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A B S T R A C T   

Background and geochemical baseline values of Potentially Toxic Elements (PTEs) in soils developed on natural 
or anthropogenically-affected areas are increasingly important parameters as they represent highly useful tools at 
local, regional, national and European level. While background values are mostly applied to uncontaminated 
areas to verify the presence of high to anomalous concentrations of PTEs due to geogenic sources, the 
geochemical baseline values are better representing those areas where the anthropogenic activities have altered 
more or less significantly the background values. This is the case of the Municipality of Abbadia San Salvatore, 
mostly lying above the volcanic products of Mt. Amiata (Tuscany, central Italy) and, subordinately, above 
sedimentary formations, where >100 years of exploitation of cinnabar (HgS) and production of liquid mercury 
have affected the environmental matrices, including the pedosphere compartment. Consequently, 51 top-soils 
and 51 sub-soils, developed on the volcanic and sedimentary domains were collected and analyzed for PTEs 
(Hg, As, Sb, Cr, Co, Ni, Cu and V). A CoDA (Compositional Data Analysis) approach (robust Principal Component 
Analysis) combined with geochemical mapping allowed to account for the compositional nature of geochemical 
data and define the spatial distribution of the investigated chalcophile and siderophile elements. The results 
obtained by CoDa are useful to understand data variability and relative variations of the elements compared to 
the barycenter of the total composition. Independently by the substratum (volcanic or sedimentary), the con
centrations of Hg, As, Sb, Cr, Co, Ni, Cu and V were highly variable and up to 258, 276, 110, 261, 32, 132, 80 and 
173 mg/kg, respectively. Owing to the significant differences between the two geological domains, the two 
datasets were considered separately in order to define the geochemical baseline values of the analyzed PTEs 
computed using ProUCL 5.2.0 software. Accordingly, the geochemical baseline values of Hg, As, Cr, Co and V 
were much higher than the values imposed by the Italian Legislative Decree 152/06, suggesting the importance 
of exploring the geological features of the investigated territories and their anthropic history, particularly in Italy 
where poly-metallic sulfide ore deposits have been exploited in many regions since the Etruscan and Roman 
times.   

1. Introduction 

Potentially Toxic Elements (PTEs) (Pourret and Hursthouse, 2019) 
can be regarded as stable and enduring environmental contaminants and 
soil is the most prone exogeneous matrix able to accumulate them 

(Qingjie and Jun, 2008; Marchand et al., 2011; Mazurek et al., 2017). 
The presence of PTEs in the pedological cover depends on many factors 
such as the mineralogical composition of the bedrock (Cabral Pinto 
et al., 2017) and soil formation processes, the latter being able to govern 
the distribution of trace elements along the soil profile (e.g. Kabata- 
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Pendias, 2010). In most cases, PTEs occur in the soil at trace levels 
(<1000 mg/kg) and their concentration is rarely toxic during the 
physicochemical alteration of the parent material. Nevertheless, expo
sure to PTEs can have adverse health effects (e.g. Giaccio et al., 2012 and 
reference therein) and increases the probability of cancer development 
in humans when they are exposed to naturally and/or 
anthropogenically-enriched substrata (Tarvainen and Kallio, 2002; 
Cicchella et al., 2005; Frattini et al., 2006; Albanese et al., 2007; Galan 
et al., 2008; Cicchella et al., 2022) such as those occurring in urban/sub- 
urban areas and active or abandoned mining sites (e.g. Nriagu and 
Pacyna, 1988; Karn et al., 2021). As a consequence, it is of pivotal 
importance to understand their content and geochemical behavior in 
soils to define the thresholds at which they can be considered not 
harmful for human beings and, generally speaking, ecosystems. More
over, establishing the source (natural or anthropic) of PTEs is an addi
tional and critical parameter to undertake during remediation 
operations in decommissioned mining areas. 

According to the Italian Legislative Decree 152/2006, the threshold 
values recommended for soils do not necessarily reflect the chemical and 
mineralogical conditions and the geological formations onto they are 

developed. This implies that the threshold values can be modified at 
local or site-specific level in agreement with the Agency of Environ
mental Protection (ARPA) and regional authorities (Cicchella et al., 
2022). 

The term “geochemical baseline”, presented in 1933 at the Interna
tional Geological Correlation Program as the Global Geochemical 
Baselines (Salminen and Tarvainen, 1997; Salminen and Gregor
auskiene, 2000; Galan et al., 2008), concerns the natural concentration 
variability of an element in superficial environments at a determined 
place and time (Santos-Francés et al., 2017). Similarly, Salminen and 
Gregorauskiene (2000), Frattini et al. (2006), Albanese et al. (2007) and 
Galan et al. (2008) defined the term geochemical baseline as the actual 
content of an element in environmental matrices at a given point in time. 
It includes the geogenic concentration (or “natural background”, i.e. the 
environmental conditions prior of any anthropogenic activity; e.g. 
Nordstrom, 2015; Pasquetti et al., 2020) and the anthropogenic 
contribution (Tarvainen and Kallio, 2002; Cicchella et al., 2005; Frattini 
et al., 2006; Albanese et al., 2007; Galan et al., 2008; Cicchella et al., 
2022). It has been demonstrated that the natural background can vary 
from one area to another within the same region (Cicchella et al., 2022). 

Fig. 1. a, b: Simplified geological map of the study area (modified after Marroni et al., 2015). The red circles indicate the soil sampling sites. According to Conticelli 
et al. (2015), the volcanic rocks (0.3–0.2 Ma) are mostly consisting of a trachydacitic basal complex, exogeneous lava domes (Pianello Fm, e.g. Principe et al., 2018; 
Vezzoli and Principe, 2023) and an olivine-latite lava flow. The External and Internal Ligurian Units include the Santa Fiora Fm and the Argille a Palombini Fm. The 
dashed line is the trace of a likely NE-SW-oriented Large Fracture as suggested by Forconi (2011) (see text for details). 
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Consequently, it is extremely difficult to establish a natural background 
level and a single background concentration in a specific area. For this 
reason, the geochemical baseline, being expressed as concentration (or 
concentration interval), is a more useful parameter since it represents 
the conditions in a certain area where the human activity has already 
impacted the environment due to industry, mining and/or agriculture 
practices (Facchinelli et al., 2001; Santos-Francés et al., 2017). 

The definition of geochemical baseline can suitably be applied to 
soils from abandoned or active mining areas and surroundings, such as 
that of Abbadia San Salvatore (southern Tuscany, Italy), where cinnabar 
(HgS)-ore deposits have been exploited for almost a century. In such 
areas, the aim is to assess the current quality state of the environment 
and provides guidelines and quality standards to support the environ
mental legislation and policy-making actors (Santos-Francés et al., 
2017). In agreement with Tanelli (1983), Klemm and Neumann (1984), 
Dini (2003) and Brogi et al. (2011), Hg mineralization in this area was 
due to shallow hydrothermal convective systems related to geothermal 
anomalies that, in turn, were associated with the emplacement of 
granitoid rocks at mid- and upper-crustal levels in southern Tuscany 
during the Plio-Pleistocene. The emplacement of hydrothermal breccia 
bodies and the ascent of hydrothermal fluids also allowed the formation 
of Hg-rich deposits within argillitic and calcareous strata (Protano and 
Nannoni, 2018). The circulating hydrothermal fluids favored the pre
cipitation of cinnabar, as well as that of Sb- and As-sulfides. 

In this study, a CoDa (Compositional Data Analysis) approach 
(robust Principal Component Analysis) in combination with geochem
ical mapping was adopted to: i) define the spatial distribution of chal
cophile (As, Cu, Hg and Sb) and siderophile (Co, Cr, Ni and V) elements 
in the top- and sub-soils of the Municipality of Abbadia San Salvatore 

and ii) identify sources and pathways of these elements linked to 
bedrock and soil formation processes and anthropogenic inputs. As 
suggested by several investigations (e.g. Filzmoser et al., 2009; Reimann 
et al., 2012; Buccianti et al., 2018; Ghezelbash et al., 2020), multivariate 
statistical analysis has demonstrated to provide a good reliability in 
characterizing complex geochemical systems. However, geochemical 
data are compositional data and only give relative information because 
they are not free to vary independently, as they pertain to a constrained 
sample space with a D-1 dimension (D number of variables), named 
simplex (Aitchison, 1986). Therefore, appropriate data transformations 
(e.g. isometric log-ratio or centered log-ratio transformations) need to 
be applied to transform the data in real coordinates in a way that clas
sical statistical methods can be applied. Additionally, the Geochemical 
Baselines (GB) of chalcophile (As, Cu, Hg and Sb) and siderophile (Co, 
Cr, Ni, and V) elements were then computed using ProUCL 5.2.0 soft
ware developed by USEPA (2022), following a consolidated classical 
approach so that comparisons with national and international bench
mark could be performed (e.g. Turkey, 1977; Gilbert, 1987) 

2. Study area and brief outlines on the past mining activity 

The study area covers approximately 25.6 km2 and is part of the 
Municipality of Abbadia San Salvatore. It includes the homonymous 
town (ca. 6000 inhabitants), and is located in the eastern sector of the 
silicic volcanic complex of Mt. Amiata (southern Tuscany; Ferrari et al., 
1996) (Fig. 1). The volcanic products of Mt. Amiata (0.3–0.2 Ma) are 
mainly trachydacites and, to a lesser extent, rhyodacites and olivine- 
latites (Ferrari et al., 1996; Conticelli et al., 2015; Laurenzi et al., 
2015) and are the expression of the most recent volcanic events in 

Fig. 2. The 1942 (a) and 1982 (b) Abbadia San Salvatore mining dumps. 1, 2 and 3 refer to nameless mining dumps.  
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Table 1 
Geographic coordinates, pH, and concentrations (mg/kg) of Hg, As, Sb, Cr, Cu, Co, V, and Ni in the seven rocks representative of the outcropping geological formations 
in the study area. The arithmetic mean concentration (mg/kg) of PTEs from the literature is also reported for comparison. References: a) Gao et al. (1998); b) 
Geochemical Earth Reference Model (GERM, Staudigel et al., 1996) Reservoir Database; c) Salminen et al. (2005); d) Reimann and de Caritat (1998); e) Condie (1993); 
f) Kemp and Hawkesworth (2004).  

Name X Y pH Hg As Sb Cr Cu Co V Ni 

WGS84-32N WGS84-32N mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

APA  717,466  4,753,335  8.41 0.008 1.0 4.0 69.8 67.8 7.7 85.0 55.0 
SFR1  719,434  4,751,361  9.00 0.015 1.0 1.0 33.6 23.0 4.7 31.8 24.2 
SFR 2  717,887  4,753,501  8.72 <0.015 1.0 <1.0 75.2 3.7 2.5 8.7 45.8 
SFR 3  719,425  4,751,852  8.42 <0.015 1.0 3.0 74.2 37.6 6.9 53.8 89.8 
VULC  716,197  4,752,877  4.69 0.0105 13.0 <1.0 94.5 49.3 14.6 62.6 64.9 
OLF1  716,205  4,751,428  6.10 0.0403 8.0 <1.0 39.5 49.0 18.4 82.5 42.8 
QRT  716,864  4,751,567  6.09 0.68 6.0 <1.0 4.5 10.1 5.3 12.9 2.4 
Clay    0.18d 10.6–22.5b 0.98–1.5a 90–507e 45d 18-31e 100-138a 70d 

Limestone    0.05–0.2a 0.7–4.7b 0.09–0.4a 8–13a 6d 2.1–3.0a 4–20a 5c 

Sialic rocks    0.03d 4.5b 0.12–0.13a 8–35e 6.6–19f 6–12e 23–45f 1–15f 

Mean sialic rock in this study    0.24 9.0 <1.0 41.2 36.1 12.7 52.6 36.7 
Mean limestone in this study    0.009 1.0 1.5 61.0 24.4 4.7 31.4 53.3  

Table 2 
Minimum, Maximum, Arithmetic Mean, Median, Standard Deviation (SD), and Skewness of pH, Hg, As, Sb, Cr, Cu, Co, V, and Ni in the 51 top-soils from the Mu
nicipality of Abbadia San Salvatore and in Europe median top-soils (Salminen et al., 2005). All concentrations, except pH, are in mg/kg.   

Minimum Maximum Mean Median SD Skewness Median top-soils Europe 

pH  4.64  7.43  5.90  6.01  0.85  0.03  5.51 
Hg  0.16  211  10.89  1.97  34.60  4.69  0.04 
As  <1  63.3  18.6  14.8  16.7  1.0  6.0 
Sb  <1  12.0  2.3  1.0  2.5  1.8  0.6 
Cr  11.8  157.5  62.2  52.8  37.4  0.7  22.0 
Cu  6.1  51.8  23.6  16.6  14.5  0.6  12.0 
Co  1.8  22.1  11.2  10.5  4.7  0.3  8.0 
V  13.6  148.9  65.3  57.1  32.4  0.5  33.0 
Ni  <1  104.5  31.7  27.8  24.6  1.0  14.0  

Table 3 
Minimum, Maximum, Arithmetic Mean, Median, Standard Deviation (SD), and Skewness of pH, Hg, As, Sb, Cr, Cu, Co, V, and Ni in the 51 sub-soils from the Mu
nicipality of Abbadia San Salvatore and in Europe median sub-soils (Salminen et al., 2005). All concentrations, except pH, are in mg/kg.   

Minimum Maximum Mean Median SD Skewness Median Sub-soils Europe 

pH  4.75  7.31  6.16  6.39  0.71  − 0.41  5.79 
Hg  0.03  268.00  13.13  1.25  49.90  4.53  0.02 
As  <1  276.2  25.9  16.9  40.8  4.6  5.0 
Sb  <1  109.6  4.3  0.9  15.2  6.5  0.4 
Cr  8.3  261.6  76.8  66.0  52.9  1.2  24.0 
Cu  2.0  80.1  25.5  20.4  15.4  1.0  13.0 
Co  2.7  31.7  12.1  11.8  5.7  1.0  7.0 
V  13.8  172.6  69.0  59.7  33.6  0.6  33.0 
Ni  <1  132.3  28.6  36.7  29.8  1.3  18.0  

Fig. 3. Ridge-plots of A) top-soils and B) sub-soils representing the Kernel density of the investigated elements.  
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Tuscany (Vezzoli and Principe, 2023). The volcanic deposits lie over a 
substrate consisting of Cretaceous turbidites, e.g. calcareous and silici
clastic turbidities (Marroni et al., 2015), belonging to the External and 
Internal Ligurian Domain (e.g. Santa Fiora Formation (Fm) and Argille a 
Palombini Fm) and Pliocene marine sediments deposited in the Radi
cofani basin (Ferrari et al., 1996; Liotta, 1996; Pandeli et al., 2005; Brogi 
et al., 2011; Marroni et al., 2015; Pandeli et al., 2017). 

The Mt. Amiata area is an important site for the exploitation of 
geothermal fluids. The Mt. Amiata and Larderello-Travale-Radicondoli 
geothermal fields are the only areas in Italy where electric energy is 

produced from endogenous fluids (e.g. Gianelli et al., 1988; Bellani 
et al., 2004). In the past, the eastern-southern portion of Mt. Amiata was 
also an important district for the production of liquid Hg from cinnabar. 
There are indeed several Hg-rich ore deposits which extend along a NE- 
SW belt (Brogi et al., 2011) and the most important site to process HgS 
was located at Abbadia San Salvatore mine (ASSM). It has been esti
mated that about 50 % of the total Hg production from the Mt. Amiata 
district was derived by this mining area (e.g. Cipriani and Tanelli, 1983; 
Vaselli et al., 2013; Rimondi et al., 2015; Pribil et al., 2020). Cinnabar 
was the primary ore mineral and was often associated with other Fe- 

Fig. 4. Box-plots of the analyzed PTSs divided according to the different lithologies. The Hg and Sb concentrations are reported in log-scale to better evidence the 
differences in terms of lithological variability. The volcsub, volctop, SFRsub, SFRtop, and rock represent the volcanic sub-soils, volcanic top-soils, limestone-silici
clastic sub-soils, limestone-siliciclastic top-soils, and rocks, respectively. 
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sulfides (e.g. pyrite and marcasite) and realgar and orpiment, while 
stibnite was rarely encountered (Morteani et al., 2011; Rimondi et al., 
2014; Chiarantini et al., 2016; Pribil et al., 2020). 

Significantly, the processing plant, which mostly distributes along 
the road heading to the summit of Mt. Amiata, is intimately connected to 
the urban center of Abbadia San Salvatore. The mining processes have 
had an important environmental impact since all matrices (soil, water 
and air) were affected by Hg (e.g. Bargagli et al., 1987; Barghigani and 
Ristori, 1994, 1995; Ferrara et al., 1998; Rimondi et al., 2012, 2014, 
2015; Vaselli et al., 2017, 2019). 

The mercury mine operated underground (down to 470 m below 
ground level), covering 35 km of galleries. The Hg content at ASSM was 
relatively low (<1 wt%) when compared to those from the Siele and 
Solforate mines where the Hg concentrations were up to 10 and 3 wt%, 
respectively. The first mining explorations in the Mt. Amiata district 
started in the mid-1800s and in 1899 the first flasks (about 34.5 kg) of 
liquid mercury were produced at ASSM. It is to mention that, according 
to historical records, Etruscans and Romans were using the Mt. Amiata 
cinnabar for decorative (cosmesis and painting) purposes (e.g. Sodo 
et al., 2008; Botticelli, 2019; Fantoni et al., 2022). 

At the beginning of the past century, the exploration activity at ASSM 
was mostly focused along the large NE-SW-oriented Large Fracture 

(Forconi, 2011), which is likely crosscutting the thermal area of Bagni di 
San Filippo, Cipriana and Faggia (Municipality of Santa Fiora) (Fig. 1b). 
As suggested by Rimondi et al. (2015), Hg was likely transported to 
shallow crustal levels by the recent post-orogenic extensional tectonics 
(e.g., Brogi et al., 2011) and the Hg-rich mineralization was mostly 
located at the contact between the volcanic and the (impervious) sedi
mentary domains. In 1912, a NW-SE-oriented gallery was excavated 
(Galleria Indovina) close to the Indovina creek and Cipriana. This gal
lery was later connected to Galleria Cocca, where altered trachyte, with 
trace and veinlets of cinnabar, was found to follow the volcanic-(Eocene) 
sedimentary contact. Between 1914 and 1968, two major crises (before 
and after World War II, 1931 and 1948, respectively) decreased the 
mercury production. Afterward, new mine galleries were opened, and in 
1956 four Gould furnaces were installed at ASSM to improve the tech
nology for exploiting low-content mercury (ca. 0.3 wt%) ore. Between 
1955 and 1965, the local mining company carried out an extensive 
survey in the Cipriana area, where the presence of cinnabar deposits was 
recognized, although mercury content was too low to be economically 
cultivable (Forconi, 2011). According to Dini (2017), at Cipriana, Dec
ine and Sasseta scarcely Hg-mineralized fracture zones were present 
within the volcanic lithologies. 

The production of liquid mercury at ASSM definitively shut down in 

Fig. 5. Hg top-soil (A) and sub-soil (B) dot-maps; As top-soil (C) and sub-soil (D) dot-maps. Maxar, Microsoft indicates a high-resolution satellite and aerial imagery 
available on ArcGis-Pro 3.0. The dashed black curve represents the lithological contact between the volcanic and sedimentary domains, while the red line represents 
the Large fracture (Forconi, 2011). The concentration intervals are from the Fisher-Jenks classification. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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1982. The related mine tailings result to be distributed inside and 
outside the mining area. In 1942, several sites, mostly located in the 
western part of ASSM, were used to store the roasting material, e.g. 
Altone, Cachino, XXI, and the dumping areas 1, 2 and 3 and Le Lame 
(Fig. 2a). The Le Lame site became later on the most important storing 
site (Fig. 2b) and presently it covers an area of about 120,000 m2 

(Protano and Nannoni, 2018; Meloni et al., 2021 and references 
therein). According to Meloni et al. (2021), no information on when the 
tailings (locally named “rosticci”) from the Gould and Cermak-Spirek 
furnaces operating at Abbadia San Salvatore started to be stored at Le 
Lame is available, although it may be hypothesized that this dump was 
active since the mid-1930s according to some local miners’ reports. 

3. Materials and analytical methods 

3.1. Sampling strategy 

From September 2021 to February 2022, 51 top-soils and 51 sub- 
soils from 10 to 50 cm and from 50 to 154 cm depth, respectively, 

were collected in the Municipality of Abbadia San Salvatore (Fig. 1b). 
The soil samples were taken from industrial, agricultural, residential, 
and wooded areas, following a twofold strategy: i) downtown the sam
pling density was more frequent, i.e. one sample each 300 to 600 m, with 
the aim to investigate the presence of mineralized areas, while ii) 
moving away from Abbadia San Salvatore the distance was increased up 
to 1500 m. 

All soil samples were collected with a stainless-steel hand auger and 
stored in 1 L polyethylene containers before being transferred to the 
laboratory. In addition, seven rocks characterizing the study area were 
sampled, as follows: three volcanic rocks (OLF: olivine-latite lava flow, 
QRT: trachydacitic basal complex and VULC: Pianello Fm, following the 
classification of Conticelli et al., 2015), and four sedimentary rocks from 
the Ligurian Unit (SFR1, SFR2 and SFR3, belonging to the limestone 
member of Santa Fiora Fm, and APA, pertaining to the Argille a Pal
ombini Fm). For each soil and rock site, the geographical coordinates 
(EPSG: 32632 - WGS84/UTM zone - 32N) were acquired with a Garmin 
GPS with an average error of 3 m. The soil and rock samples were oven- 
dried at 30 ◦C to avoid the release of gaseous mercury. Each sample was 

Fig. 6. Cu top-soil (A) and sub-soil (B) dot-maps; Ni top-soil (C) and sub-soil (D) dot-maps. Maxar, Microsoft indicates a high-resolution satellite and aerial imagery 
available on ArcGis-Pro 3.0. The dashed black curve represents the lithological contact between the volcanic and sedimentary domains, while the red line represents 
the Large fracture (Forconi, 2011). The concentration intervals are from the Fisher-Jenks classification. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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then sieved at 2 mm according to the protocol adopted by Environ
mental Protection Agency of Tuscany (ARPAT) and described in Meloni 
(2022). The <2 mm fraction was then ground with a planetary mill 
(Pulverisette 5 Fritsch) equipped with agate mortars (250 mL) and balls 
before any mineralogical and chemical analysis. 

The mineralogical composition was semi-quantitatively determined 
by X-Ray Diffraction (XRD) using a Cu-Kα radiation with D8 “Da Vinci” 
(Bruker) Diffractometer at the CRIST (Centro di Servizi di Cristallografia 
Strutturale) Laboratories (University of Florence). 

Arsenic, Sb and Hg concentrations in soils and rocks were measured 
by ICP-MS (Agilent 7500 CE) at the accredited Laboratories of C.S.A. 
Ltd. (Rimini, Italy) according to the procedures outlined by EPA (U.S. 
Environmental Protection Agency): EPA 3051A 2007 + EPA 6010D 
2018 for Arsenic and Antimony and EPA 7473 (2007) for mercury, 
respectively. Three replicates were performed for each sample and the 
error was <10 %. The concentrations of V, Cr, Co, Ni and Cu were 
measured by ICP-AES (Optima 8000) at the Department of Earth Sci
ences (University of Florence) after microwave (CEM MARS 5) digestion 
of 0.5 g powdered sample with aqua regia (7.5 mL of 30 % v/v HCl and 
2.5 mL of 65 % v/v HNO3) in PTFE bombs at 175 ◦C for 20 min. Quality 
control/quality assurance was evaluated by using international certified 
reference standards: 2709A Montana soil by NIST and JDO-1 GSJ rock. 
The difference between certified and recovered values was <10 %. The 
pH was measured in a soil-water suspension (1:5 w/v ratio) according to 
IRSA-CNR (1985) method via a bench pH-meter (Crison micro pH 2000) 

calibrated at pH = 4 and pH = 7 (Hanna standard solutions). 

3.2. Statistical analysis 

3.2.1. Descriptive statistics 
The chemical data were statistically analyzed by using the software R 

and RStudio (R Core Team, 2021) and the summary exploratory statis
tics of the metal concentrations in soils was calculated. To perform all 
statistical calculations, the chemical data below the Limit Of Quantifi
cation (LOQ) (<1 mg/kg for all elements, and 0.005 mg/kg for Hg) were 
replaced with 2/3 of the LOQ itself (Gozzi, 2020; Gozzi et al., 2021). The 
ArcGis-Pro 3.0 software program was used to depict the dot-distribution 
maps that were prepared separately for top- and sub-soils. 

3.2.2. Compositional data analysis 
Multivariate methods in terms of the Principal Component Analysis 

(PCA) were applied to investigate the factors that control soil 
geochemistry (Ghezelbash et al., 2019) and identify pollution sources 
and anthropic contributions (Facchinelli et al., 2001). Rock and soil 
geochemical concentrations are compositional data since they represent 
proportions of a defined numerical total (e.g. mg/kg) (Buccianti and 
Pawlowsky-Glahn, 2005; Pawlowsky-Glahn and Buccianti, 2011; Filz
moser et al., 2018). Compositional data are vectors of always positive 
values that quantify the relative contribution of the D parts of the entire 
composition, consequently they only provide relative information. Their 

Fig. 7. Robust compositional biplot of the analyzed elements in both rocks and soils. The soil samples are divided according to the three dominant groups where they 
developed; blue circle: volcanic soils; red circle: SFR soils, and orange square: rocks. The variable labels in the biplot represent the clr-transformed data of the 
corresponding elements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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sample space, called simplex is governed by the Aitchison geometry that 
is based on perturbation and powering operations for moving points 
within the confined sample space (e.g. Pawlowsky-Glahn and Egozcue, 
2001). To solve problems related to the numerical constraint, data 
placed in the simplex are transported to real space using transformations 
(e.g. isometric log-ratio (ilr) and centered log-ratio transformation (clr), 
proposed by Egozcue et al. (2003) and Aitchison (1986), respectively). 
The transformed data can properly be analyzed using traditional sta
tistical methods, including multivariate techniques (Pawlowsky-Glahn 
and Egozcue, 2020), with some attention for the clr transformation, due 
to the zero sum restriction. In particular, clr transformation divides each 
term of a composition by the geometric mean of all the considered parts. 
Thus, the obtained clr coordinates link each element to the barycenter of 
the entire soil composition (Gozzi et al., 2020 and references therein), 
and are to be interpreted in terms of relative changes. 

In this work, the robust PCA (rPCA), according to Filzmoser et al. 
(2009) was applied. The rPCA was performed using the R library “rob
Compositions” (Templ et al., 2011), where the data were back- 
transformed to clr coefficients after being transformed with the ilr 
before doing the rPCA. Successively, the resulting scores and loadings 
were used as input factors within the R package Factoextra (Kassambara 
and Mundt, 2019) for a better visualization of the outputs (Gozzi et al., 
2021). 

Spearman correlation on clr-transformed data, following the method 
described by Kynčlová et al. (2017) and Reimann et al. (2017), was used 
for the correlation analysis among metals soils since it is relatively 

robust against data outliers (Reimann et al., 2017). Spatial distribution 
maps of the clr-transformed data, constructed with Ordinary Kriging, 
were prepared separately for top- and sub-soils and visualized with the 
ArcGis-Pro 3.0 software package. Additionally, spatial distribution maps 
of PC scores were also constructed with Ordinary Kriging. The reliability 
of the mathematical models was tested by cross-validation, a procedure 
that uses the variogram model to recalculate each measurement. The 
spatial behavior was modeled by using an omnidirectional variogram. 
Further information on variogram parameters can be found in Section 
5.1 for PCA scores and Section 5.2 for clr-maps. 

3.2.3. Determination of geochemical baseline 
Following a consolidated classical approach (Turkey, 1977; Gilbert, 

1987), the baseline values were defined for the different groups of data 
according to i) the geological map, to divide the volcanic and sedi
mentary domains and ii) the top- and bottom (or sub-) soils. The baseline 
was computed by using the ProUCL 5.2.0 software (Singh and Maichle, 
2015), allowing to calculate different background/baseline values ac
cording to the type of dataset distribution (e.g. normal, lognormal, 
gamma and non-parametric), but a 95 % one-side upper tolerance limit 
(ULT) with 95 % coverage (UTL95-95) was of greatest interest (Crane 
et al., 2021). The software requires a minimum of eight detected sample 
results (Singh and Maichle, 2015). In each computed geochemical 
baseline, the type of distribution (e.g. normal, gamma, log-normal or 
non-parametric) was determined. According to Crane et al. (2021) and 
Singh and Maichle (2015), the UTL95-95 value based on a normal 

Fig. 8. Heatmap correlation for elements in soils based on clr transformation: blue colors indicate negative correlations, whereas red colors mark positive corre
lations. The color intensity shows the magnitude of the Spearman correlation coefficient. The blue lines in the dendrogram represent the Hg and As correlation in the 
volcanic lithology, whereas the red lines represent the correlation among the other elements in the SFR lithology. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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distribution was of utmost priority to employ. The Wilson Hilferty (WH) 
and Hawkins Wixley (HW) methods were used to estimate the gamma 
UTL95-95 upper limits when the data were not normally distributed, 
and the gamma distribution was employed. The non-parametric result 
was applied when the data followed neither a normal nor a gamma 
distribution. Singh and Maichle (2015) do not recommend the use of log- 
normal UTL95-95 values because unstable and unrealizable huge 
numbers based on a log-normal dataset are provided (Singh and 
Maichle, 2015). If non-parametric results could not be applied, graphic 
methods were then used as suggested by SNPA (2017). Using graphical 
methods (e.g. Q-Q graph, box-plot) and specific hypothesis tests, the 
ProUCL software allowed to identify the presence of outliers. 

4. Results 

4.1. Mineralogical composition 

The mineralogical data of rock and top- and sub-soil samples are 
listed in Tables S1, S2, and S3 (Supplementary Materials S1, S2 and S3), 
respectively. In the SFR1, SFR2, SFR3, APA, and QRT samples, the latter 
being characterized by secondary calcite as the main component, quartz 
and phyllosilicates were found while plagioclase was sporadically pre
sent. In the SFR3 rock, ankerite and chalcopyrite were occurring in 
trace. VULC and OLF1 were mostly dominated by K-feldspar and 
plagioclase and subordinate phyllosilicates and pyroxene. 

In the soils, quartz and phyllosilicates, including clay minerals and 
micas, were the main minerals, while K-feldspar and plagioclase were 
subordinate. Calcite was present in the sedimentary lithologies as a 
minor component. Occasionally, primary minerals such as pyroxene, 
amphibole and hematite were recorded. Gypsum was only found in S16 
(sub-soil). 

4.2. Descriptive statistics of PTEs: rocks, top-soils and sub-soils 

Geographic coordinates, pH values and concentrations of Hg, As, Sb, 
Cr, Cu, Co, V, and Ni (in mg/kg) of the seven analyzed rocks are listed in 
Table 1, where the mean values of sandstone, limestone and sialic rocks 
from the literature are also reported for comparison. The pH varied from 

alkaline for the carbonate (SFR1, 2, and 3) and siliciclastic (APA) rocks, 
to weakly acidic to acidic for the magmatic rocks. The metal concen
trations were variable: the lowest content of Hg was found in SFR1, 2, 
and 3 and APA (<0.015 mg/kg), whereas QRT showed a concentration 
of 0.68 mg/kg. Arsenic in the volcanic rocks (VULC, OLF1, and QRT) 
was between 6 and 13 mg/kg, while it clustered around 1.0 mg/kg in the 
sedimentary rocks. Antimony had a maximum concentration in the 
sedimentary rocks (APA and SFR), while it was always <1.0 mg/kg in 
the volcanic rocks. Chromium, Cu, Co, V, and Ni showed comparable 
concentrations for both the sedimentary (from 33.6 to 75.2 mg/kg, from 
23.0 and 67.8 mg/kg, from 4.7 to 7.7 mg/kg, from 31.8 to 85.5 mg/kg 
and from 24.2 to 89.8 mg/kg, respectively) and volcanic (from 39.5 to 
94.5 mg/kg, from 49.0 to 49.3 mg/kg, from 14.6 to 18.4 mg/kg, 62.6 to 
82.5 mg/kg and 42.8 to 64.9 mg/kg, respectively) rocks, with the 
exception of SFR and QRT, whose contents were significantly lower than 
the other rocks for most PTEs. 

The arithmetic mean concentrations of PTEs of the sialic rocks 
analyzed in this study (Table 1) were higher than those reported for Cr 
(Condie, 1993), Sb (Gao et al., 1998), As (Geochemical Earth Reference 
Model (GERM) Reservoir Database; Staudigel et al., 1996), Ni, V and Co 
(Kemp and Hawkesworth, 2004), and Hg (Reimann and de Caritat, 
1998). The mean concentrations of Sb, Co, V and Cr in the limestone 
resulted to be higher than those proposed by Gao et al. (1998). Similarly, 
Cu and Ni showed mean contents greater than those recorded by 
Reimann and De Caritat (1998) and Salminen et al. (2005), respectively. 
On the other hand, the As mean concentration was in agreement with 
that proposed by Staudigel et al. (1996). Only the Hg mean concentra
tions in limestone resulted to be lower than those listed by Gao et al. 
(1998). The PTEs concentrations in the APA rock were lower than those 
proposed by different authors (Table 1), with the exception of Sb, whose 
content was higher than those reported by Gao et al. (1998). 

In Tables 2 and 3, the main descriptive statistics of the pH values and 
the concentrations of PTEs from the 51 top- and 51 sub-soils (e.g. min
imum, maximum, mean, median, standard deviation, and skewness) are 
listed, respectively. The full dataset is reported in the Supplementary 
Material 4 and 5 (Tables S4 and S5 for top- and sub-soils, respectively). 
The top-soil samples showed slightly acidic pH values whereas those of 
sub-soils were mostly circum-neutral (Table 2). Generally speaking, Hg, 

Fig. 9. Distribution of component scores for (a) PC1 and (b) PC2 element associations. The maps represent the total of loading but only report the main ones 
(>− 0.5). The sign “–” in front of the bracketed elements represent the negative scores in the two high scores Maxar, Microsoft indicates a high-resolution satellite and 
aerial imagery available on ArcGis-Pro 3.0. The red line is the Large Fracture (Forconi, 2011), the dashed black curve represents the lithological contact between the 
volcanic and sedimentary domains. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Ni, As, and Sb in the top-soils had largely variable concentrations, since 
they were spanning from two to three orders of magnitude (from 0.16 to 
211 mg/kg, from <1 to 104.5, from <1 to 63.8 mg/kg and from <1 to 
12.0 mg/kg, respectively), while Cr, Cu, Co, and V were varying within 
one order of magnitude (from 11.8 to 157.5 mg/kg, from 6.1 to 51.8 mg/ 
kg, from 1.8 to 22.1 mg/kg and from 13.6 to 148.9 mg/kg, respectively). 
Such a heterogeneous distribution of the PTEs contents was also 
observed for the sub-soils: As, Sb, and Ni were indeed ranging within 
three orders of magnitude. Differently, Cr, Cu, Co, and V were spanning 
within one order of magnitude. It is to point out that the concentration of 
Hg showed the largest variations since it was comprised within four 
orders of magnitude (from 0.03 to 268 mg/kg). 

By comparing the results of the eight analyzed elements (Tables S4 
and S5) with those imposed by the Italian Law (Legislative Decree 152/ 
06; Lgs.D. afterwards), 45 % and 33 % of top- and sub-soil samples 
presented Hg concentrations higher than those for areas intended for 
residential use (1 mg/kg), whereas approximately 25 % of both top- and 

sub-soil showed Hg concentrations higher than those for areas intended 
for industrial use (5 mg/kg). Regarding As, approximately 25 % of both 
top- and sub-soil had concentrations higher than those for areas inten
ded for residential use (20 mg/kg), while <10 % were above the limit for 
industrial use (50 mg/kg). As far as Sb is concerned, only one sample 
from the top-soil (S19) showed concentration above the law limit for 
areas destined to residential use (10 mg/kg), while in the sub-soils a 
concentration above the law limit for areas of industrial use (30 mg/kg) 
was recorded. Cobalt, Cr, and V showed exceedances in 3, 1, and 12 top- 
soil samples out of 51, and in 5, 4, and 13 sub-soil samples out of 51 for 
areas intended for residential use (20, 150, 90 mg/kg, respectively). 
Nickel showed 2 sub-soil samples with a concentration higher than the 
limit for soils intended for residential use (120 mg/kg). Finally, the 
concentrations of Cu were systematically below the law limits. 

According to the data reported in Tables 2 and 3, except for those of 
Co in the top-soils, the significant difference between mean and median 
values is indicative of a non-normal behavior and a right-skewed 

Fig. 10. A) Hg Geographical distribution maps clr-transformation data top-soil; B) Hg Geographical distribution maps clr-transformation data bottom-soils; C) As 
Geographical distribution maps clr-transformation data top-soil; D) As Geographical distribution maps clr-transformation data bottom-soils. Maxar, Microsoft in
dicates a high-resolution satellite and aerial imagery available on ArcGis-Pro 3.0. The dashed black curve represents the lithological contact between the volcanic and 
sedimentary domains, while the red line represents the Large fracture (Forconi, 2011). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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distribution for most elements (Fig. 3A and B for top- and sub-soils, 
respectively). 

Breaking down the concentrations of the elements on a lithological 
basis, the largest variability in terms of Hg and As is observed for the 
volcanic soils. Vice versa, the other elements are more variable in the 
sedimentary domain (SFR soils). The box-plots of the Hg and Sb 

concentrations (in mg/kg), transformed into logarithmic values to better 
appreciate their variability, are reported in Fig. 4. The concentrations of 
Sb, Cu, Co, V, Ni and Cr in the analyzed rocks mostly cover the wide 
range related to the top- and sub-soils for both lithologies (Fig. 4). On the 
other hand, the As distribution of the investigated rocks is partly over
lapping that of the SFR (limestone/siliciclastic) soils, while it only 

Fig. 11. A) Cu Geographical distribution maps clr-transformation data top-soil; B) Cu Geographical distribution maps clr-transformation data bottom-soils; C) Ni 
Geographical distribution maps clr-transformation data top-soil; D) Ni Geographical distribution maps clr-transformation data bottom-soils Maxar, Microsoft in
dicates a high-resolution satellite and aerial imagery available on ArcGis-Pro 3.0. The dashed black curve represents the lithological contact between the volcanic and 
sedimentary domains, while the red line represents the Large fracture (Forconi, 2011). 

Table 4 
Type of distribution, proposed geochemical baseline value (UTL95-95), 95th and 99th percentile of Hg, As, Cr and V in the volcanic top- and sub-soils without outliers. 
N: normal distribution; LN: log-normal distribution; G: Gamma distribution.   

Volcanic top-soil Volcanic sub-soil 

Type of distribution UTL95-95 95th percentile 99th percentile Type of distribution UTL95-95 95th percentile 99th percentile 

Hg LN/G  19.3  12.3  18.9 LN/G  20.6  12.9  20.9 
As LN/G  77.4  58.2  79.4 LN/G  87.0  65.5  90.1 
Cr N/LN/G  89.9  77.5  91.5 N/LN/G  100.6  85.4  102.2 
V N/LN/G  95.2  83.3  97.1 N/LN/G  95.4  84.1  97.3  
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covers the lower contents of those developed on the volcanic lithology. It 
is to note that the Hg concentrations in rocks were significantly lower 
than those of soils, with the exception of QRT (Hg content of 0.68 mg/ 
kg), suggesting that mercury was likely enriched by the hydrothermal 
alteration suffered by this sample. In order to have a first spatial visu
alization of the data and to better evidence the results derived by the 
box-plots, dot-maps of the individual elements were built, as follows: 
Hg, As, Cu, and Ni in the top- and sub-soils are presented in Figs. 5A and 
B, C and D, 6A and B, and C and D, respectively, while those of Sb, Cr, 
Co, and V (top- and sub-soils) are reported in the Supplementary Ma
terial S6. 

Figs. 5 and 6 allow to evidence that Hg and As are mainly enriched in 
the soils developed on the volcanic lithology with respect to those 

formed on the sedimentary cover. Vice versa, Cu and Ni (as well as Sb, 
Co, Cr, and V, see Supplementary Material S6) tend to be enriched in the 
SFR lithology. Basically, the dot-maps fully support the subdivision 
highlighted in Fig. 4. When considering the soil samples collected close 
to or at the contact between the volcanic and sedimentary domains, 
relatively high contents of PTEs were determined. This could be related 
to either the presence of volcanic and/or sedimentary slope deposits 
overlapping each other or not well-defined geological limits. 

5. Discussion 

5.1. Compositional data analysis of PTEs in rocks, top-soils and sub-soils 

In order to evaluate the lithological subdivision, previously adopted 
in Fig. 4, a non-parametric test called log-contrast homogeneity test (lc 
test), available on R package composition (Palarea-Albaladejo and 
Martin-Fernandez, 2015), was applied on ilr-transformed data. The test 
confirmed the results of the previous subdivision (Paragraph 5.1), i.e. 
top- and sub-soil have no significant differences in both mean and 
variance, the test showing a p-value > 0.05, whereas they are relevant 
when the volcanic and SFR lithologies, with p-value < 0.05, are 
considered. 

Therefore, after analyzing the individual variables in a classical 
statistical framework, with the aim of investigating the variance- 
covariance structure of the data by maintaining the lithological subdi
vision, a rPCA (also including the rock chemistry), which implies the 
transformation of the data by using the ilr transformation, can be 
applied (Fig. 7), where the top- and sub-soils are regarded as a unique 
population. According to Boente et al. (2018), the PCA result leads to 
recognize the most relevant - associations in a compositional dataset. 
The variability of each clr-variable, in the biplot, is proportionally 
related to the lengths of the arrows and attention is paid on the links 
between their vertices (Daunis-I-Estadella et al., 2006), and the varia
tion of single elements are referred to the compositional barycenter. 
Hereafter the single element clr-variable will be indicated clr. followed 
by the symbol of the element (e.g. clr-Hg, clr.As). The first component 
(PC1) accounts for 72.9 % of the total variability, while the second one 
(PC2) explains 14.7 % (Fig. 7). clr.Hg and clr.As provide the main 
contribution to the first component (positive loadings), while clr.Sb, clr. 
Cu, and clr.Ni oppose on negative loadings with a more subordinate 
contribution, with respect to the compositional barycenter. In partic
ular, the clr.Cr, clr.Co, clr.Cu, clr.Ni, and clr.V have shorter rays and 
tighter links, showing a similar pattern of variability (Fig. 7). On the 
other hand, it is possible to recognize that three groups of samples can be 
distinguished by the vectors of clr.Hg vs. clr.Ni, clr.Cr and clr.Co, while 
the volcanic and SFR soils can also be differentiated by the vectors of clr. 
As vs. clr.Sb. The second component (PC2) is mainly represented by clr. 
Hg and clr.Sb (positive loadings), whereas the clr.As provides the main 
contribution on negative loadings, followed by clr.Ni and clr.Cr. The 
QRT sample is the only rock showing a different behavior with respect to 
the other rock samples (Fig. 7). 

This agrees with both the results of the mineralogical analysis, which 
revealed a hydrothermally altered volcanic rock characterized by the 

Table 5 
Type of distribution, proposed geochemical baseline value (UTL95-95), 95th and 99th percentile of Hg, As, Co, Cr and V in SFR top- and sub-soils without outliers. N: 
Normal distribution LN: log-normal distribution; G: Gamma distribution.   

SFR top-soil SFR sub-soil 

Type of distribution UTL95-95 95th percentile 99th percentile Type of distribution UTL95-95 95th percentile 99th percentile 

Hg G  7.5  5.0  7.6 LN/G  7.2  4.0  6.6 
As LN  36.7  18.3  34.4 LN  41.6  20.4  38.5 
Ni N  110.1  90.9  109.5 N  84.8  72.1  83.6 
Co N  24.8  21.6  24.6 N  25.92  22.7  25.7 
Cr N  178.0  149.5  177.1 N  174.7  147.7  172.2 
V N  166.2  142.1  165.5 N  175.9  150.5  175.1  

Table 6 
The range values of the proposed geochemical baseline (in mg/kg) for Hg, As in 
volcanic lithology and Hg, As, Co, Ni, Cr and V in SFR lithology. The last column 
lists the reference values for each HM according to the Lgs.D.   

Volcanic top- 
soil 

Volcanic sub- 
soil 

SFR top-soil SFR sub-soil Lgs. 
D. 

Hg 17.3–21.2 18.5–22.7 6.8–8.3 6.5–7.9  1 
As 69.6–85.1 78.2–95.6 Lgs.D. Lgs.D.  10 
Co   22.3–27.2 23.3–28.5  20 
Ni   Lgs.D. Lgs.D.  120 
Cr Lgs.D. Lgs.D. 160.2–195.8 157.2–192.2  120 
V 85.7–104.2 85.9–104.9 149.6–182.8 158.3–193.5  90  

Fig. 12. CP-plot of As in SFR top- (a) and sub- (b) soils. The red line represents 
the logarithmic baseline value: 1.46 (4.3 mg/kg) and 1.61 (5.0 mg/kg) for top- 
and sub-soils, respectively. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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presence of secondary calcite, and those of the univariate statistics 
(Fig. 4). To further validate the lithological subdivision, previously ob
tained with the lc test, a heatmap correlation for compositional data, 
based on the non-parametric Spearman correlation coefficient, is built 
following the method described by Kynčlová et al. (2017) and Reimann 
et al. (2017) (Fig. 8). This method creates orthonormal coordinates for 
which standard correlations are generated by considering all the relative 
information of two variables (compositional parts) with respect to the 
remaining variables. The process is repeated for each pair of variables, 
and the results can conveniently be represented by a “heatmap”, which 
is a hierarchical clustering algorithm that reorders the chemical vari
ables according to each other existing similarity. Due to the extremely 
effective and thorough graphical portrayal of all relationships in the 
heatmap, this approach was chosen over that suggested by Aitchison 
(1982). The heatmap shows two associations of variables similar to 
those depicted by PCA: i) Hg and As; ii) all others elements. In order to 
better interpret the results of the rPCA, the spatial distribution of the 
component scores of PC1 and PC2 are reported in Fig. 9. The nugget 
effect of PC1 and PC2 represents 0 % and 19 %, respectively, of the 
global variance (nugget + sill). This suggests that the data are highly 
spatially autocorrelated at larger scales and random fluctuations at very 
fine scales can be regarded as negligible when compared to the domi
nant structure or geology at larger scales. 

By observing the distribution map of the PC1scores (Fig. 9a), it can 
be seen that the high positive scores are mostly distributed in the 
western part of the study area. This is due to the presence of volcanic 
lithologies in which Hg (Tanelli, 1983) and As mineralization have been 
found in association with non-economic minerals (Rimondi et al., 2015). 
In the eastern area, the scores are negative due to the presence of SFR 
lithologies. Therefore, PC1 could represent the contribution of volcanic 
vs. SFR lithologies. The high values of PC2 scores (Fig. 9b) are mainly in 
association with the SFR lithologies, whereas they are low for the vol
canic rocks, with exception of two samples in the northern part of 
Abbadia San Salvatore (S19 and S41, Fig. 9a), which also have major 
values in PC1. These two samples in the rPCA (Fig. 7) are outliers as well 
the S104 sample. 

5.2. Spatial distribution patterns of the clr-transformed data 

Single-component geochemical thematic maps are commonly used in 
regional geochemical surveys to offer more specific information on the 
spatial distribution of elements and identify their potential geogenic or 
anthropogenic sources (Reimann et al., 2012; McKinley et al., 2016; 
Sahoo et al., 2020). The clr-distribution maps are more useful than the 
raw distribution maps to understand the general trend of the 
geochemical process, because they avoid the “weakness” of the raw data 
and take into account the relative compositional changes (Reimann 
et al., 2008). According to Reimann et al. (2012) and McKinley et al. 
(2016), the maps of the clr-transformed variables represent a relative 
abundance of the element with respect to the geometric mean of all 
measured elements. In this study, the maps report clr-transformed var
iables constructed to understand how the considered element behaves 
with respect to barycenter of the composition. The main parameters of 
the variogram model are listed in the Supplementary Material S6 
(Table S7). The nugget effect in all clr-variables in topsoil showed a low 
variation from 0 % up to 38 % of global variance, showing strong spatial 
autocorrelation at a large scale with a predominant geological structure 
driving the variability of the data, with except of clr.Ni. On the other 
hand, clr.Ni in top soil and clr.Hg, clr.As, clr.Ni and clr.Cr in subsoil 
showed a 47 %, 40 %, 47 %, 45 % and 44 % of global variance, 
respectively, suggesting very small-scale variation (e.g. mineralization) 
with larger-scale geological influences contributing considerably to the 
overall variability of the data The clr-maps show that the underlying 
bedrock geology (parent lithologies), rather than anthropogenic causes, 
controls most components in both the top- and sub-soils. The clr-maps of 
Hg are reported in Fig. 10. The clr.Hg tends to increase in both the top- 

and sub-soils along a NE-SW orientation, indicating a greater impor
tance of Hg relatively to the compositional barycenter. This is in 
agreement with the main structural directions (Brogi and Liotta, 2017) 
that coincide with those of the main normal faults (Liotta, 1991; Martini 
and Sagri, 1993; Brogi et al., 2010; Vezzoli and Principe, 2023) and 
related structures (Brogi et al., 2010; Vezzoli and Principe, 2023) 
(Fig. 1), and the Hg-rich ore deposits belts described by Brogi et al. 
(2011). When comparing the main trend of a possible fault system, 
governing the Hg distribution pattern, as suggested by Forconi (2011) 
(Fig. 1), with respect to that evidenced in Fig. 10, a slightly shifted to
ward NNW-SSW is highlighted. Fig. 10 is also in agreement with the PC1 
map distribution, and high values of clr.Hg are represented by the S41 
and S19 samples (volcanic lithology), and S104 top- and sub-soils (SFR 
lithology). In the rPCA (Fig. 7), these three top- and sub-soil samples are 
to be regarded as outliers. Sample S41 is located near the Zampa della 
Mula area, where Hg concentrations were up to 0.2 % (Forconi, 2011), 
while sample S104 is located near an exploratory geothermal well. Thus, 
the elevated clr.Hg values in these samples could be associated with 
highly mineralized areas. These observations also confirm the Hg range 
concentrations analyzed by Ferrara (1999) in the eastern slope of the Mt. 
Amiata. Concerning the S19 sample, by comparing the location of this 
sample with the old mining dumps (Fig. 2a), it can be noticed that it is 
situated in an old, not previously recorded, mining dump. This obser
vation can also explain the high content of Sb in the sub-soil sample 
(109 mg/kg), as also highlighted in dot-maps (Supplementary Material 
S6). Antimony was scarcely present in the AAS mines, while it was more 
abundantly occurring in other Mt. Amiata mines (e.g. Morone: up to 1.5 
wt% Sb, Dini, 2017; Bagnore and Siele: Brogi et al., 2011, Rimondi et al., 
2015) whose ore deposits were also treated at AAS mining plant. This is 
also in agreement with the chemical composition of the mining waste 
stored in the Le Lame mining dump (Meloni et al., 2021), although the 
recorded concentrations of Hg, As and Sb were here significantly lower 
than those measured in the S19 sample. The fact that this material be
longs to mining dumps is further highlighted by XRD analyses. The main 
component in this soil was indeed calcite, representing the main 
component of the gangue (Rimondi et al., 2015) of the Mt. Amiata 
mining dumps. As evidenced in Fig. 10A, the clr.Hg values in the top- 
soils tend to be slightly higher than those measured in the sub-soils 
(Fig. 10B). This can possibly be associated with an anthropogenic in
fluence due to the past mining activity or Hg occurring in the litterfall 
that constitutes a significant amount of Hg dry deposition in forested 
areas of terrestrial ecosystems (Risch et al., 2012 and references 
therein). 

The distribution pattern of clr.As (Fig. 10) perfectly overlaps the Mt. 
Amiata volcanics, which are characterized by high As contents when 
compared to the soils developed on the sedimentary formations. The 
distribution pattern maps of clr.Cu and clr.Ni are shown in Fig. 11 A and 
B and C and D, respectively, whereas those of clr.Sb, clr.Co, clr.V and clr. 
Cr are reported in the Supplementary Material S6. Their distribution is 
mostly controlled by the sedimentary lithology, and they showed the 
presence of more positive values in the northern portion of the Mt. 
Amiata volcanic rocks. 

5.3. Determination of geochemical baseline values with ProUCl 5.2.0 
software 

One of the aims of this work was that to compute the geochemical 
baseline values of the analyzed chalcophile and siderophile elements. 
The environmental authorities require that these values are to be 
calculated by using the ProUCl software. This implies the use of the raw 
dataset, allowing to compare our results with those reported in the Lgs. 
D. 

According to Reimann and de Caritat (2005), the term “natural 
background” refers to the elemental “background” value and reflects 
natural processes unaffected by human activities. In the study area, the 
Hg mine has been exploited since the Etruscan and Roman times, 
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therefore, discriminating the natural component from an anthropic 
source is rather complicated. Consequently, for the studied soils it was 
decided to compute a geochemical baseline value, which for any 
element is defined as both the concentration of the natural background 
and that due to an anthropogenic contribution. The geochemical base
line only applies to those elements that have at least one sample with 
concentrations higher than the limit for areas to be destined to public 
green, in agreement with the Lgs.D. According to Salminen and Gre
gorauskiene (2000), Sahoo et al. (2020) and Cicchella et al. (2022), 
concentrations of PTEs in soils are strongly depending on the bedrock 
lithology. Consequently, as previously discussed, significant differences 
between volcanic and SFR soils were recorded. Therefore, the dataset 
was divided in two sub-datasets: i) volcanic top- and sub-soils and ii) SFR 
top- and sub-soils. From each of them, the potential outliers were 
removed after the outlier tests and their individuation in the Q-Q plots 
and box-plots. The proposed geochemical baseline values (UTL95-95), 
computed for the volcanic (Hg, As, Cr, and V) and SFR (Hg, As, Ni, Co, 
Cr, and V) soils, the type of distribution, and the 95th and 99th 
percentile of the distribution without outliers, respectively, are reported 
in Tables 4 and 5. When the distribution is both log-normal and gamma, 
the UTL95-95 of gamma distribution was selected. 

According to Reiman and de Caritat (2017) and Santos-Francés et al. 
(2017), the geochemical background/baseline values are to be referred 
to a range of concentrations for a specific area, being the use of a single 
value affected by an analytical uncertainty. In our case, we decided to 
apply a confidence interval of ±10 % to the proposed geochemical 
baseline value for the heavy metals from the Municipality of Abbadia 
San Salvatore, this uncertainty basically reflecting the analytical error 
with respect to the international standard samples analyzed along with 
the studied samples. Thus, the new proposed geochemical baseline 
values for the PTEs with respect to those previously computed are 
summarized in Table 6. 

Therefore, considering the confidence interval, the geochemical 
baseline values of Hg in the volcanic top- and sub-soils are between 17.3 
and 21.2 mg/kg and 18.5–22.7 mg/kg, respectively (Table 6). The 
geochemical baseline ranges for As and V in volcanic soils are higher 
than that of Hg, being of 69.6–85.1 mg/kg (top-soils) and 78.2–95.6 mg/ 
kg (sub-soils), and 85.7–104.2 mg/kg (top-soils) and 85.9–104.9 mg/kg 
(sub-soils), respectively (Table 6). According to the ProUCL 5.2 soft
ware, Cr in volcanic soils (80.9–98.9 mg/kg in top and 90.5–110.6 mg/ 
kg in sub soils) does not break through that indicated by the Lgs.D. (120 
mg/kg) (Table 6). 

The geochemical baseline ranges for Hg, Co, Cr and V in the SFR top- 
and sub-soils (Table 6) are, as follows: 6.8–8.3 mg/kg and 6.5–7.9 mg/ 
kg; 22.3–27.2 and 23.3–28.5 mg/kg; 160.2–195.8 mg/kg and 
157.2–192.2 mg/kg and 149.6–182.8 mg/kg and 158.3–193.5 mg/kg, 
respectively. Nickel results to be lower than the reference values re
ported by the Lgs.D.: 91.2–111.5 mg/kg (top-soils) and 76.3–93.2 (sub- 
soils) mg/kg. 

As reported in Table 5, the concentrations of As in the SFR top- and 
sub-soils have a log-normal distribution and, as previously described, 
graphical methods can be adopted to verify the baseline obtained by 
ProUCL. A Cumulative Probability diagram (CP-plot) can thus be built 
without including the outliers. The operator evidences whether a break 
of slope on the CP-plot diagrams is present, thus allowing to identify a 
specific threshold (Cave et al., 2012; Johnson et al., 2012; Reiman and 
de Caritat, 2017). The CP-plots of the As log-value in the SFR top- and 
sub-soils are shown in Fig. 12, respectively. The red line refers to the 
value where a slope break occurs and represents the suggested 
geochemical baseline value. Since the values are logarithmic, these were 
then back-transformed to obtain the final value, i.e. 4.3 and 5.0 mg/kg, 
for top- and sub-soils, respectively, which are lower than those proposed 
by the Lgs.D. for areas destined to public green (10 mg/kg). When 
comparing these two concentrations with those calculated by ProUCL 
(Table 5), the UTL95-95 values are significantly higher than those 
computed with the graphical method, highlighting an error in the 

attribution of the geochemical baseline or background value in a log- 
normal distribution, especially for data showing a standard deviation 
<1 and a dataset consisting of <30–50 values (Singh and Maichle, 
2015). 

6. Conclusions 

The concentration intervals of the investigated PTEs from the top- 
and sub-soils, developed on the volcanic and sedimentary formations 
adjacently the former mining area of Abbadia San Salvatore (Mt. 
Amiata, Siena, Southern Tuscany), were defined with the use of classical 
statistical methods and interpretation of the variance-covariance struc
ture improved with the use of a compositional approach. According to 
the clr distribution maps, the parent lithology, rather than an anthro
pogenic contribution, is governing the distribution of most elements in 
the studied soils, despite the depth from where they were collected. The 
resulting rPCA application, associated with the geological features, in
dicates that the geochemical variability is dominated by Hg and As clr- 
variables and is intimately related to the area where the volcanic 
products are distributed and, likely, to the presence of Hg- 
mineralization. Nevertheless, the proximity to the former mining area 
does not allow to exclude an anthropogenic input due to the past mining 
activity which preferentially affected the top-soils. The increasing values 
of clr.Hg seem to follow the main normal faults and associated reference 
structures and highlight a relatively large anomaly in this portion of the 
investigated territory, as already suggested by Ferrara (1999). 
Conversely, Sb, Co, Cr, Ni, and V clr-variables show a lower variability 
and their distribution patterns of clr-maps in most cases linked to the 
sedimentary (limestone/siliciclastic) lithology, underlining a geochem
ical enrichment of these metals. High relative contents of Sb in some 
volcanic soils are likely due to previously not recognized old mining 
dumps and not related to the Abbadia San Salvatore mining activity, Sb- 
rich minerals being mostly associated with the Siele and Morone Hg- 
mines. Subsequently, the two data populations (volcanic and lime
stone/siliciclastic) were thus considered separately and the outliers, 
characterizing some elements, were removed. Consequently, the 
geochemical baseline values of PTEs were calculated on these two 
datasets, only for those elements that showed concentrations higher 
than the Lgs.D. Since any analytical measurement is affected by an un
certainty, a concentration interval for each metal was considered more 
appropriate than a single value. 

The geochemical and statistical approach used in this work implies 
that specific territories, where mining or other anthropic activities or 
areas affected by peculiar geological situations (e.g. presence of ore- 
deposits close to the surface), can be characterized by anomalous con
centrations able to jeopardize the definition of soil baseline values. 
Consequently, the law reference values cannot be applied without any 
specific investigations and a detailed knowledge of the territory. 
Assessing the background and/or geochemical baseline values have a 
pivotal importance to face environmental problems that local author
ities and stakeholders may have to handle and avoid unappropriated 
costly remediation operations and/or affect the economic growth. This 
is the case of the Municipality of Abbadia San Salvatore where important 
activities (e.g. construction of garages and the local heliport) were 
slowed down or even stopped as the excavated soils showed heavy metal 
contents (Hg and As) higher than those imposed by the Italian law but 
lower than the geochemical baseline values computed in this work. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gexplo.2023.107324. 
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