ments (yellow circle) and sedimentary (SFR Rock and PTF in
green stars), metamorphic (lizardite and picrites in brown and
blue star, respectively) and volcanic rocks (purple triangle) are
also reported
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the presence of K-feldspar and a relatively high
amount of plagioclase in the SS2 samples.

The binary diagram SiO, vs. CaO (Fig. 7) evi-
dences the negative correlation between the two
parameters, which is due to the increasing abun-
dance of carbonate minerals (mostly calcite) over the
silicate fraction. Sample GIT 4, collected from the
Fosso della Chiusa creek (Fig. 1B), is fed by waters
discharging from the mining galleries of the former
mining areas of ASS and rich in Fe-Al-oxy-hydrox-
ides (Lazzaroni et al., 2022; Vaselli et al., 2021).
This sample diverts from the main trend, showing
lower concentrations of SiO, and CaO with respect
to the other stream sediments. The presence of Fe
is supported by XRD analysis, where goethite was
recorded.

Trace elements can be regarded as more diag-
nostic tools than the main oxides of the rock source
(e.g. Lee, 2018 and references therein). The Sr-Rb-
Cr ternary diagram (Fig. 8) allows to better iden-
tify the studied stream sediments. Strontium was
selected because tends to be enriched in the carbon-
ate component, being a Ca-substitute in carbonate

7
0 25 50 75 100
Sr

Fig. 8 The Sr-Rb-Cr ternary diagrams (mg/kg). Red circles:
stream sediments of volcanic provenance (Volcanic); orange
circles: mixing between a sedimentary and a dominating vol-
canic component (Volcanic-dominated); yellow circles: mix-
ing processes between volcanic and sedimentary components
where stream sediments are prevalently draining sedimentary
rocks (Sedimentary-dominated); Green circles: stream sedi-
ments of carbonate provenance (Sedimentary). The violet tri-
angles are the median of the four volcanic lithologies from the
study areas. The light blue stars represent the SFR 1, 2, 3 and
4 rocks. The green star represents PTF and the pink stars the
picrites
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minerals (e.g. calcite). Rubidium is a lithophile ele-
ment and does not form own minerals, but it occurs
in many common minerals since it isomorphogeni-
cally replaces potassium in K-minerals (e.g. K-feld-
spar). Furthermore, since it has a very large ionic
radius, it behaves incompatibly and concentrates
in the late stage of crystal fractionation of magmas
(e.g. Salminen et al., 2005). Consequently, it can be
considered a marker for sediments of volcanic ori-
gin. Chromium is mainly found in oxides (chromite,
magnetite, ilmenite), which are resistant to weather-
ing, while clinopyroxene and tends to be enriched in
mafic and ultramafic rocks (Mielke, 1979).

The ternary diagram of Fig. 8, which shows the
concentration values of carbonate sedimentary
rocks (SFR1, 2, 3, 4 and PTF), lizardite, the two
picrites, and the median of the four volcanic facies
within the study area, allows to recognize four dis-
tinct groups, as follows:

(1) Group 1 (Volcanic): stream sediments of volcanic
origin (red circles), falling within the volcanic
rock field. These sediments have a constant Sr
value, medium-low Rb values, and medium—high
Cr values. The variable proportion of Cr and Rb
are be due to different quantities of pyroxene, oli-
vine, mica, and K-feldspar.

(2) Group 2 (Volcanic-dominated): nearly con-
stant content of Rb and Cr (median values Rb/
Cr=1.25) and more variable Sr. This group
refers to a mixing process between volcanic and
sedimentary components, though the former is
preponderating over the latter (orange circles).

(3) Group 3 (Sedimentary-dominated): relatively
constant Sr values, high Cr values, and low Rb
values (yellow circles). This cluster is related to
a mixing process between the volcanic and sedi-
mentary components, where the carbonate com-
ponent prevails. This is also confirmed by the fact
that the PTF rock (sandstone), falling within this
cluster, is characterized by the presence of sialic
minerals such as K-feldspar, which are typical of
volcanic material.

(4) Group 4 (Sedimentary): streams of sedimentary
origin (green circles) and distributed along the
line depicted from the Sr vertex in Fig. 8, with a
relatively constant Rb/Cr ratio of about 0.62.
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Fig. 9 SiO, (wt. %) vs. Rb/Sr binary diagram for stream sedi-
ments and the studied rocks. Symbols as in Fig. 8

The SiO, vs. Rb/Sr binary plot of Fig. 9 and the
dot-maps in Fig. 10, where the distribution of the
four groups of Fig. 8 is reported, further supports the
physical mixing process between a volcanic and sedi-
mentary component. Figure 9 shows a gradual transi-
tion from samples of limestone origin with low silica
content and low Rb/Sr ratios to sediments of volcanic
origin with high SiO, values (>50 wt.%) and high
Rb/Sr ratios (>0.5) due to the presence of quartz
and K-feldspar and mafic minerals. The result of the
mixing process can clearly be seen in Fig. 10, where
the stream sediments are divided into the four identi-
fied groups. The further we move away from the Mt.
Amiata volcanic complex (Fig. 10), the femic compo-
nent decreases and eventually disappears (Table S2 in
supplementary material S1) and the Rb/Sr ratio tends
to decrease.

The Spearman’s correlation map (Fig. 11), with
hierarchical clustering, is illustrated to understand the
possible relation between major oxides and trace ele-
ments. The clustering in Fig. 11 shows, even in this
case, the presence of four groups, as follows:

(1) K,O, Na,O, SiO,, P,O5 and As. This cluster
(Volcanic) reflects the abundance of quartz, pla-
gioclase and other silicate minerals and accessory
minerals such as apatite, as also evidenced by
XRD analysis. The positive correlation between
As and K,0 and Na,O (R=0.5) is more litholog-
ical than chemical since As is associated with the

volcanic products (Meloni et al., 2023b; Rajen-
dran et al., 2024; Raju, 2022).

(2) ALO; and TiO,. These two elements (R=0.6)
are highly resistant to chemical alteration.
According to Salminen et al., (2005), high val-
ues of TiO, and AlL,O; in stream sediments
(>0.82% and > 13.4%, respectively) are found in
areas where crystalline basement rocks of inter-
mediate to mafic signature area occur due to the
abundance of detrital oxides, feldspars and phyl-
losilicate minerals. This reflects the concentra-
tions of the Volcanic-dominated group where the
mean value of TiO, is 0.81% and that of Al,O,
is 19.97%, the highest contents being 0.95% and
22.31% respectively.

(3) MgO, Sb, Fe,0;, MnO, V, Cr, Co, Cu and Ni.
The relatively high R-value (>0.5 to 1) between
Fe, 03, MgO, and MnO and the siderophile PTEs
highlight that the Sedimentary-dominated group
is partly affected by a geochemical compo-
nent derived from mafic to ultramafic minerals.
According to Pandeli et al. (2017), serpentinitic
olistolites and ophicalci are indeed present in the
ophiolitic units of the Ligurian complex. How-
ever, Fe—-Mn (oxi)hydroxides and clay minerals
(e.g. chlorite) may also contribute to the positive
correlation.

(4) CaO, LOI, Hg and S. This cluster (Sedimentary)
has a weak to good correlation (0.4 <R <0.6).
The statistically significant correlation among
Hg, LOI, and S can be explained by the affinity of
Hg with organic matter and sulfides, both decom-
posing at the LOI temperature (950 °C). On the
other hand, Hg mineralization in the Mt. Amiata
district is mainly associated with carbonate for-
mations, as suggested by the positive correlation
between Hg and CaO.

A more complicated issue is related to the pres-
ence of Sb in the Sedimentary-dominated group. In
the Mt. Amiata district, stibnite (Sb,S;) and, subor-
dinately, stibiconite [Sb**Sb>*,0,(OH)] as alteration
of stibnite (Brogi et al., 2011) are the most common
Sb-minerals although, to the best of our knowledge,
specific studies in the study area have not been car-
ried out. The low correlation between Sb and the
other elements (0.4 <R <0.5; Fig. 11) in the Sed-
imentary-dominated group therefore does not rule
out that Sb could be hosted in other minerals. For
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Fig. 10 Dot-map of the four different groups with respect to the geology of the study area. Symbols as in Fig. 8

example, in the Apuan Alps (NW Tuscany) at the are abundant, including schafarzikite (FeSb,0O,) and
Bottino mine, bottinoite (Ni[Sb(OH)4]x6H,0) was triphyite (FeSbO,). Meloni et al. (2021) suggested the
found (Bonazzi et al., 1992). In the nearby Cetine presence of these two minerals, in addition to romeite
di Cotorniano mine (Siena), secondary Sb minerals (Ca,Sb,0,), in the soils from the Lame mining dump
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Fig. 12 Triangular diagram of Hg, As and Sb for the rocks
and stream sediments. Symbols as in Fig. 8

(Abbadia San Salvatore mine). The low correlation
(R=0.3) between Hg and Sb seems to agree with
Brogi et al. (2011), who stated that Hg is often found
associated with silicified carbonates rocks such as jas-
pers, although it was also recognized in sandstone for-
mations (e.g. Pietraforte Fm.) and mineralized clays
called Biocca (Dini, 2017), mostly consisting of kao-
linite and montmorillonite. Consequently, a distinct
origin for Hg and Sb is highly probable and related
to two distinct periods of mineralization (Brogi et al.,
2011). The Sb-rich fluids would indeed have been
emplaced after the formation of the Hg-rich deposits.
It should be noted that Hg and Sb are rarely corre-
lated each other (Arisi Rota et al., 1971 and reference
therein). According to many authors (e.g. Stea, 1971;
Lattanzi, 1999; Rimondi, 2015), Sb ore deposits
show a preferred association with the tectonic con-
tact between the Triassic Tuscan formation and the
overlying Ligurian Flysch. Moreover, Lotti (1910)

@ Springer



123 Page 18 of 26 Environ Geochem Health (2025) 47:123

reported that Sb-rich ore deposits were associated
with hydrothermal vents (also called “putizze”, Tassi
et al., 2009). It is to mention that some ore deposits
such as that of Abbadia San Salvatore are indeed Sb-
poor whereas those of Morone are characterized by a
higher concentration of Sb. Additionally, the decou-
pling between Hg and Sb and the association between v
the tectonic contact and the “putizze” area are further
supported by the Hg, As and Sb triangular diagram
in Fig. 12. In fact, on the Sb side, some samples,
mainly from the Pietrineri mine area, the Morone
mine, and some sites located along the Pagliola
stream, are positioned (Fig. 13C). Here, in addition to
the Sb mineralization (Brogi et al., 2011; De Castro,
1914; Rimondi et al., 2015), the “putizze” area and
the tectonic contact between the Triassic Tuscan Fm.
and the Ligurian Flysch are also present. As shown
in Fig. 13B, high Hg concentrations (>1 mg/kg, i.e.
the Italian Legal Limit for soils destined to residen-
tial and public areas) are located near the abandoned
mines or along the main rivers draining them. On the
other hand, Sb is homogeneously distributed over
the entire study area, except in the volcanic com-
plex (Fig. 13C), where the lowest concentrations are
recorded. Concentrations between 60 < Sb <200 mg/
kg are located in the southern part of the study area,
near the Morone mine, confirming the hypothesis that
Hg and Sb mineralization occurred asynchronously.

As far as arsenic is concerned, volcanic rocks (pur-
ple triangles), Volcanic group and fluvial sediments
from the Solforate stream, showing high concentra-
tions of As (Fig. 13A) similar to those recorded in the
hydrothermal areas (e.g. Bagni San Filippo) or close
to the gas vents (Fig. 13B and C), are positioned on
the upper right of the Hg-As-Sb diagram (Fig. 12),
also showing high Hg (Fig. 13B).

Fluvial sediments deposited by sedimentary for-
mations are distributed along the straight line dictated
by a relatively constant Sb/As ratio (mean value Sb/
As=1.09) and a variable amount of Hg (Fig. 12),
showing how As and Sb are evenly distributed in
the Sedimentary and Sedimentary-dominated groups
(Fig. 13A and C).

e

Epapnag

Geochemical background values for the stream
sediments

One of the aims of this work was to compute the
geochemical background values of potential toxic

Fig. 13 Dot-maps of As (A), Hg (B) and Sb (C) in the stream sediments (in mg/kg). See the text for further details
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Table 6 PTEs, type of

distribution (Dist), 95% PTEs Dist 95%ile  99%ile Median 95% UTL95%  Background value

1stribution 1S0), 0

Pef(ci?mﬂe’ 39% Percf(’imﬂe’ Hg GLN 34 46 0.6 572 52-6.3

median, and propose

backgroand values for Sb N 75 9.0 4.1 9.5 8.5-10.5

cluster 1; — none As G/N 308 443 9.4 44.1 39.7-48.5
Crtot GLN 361 487 15.0 4738 43.0-52.6
\Y% N 303 347 19.7 34.6 31.2-38.1
Co population1 N 5.5 6.2 3.6 6.5 5.9-7.2
Co population2 N 17.6 19.6 118 21.1 19-23.2
Nipopulation 1 N 9.0 10.1 6.6 10.6 9.6-11.6
Nipopulation2 N 457 529 291 572 51.5-62.9
Cu population I LN 6.9 8.6 39 - 3.71-4.54
Cupopulation2 N 613 731 326 80.2 72.2-88.2

CTI,"‘:’I,‘; 7t, PTg)S: tgpgs"; PTEs  Dist 95%ile  99%ile  Median  95%UTL95%  Background value

1strioution 1S0), 0

Pefccl?miles 39% Pefczmiles Hg G/LN 8.5 13.9 5.0 13.64 12.3-15.0

median, and propose

background values for Sb LN 7.1 8.6 43 - 4.92-6.01

cluster 2, — none As N 6.07 7.11 3.0 6.79 6.11-7.47
Co N 26.3 31.0 13.1 29.27 26.3-32.2
Ni GLN  49.1 63.5 2138 58.7 52.8-64.6
Cu N 61.9 735 29.2 69.04 62.1-75.9
Criot N 515 60.1 29.2 56.8 51.1-62.5
\% GLN 473 59.9 16.5 55.7 50.13-61.3

elements (PTEs, i.e. Hg, As, Sb, Cr, V, Ni, Co, Cu).
The Italian environmental authorities (SNPA, 2017)
require these values to be obtained with samples ana-
lyzed after aqua regia digestion, and with EPA 7473
method for Hg (Table S2, Supplementary Material
S2). Although river sediments are not regulated under
the Italian and European Environmental Legislation,
defining natural geochemical background values or
threshold values can help authorities to understand
the source of potential environmental contamina-
tions. Since river sediments reflect rock and soil
weathering, in order to compute geochemical back-
ground values and according to Figs. 8 and 9, sedi-
ments were divided into two clusters: (1) Volcanic
and Volcanic-dominated, and (2) Sedimentary and
Sedimentary-dominated.

The background values are calculated with the
software ProUCL 5.2. If the dataset follows a nor-
mal distribution, the background values are computed
with the UTL 95-95 for volcanic and sedimentary
provenance of the stream sediments. The gamma dis-
tribution UTL95-95 is preferred when the distribution

is both log-normal and gamma. After checking out-
lier tests and identifying each one in the Q-Q and box
plots, any possible outlier is removed. The geochemi-
cal background values, as defined by Reiman and
de Caritat (2017), Santos-Frances et al. (2017) and
Meloni et al. (2023b), should be referred to a range
of concentrations for a particular location, rather
than to a single number, being each concentration
impacted by an analytical uncertainty. Thus, for the
defined distributions, a confidence interval of +10%
is applied to account for measurement uncertainty.
Tables 6 and 7 report the type of distribution, the 95th
and 99th percentiles of the distribution with no out-
liers, the median, and the recommended geochemi-
cal background for clusters 1 and 2, respectively.
Furthermore, if after the elimination of outliers, the
dataset shows two or more populations, these are
split up and studied separately. This is the case of Co,
Ni and Cu in cluster 1, and As and Sb in cluster 2.
Concerning cluster 1, two populations can be identi-
fied for Co, Ni, and Cu. The first one is characterized
by those samples of purely volcanic origin that had
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concentrations below 6, 15 and 11 mg/kg, respec-
tively, whilst the second population corresponds to
the previously identified Group 2 (Figs. 8 and 9). For
each of these two identified populations, the distribu-
tion type is then reviewed, and a reference value is
assessed for each one, as shown in Table 6.

In cluster 2, As and Sb are found in populations 2
and 3, respectively. The first As population is charac-
terized by contents up to 11 mg/kg, whilst the second
population has>21 mg/kg. This population includes
those samples that owe the As enrichment to the pres-
ence of hydrothermal vents (e.g. Bagni San Filippo,
Morone), mineralization or inputs slightly influ-
enced by volcanic lithology. Excluding this outlier
population, the first population thus represents the
background.

Antimony is characterized by three populations:
the first population, with values> 11 mg/kg, consists
of 3 samples (STA46, STAS1, and STAS53, in water-
sheds 7, 8, and 9, respectively), belonging to areas
with Sb mineralization. The second population is
instead characterized by samples with concentrations
between 1 and 11 mg/kg, representing the background
population. The third population includes those sam-
ples with values below <1 mg/kg, corresponding to
the instrumental detection limit.

Comparing the computed background values (last
column in Tables 6 and 7) with those reported in the

FOREGS database for the same elements, As results
to have a background value for cluster 1 higher than
that proposed by FOREGS (10-15 mg/kg). The high
As values are due to the presence of volcanic litholo-
gies (Fig. 10). Differently, Co is higher in cluster 2
with respect to cluster 1. For the stream sediments,
the FORGES interval values for Co, Cr, Ni, V, and
Cu are 13-17, 41-72, 38-71, 49-68, 30-43 mg/kg,
respectively. These are lower for Co, V, and Cu in
Table 7 and Co, Ni, and Cu in Table 6 for popula-
tion 2, while they are higher than those for Co, Ni,
and Cu in Table 6 for population 1. This is because
Co, as well as Ni and V, are enriched in the stream
sediments of sedimentary provenance, while they
are depleted in those of volcanic origin. In contrast,
Cr in Table 6, and Cr and Ni values in Table 7 are
in agreement with the range reported in the FOREGS
database. Mercury, in both clusters, is higher than
that listed in the FOREGS dataset (0.093-0.2 mg/kg).
On the other hand, the Sb values after extraction by
aqua regia are not available in the FOREGS database.
Protano et al. (1998) reported background geochemi-
cal values of Hg, Sb and As in stream sediments from
southern Tuscany equal to 0.15, 0.4, and 7 mg/kg,
respectively. These values, as well as the Hg back-
ground value (2-9 mg/kg) in the Siele area proposed
by Fornasaro et al. (2022), result to be remarkably
lower than those proposed in this study.
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Fig. 14 A clast of cinnabar by SEM images in the sample STA 22; B scatterplot of Hg,, vs. inorganic (a«-HgS +p-HgS) Hg in the

stream sediments
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Hg speciation by thermal desorption

When high concentrations of Hg are found, like in
this study, assessing whether it is potentially bio-
available, i.e. able to participate in the biogeochemi-
cal cycling between water, sediment and biological
communities, is critical. As reported in Table 5, Hg is
mainly presented as a-HgS and -HgS. The presence
of a-HgS or B-HgS scattered in the matrix or in crys-
tals of primary origin is further confirmed by Scan-
ning Electron Microscope (SEM, Fig. 14A) investiga-
tions carried out on selected sediment samples (e.g.
GIT4, STA 4 in watershed 2, Salto 1, STA 22, STA
42 in watershed 5, and STA 53 in watershed 8).

As reported by Meloni et al. (2023a), soils from
the Abbadia San Salvatore mine showed a significant
correlation (r-Pearson’s =0.95) between inorganic Hg
(a-HgS + B-HgS) and total Hg (Fig. 14B), whereas no
relationship was found between OM-bound Hg and
total Hg, as well as between Hg from leachates and
Hg-OM, nor between % OM and Hg-OM. Only sam-
ple STA 47 (watershed 7) and Salto 4 (watershed 5)
present HgSO, and HgCl,, respectively. This reflects
the fact that these two samples are the only streams
to show concentrations of leachable Hg higher than
that imposed by the Italian Environmental Legis-
lation (1 pg/L; Table 4). In fact, both HgSO, and
HgCl, are relatively soluble in water (logKps: —9.41
and —21.26 mol/L, respectively; Allison et al., 1990)
when compared to a-HgS and pB-HgS (Ariya et al,,
2015). As reported in Table 5, MSIE11 (watershed 6),
9171A22 (watershed 8) and 9081A22 (watershed 5)
are the only streams with high % of B-HgS (>70%).
These three samples were taken within three differ-
ent former mining areas: the first one is from the Siele
mine and the second in the Morene mine and the last
from the Abetina-Solforate mine. According to Kim
et al. (2004), the roasting of ores produced elevated
B-HgS levels in calcined ore waste. Therefore, it is
likely that B-HgS refers to the presence of roasting
ore inside the stream sediments. This aspect was also
underlined by Petranich et al. (2022), who stated that
marine sediments from the Gulf of Trieste (NE Italy)
are enriched in B-HgS, due to waters and suspended
solids of the Isonzo river, which drains the former Hg
mine of Idrija (Slovenia). Although the reclamation at
Siele was completed in 2001, according to Fornasaro
et al. (2022), the high Hg concentrations in the stream
sediments and the presence of f-HgS are ascribable

to a mismanagement of the local mining tailings, the
latter being removed by meteoric waters and trans-
ported into the Siele. A similar situation is occurring
in the Solforate/Abetina and Morone mines, although
no reclamation activities are currently going on. At
this mine, intense rainfalls have caused slumping and
small landslides that have affected the mining waste
and partly dumped into Solforate stream, contributing
to an increased input of calcine into the stream itself.

However, the presence of other Hg soluble com-
pounds within the analyzed sediments cannot be
excluded. Petranich et al. (2022) indeed suggested
that the TD technique may fail when Hg-bearing salts
occur at low amount to be related to specific disas-
sociation temperatures of pure chemical compounds.
Nevertheless, the large predominance of insoluble
inorganic species (i.e. cinnabar and metacinnabar) in
the stream sediments from the eastern sector of Mt.
Amiata points to a very limited availability to the
biota and thus, to the Hg biogeochemical cycle.

Conclusions

Stream sediment geochemistry and determination
of the background values in the eastern portion of
the Mt. Amiata (Southern Tuscany) were defined
with the use of XRF and ICP-AES analysis and the
Pro-UCL 5.2 software, respectively. Based on the
Rb-Sr-Cr ternary diagram, the sources of stream sed-
iments can be divided into four groups: (1) Volcanic,
(2) Volcanic-dominated, (3) Sedimentary-dominated
and (4) Sedimentary. The presence of physicochemi-
cal intermediate features between volcanic and sedi-
mentary lithologies is confirmed by the SiO, vs. Rb/
Sr plot and supported by the As, Hg and Sb dot-maps
where the distribution of the four groups is clearly
evidenced (Fig. 10).

Chromium, Co, V, Cu and Ni derive from a mafic
and ultramafic component, occurring within the Ligu-
rian Unit, that characterizes the study area (e.g. scat-
tered ophiolite outcrops) and are enriched in the fin-
est material. Mercury, as reported in the dot-map of
Fig. 13B, is associated with the mineralized and the
former mining areas, as well as with the organic mat-
ter. Arsenic is found to be concentrated in the Mt.
Amiata volcanic apparatus and in correspondence of
hydrothermalized zones and gas vents. Antimony, on
the other hand, is homogeneously distributed except
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in the Volcanic group, whose concentrations result
to be lower when compared to the other groups. The
highest concentrations are indeed referred to the
southern part of the study area where Hg-Sb miner-
alization occurs.

In agreement with the four individuated groups, for
the calculation of background values, groups 1 and 2
and groups 3 and 4 were combined in two different
clusters. The determination of geochemical back-
ground values in river sediments, although not regu-
lated by Italian and European legislation, is of great
importance. In fact, they can allow the definition of
reasonable post-extractive reclamation objectives in
any decommissioned mine, as it is the case of those
distributed in the Mt. Amiata area. Stream sediments
may indeed reflect the environmental impact on sur-
face waters that are crosscutting or flowing close to
where former mining activities were operating.

Through thermal desorption, Hg speciation in
stream sediments was successfully performed. By
comparing leached Hg and Hg speciation data, Hg can
unlikely be dispersed into the environment. Inorganic,
insoluble Hg-species (i.e., cinnabar and metacinna-
bar) are indeed largely dominating the stream sedi-
ments where the total Hg content was > 5 mg/kg. This
suggests a low bioavailability of Hg. The same results
were also evidenced in soils from the former mining
area of Abbadia San Salvatore.
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