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Chapter 1

Synopsis



1. Introduction

Environmental pollution is one of the most challenging environmental issues to tackle due to its impact
to human health and the ecosystem. One of the main objectives of environmental geochemistry is to
investigate, characterise, and reveal the patterns of organic compounds and inorganic elements and
further unveil their possible sources. Geogenic features and anthropogenic activities are the main
sources of environmental contamination (Lima et al., 2003a; Albanese et al., 2007; Reimann et al.,
2008) which are likely to release these contaminants into atmospheric, soil and water media
(Prapamontol and Stevenson, 1991; Suchan et al., 2004). Moreover, anthropogenic activities let out
chemicals produced from industrial activities, domestic, livestock and municipal wastes (including
wastewater), agrochemicals, and petroleum-derived products (Reimann and De Caritat, 2005; Luo et
al., 2009; Bundschuh et al., 2012).

Organic pollutants cover a large group of synthetized pollutants and Persistent Organic Pollutants
(POPs) have received a specific attention due to their physico-chemical properties (e.g., volatility and
persistency), high toxicity, and subject to long-range atmospheric transfer (Weinberg, 1998, Szeto et al.,
1991; Fang et al., 2017; Qu et al., 2018). Polychlorinated biphenyls (PCBs), Polycyclic Aromatic
Hydrocarbons (PAHs) and Organochlorines Pesticides (OCPs) are the main POPs that are subject to
different regulation schemes to their irreversible adverse effects to both human and wildlife health.
Stockholm Convention (2005), Rotterdam and Basel (1995), World Health organisation (WHO) and
United Nations Economic Commission for Europe POPs Protocol (UNECE, 2010) have so far
addressed, threated and introduced legislation which ban or fix threshold’s values of these POPs into
environment.

Potentially Toxic Elements (PTEs) are widespread metals/metalloids related to geogenic and/or
anthropogenic activities (Lima et al., 2003a; Albanese et al., 2007; Reimann et al., 2008). PTEs are one
of the major concerns in the environment because their concentrations are increasing due to
accelerated population growth rate, higher level of urbanisation and industrialisation providing a great
variety of anthropogenic contamination/pollution sources (Wang et al., 2012; Wu et al., 2015; Guillén et
al., 2017). They have often been given special emphasis because their accumulation in different
matrices can cause soil and land degradation and they can be transferred into the human body as a
consequence of dermal contact, inhalation and ingestion through food chain and drinking water (Lim et
al., 2008; Ji et al., 2008; Varrica et al., 2014). PTEs are generally non-biodegradable having long
biological half-lives and tend to accumulate in soils being absorbed to clay minerals and organic matter
(Kabata-Pendias, 2011). However, their bioavailability is influenced by different physicochemical
processes (e.g. pH, Eh) and physiological adaptation (Yang et al., 2004; Skordas and Kelepertsis, 2005;
Barkouch et al., 2007; Zhao et al., 2013, 2014).



PTEs and POPs can be observed in different environmental media but soil is considered an important
reservoir due to its physico-chemical properties which confer high retention capacity of these pollutants.
Soil contamination has been increasing worldwide (Luo et al., 2009; DEA, 2010; SSR, 2010; EEA, 2014)
and has become the focus of attention in recent years. Several soil parent materials are natural sources
of certain organic contaminants, elements, and these can pose a risk to the environment and human
health at elevated concentrations. For that, various geostatistical computations have been used to
identify source patterns of different pollutants related to underlying geological features and/or
anthropogenic activities (Lima et al. 2003; Albanese et al., 2007; Reimann et al., 2008), and to further
distinguish mineralisation from contamination.

Several single and complex contamination/mineralisation indices such as Enrichment Factor (Chester
and Stoner, 1973), Geo-accumulation Index (Muller, 1969) or Single Pollution Index (Hakanson, 1980;
Muller, 1981) have been elaborated to quantify the contamination or mineralisation status of different
PTEs. They are generally based on intervention limits (thresholds) or background/baseline values of a
single element based on National Legislation, as a reference. Indices based on intervention limits
(thresholds) are easily interpretable and comparable, but they disregard the compositional nature of
geochemical data; hence they can be biased and/or spurious (Filzmoser et al., 2009a; Pawlowsky-
Glahn and Buccianti, 2011; Filzmoser et al., 2012).

This PhD research project reveals novel geostatistical computations that will lay out sources patterns of
Potentially Toxic Elements (PTEs) and Persistent Organic Pollutants (POPs), and assess the soils
contamination levels in the central-southern Italy. Series of follow up studies have provided an
invaluable baseline for these contaminants distribution in Italy to push towards an institutional response

for more adequate regulation of these pollutants worldwide.

2. Aims of this PhD research programme

The main aim of this research study is to investigate sources patterns and contamination levels of POPs
and PTEs in in soil of urban and rural areas of various regions. During my PhD research programme,
seven peer-reviews have been published, where we investigated:
[.  Possible sources and contamination levels of 24 OCPs compounds in urban and rural soils from
central and southern ltaly.
ll.  The characterisation, possible sources and toxicity equivalent quantity level of sixteen PAHs in
urban and rural soils of southern of Italy.
lIl.  The development of a new comprehensive discrimination analysis to identify possible sources

of contamination or/and enrichment of four PTEs (Zn, Pb, Cr and Ni) in the Campania region.



IV.  The compositional behaviour of 15 PTEs in Campania soils and computed a new Soil
Compositional Contamination Index (SCCI) that highlights contamination levels.

V. The potential impacts and footprint of some PTEs related to the agricultural activities in
Campania region.

VI.  The potential geochemical patterns and contamination sources of PTEs in soils of the Sarno
River Basin (Campania, Southern ltaly).

VII.  The distinction between geogenic to anthropogenic geochemical signatures associated to
anomalies into the World Heritage Territory known as “National Park of the Cilento and Vallo di

Diano” (Southern Italy).

A further ongoing research project is currently investigating the content and bioavailability of mercury
and Potentially Toxic Elements (PTEs) in artisanal and small-scale gold mining (ASGM) districts of
Kedougou (Senegal). This study in particular will represent a fundamental stepping stone to build a
baseline review of PTEs in ASGM of Kedougou (Senegal) and evaluate human health risks from
exposure of PTEs. It is envisaged that the results of this study should trigger more detailed surveys in
contaminated areas as well as ad-hoc risk-based studies, which in the long-term will constitute a strong
argument to cause an adequate institutional response by the Senegalese regulating authorities for a full

application the Minamata convention.

3. Outline of the thesis

The summary of this thesis is based on studies reported in 7 appended peer-reviewed papers and an

ongoing research project.

3.1. Sources patterns and contamination levels of POPs and PTEs in soils of

the central-southern ltaly
The total survey area (considering administrative regional boundaries) extended to 157,716 km?2 with
31.26 million of inhabitants, mostly grouped in main urban areas (ISTAT, 2016). The survey area
included 4 administrative regions (Latium, Marche, Tuscany and Umbria) from central and 7 (Abruzzo,

Apulia, Basilicata, Calabria, Campania Molise, and Sicily) from southern Italy (Fig. 1).
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Fig. 1. Land use/land cover of the study area (simplified from Corine Land Cover 2012). Urban (red dots) and
rural (blue dots) sampling site locations are displayed.

Most of the land is used for agricultural and forestry activities. Agriculture occupies one-fourth of the
land available, which includes cultivation of hilly areas where agriculture results in modifying the natural
landscape and resources through terracing, irrigation, and soil management (Corona et al., 2012;
ISTAT, 2013; ISPRA, 2014a). Large urban areas such as Rome (Latium), Naples (Campania), Bari
(Apulia) and Palermo (Sicily), are densely populated and surrounded by metropolitan areas where both
industrials activities, manufactories and intensive agriculture occur (ISTAT, 2016).

Based on the land cover, industrial and main urbanised areas, a specific sampling site was designed.
The sampling campaign took place from early April to end of September 2016, with the aim to select the
most representative topsoil samples in urban and rural areas throughout 11 regions (Latium, Marche,
Tuscany, Umbria, Abruzzo, Apulia, Basilicata, Calabria, Campania, Molise, and Sicily) from the centre to
southern ltaly. In each region, the main urban areas and the nearest rural areas where most of the land
is devoted to agricultural activities, were selected. Site selection was carried out by interpreting, using
Geographical Information Systems (ArcGIS™ | 2012), information on land use/land cover of the study
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area (ISPRA, 2014b; Corine land cover, 2012) together with satellite imagery (Google Earth®
professional, 2016). A total of 148 soil samples were collected with a nominal density of 2 samples/
2500 km?2 (in urban and rural areas) (Fig. 1).

Samples have been collected from public gardens in urban areas, and from agricultural land
(farmlands/cropland) in rural areas (Fig. 2). All the samples were collected using a stainless steel scoop,
kept in labelled glass bottles and directly stored in ice boxes to minimize the losses caused by
volatilization and initial degradation of the organic compounds. Each topsoil sample (from 0-20 cm) was
made by homogenizing 5 subsamples at the corners and the centre of a 100m? square, collecting
approximately 1.5 kg in total. The sampling procedure followed the Geochemical Mapping of Agricultural

and Grazing Land Soil (GEMAS) sampling procedure described by Reimann et al. (2014).

Fig. 2. Characterisation of the sampling sites. Captions (A) and (B) shows sampling location in agricultural land
and sampling protocol, respectively; (C) corresponds to a urban sampling site whereas (D) reveals
sampling location depth (20cm).



Soil samples were homogenized and sieved using a <2mm mesh sieve after removing stones, detritus
and residual roots. Finally, composite samples were stored at -4 °C in the environmental geochemistry
laboratory of the University of Naples Federico Il (Italy) until instrumental analysis of organic
compounds. Geographical coordinates were recorded by geospatial positioning systems (GPS, using
the WGS84 model) at each sample site.

Inorganic elements were analysed at an international accredited Laboratory, Acme Analytical
Laboratories Ltd (now Bureau Veritas, Vancouver, Canada). The samples were analysed after the ultra-
trace aqua regia extraction method, by inductively coupled plasma mass spectrometry (ICP/MS) for
‘pseudototal” concentration of 53 elements. The “pseudototal” corresponds to the part concentration of
elements extractable using strong acid solution (aqua regia digestion). It estimates the maximum
amounts of metals that could hypothetically be mobilized and transported in the environment from
geogenic part and all anthropogenic inputs (Vercoutere et al., 1995; Adamo and Zampella, 2008).
Although primary silicates are not dissolved, metals associated with most other major soil components
are liberated. The 2-mm sieved soil was characterised according to the Italian official methods of soil
analysis (Violante and Adamo, 2000). A sub-sample of 15 g was digested in 90 ml aqua regia and
leached for 1 hour in a 95°C water bath. After cooling, the solution was diluted to a final volume of 300
ml using a solution of 5% HCI. The sample weight to solution volume ratio was 1 g per 20 ml. The
solutions were analysed using a Perkin Elmer Elan 6,000/9,000 inductively coupled plasma emission
mass spectrometer (ICP-MS). The accuracy and precision of the data was measured by comparison to
known analytical standards. Calibration solutions were included at the beginning and the end of each
analytical run (a total of 40 solutions). Precision is £100% at the detection limit, and improves to better
than £10% at concentrations 50 times the detection limit or greater.

Targeted organic compounds were organochlorine pesticides (OCP), Polycyclic Aromatic Hydrocarbons
(PAHs) and Polychlorinated Biphenyl (PCB), and soil samples were analysed at the Key Laboratory of
Biogeology and Environmental Geology of Ministry of Education at the University of Geosciences in
Wuhan, China. PAHs and PCB were analysed using GC-MS (Agilent 6890N/5975 MSD) coupled with a
HP-5972 mass selective detector operated in the electron impact mode (70 eV) installed with a DB-5
capillary column (30mx0.25 mm diameter, 0.25um film thickness). Helium (99.999%) was used as the
GC carrier gas at a constant flow of 1.5 mL/ min. An 1uL concentrated sample was injected with

splitless mode. The chromatographic conditions were as follows: injector temperature 270 °C; detector
temperature 280 °C; oven temperature initially at 60°C for 5 min, increased to 290 °C at 3 °C/ min,

and held for 40 min. Chromatographic peaks of samples were identified by mass spectra and retention

time. Twenty congeners OCPs concentrations were carried out by an Agilent 7890A gas chromatograph



with a 63Ni electron capture detector (GC-ECD) equipped with a DB-5 capillary column (30.0 m length,
0.32 mm diameter, 0.25 mm film thickness). Gas chromatography-mass spectrometry (GC-MS) and gas
chromatography-electron capture detector (GC-ECD) are the most common and appropriate systems to
investigate organic contaminants in different environmental media. Many authors (e.g., Aramendia et al.,
2007; Alves et al., 2012) showed the high sensitivity of GC-ECD for organophosphorus and
organochlorine pesticides. In this study, the rationale of working with GC-ECD analyser was based on
the excellent sensitivity and satisfactory quantification limits, allowing the identification and quantification
of pesticides at low levels. A 10 g of dried soil samples were spiked with 20 ng of 2,4,5,6-tetrachoro-m-
xylene (TCmX) and decachlorobiphenyl (PCB209) as recovery surrogates and were Soxhlet-extracted
with dichloromethane for 24 h. Activated copper granules were added to the collection flask to remove
elemental sulphur. The extraction of OCPs was concentrated and solvent-exchanged to n-hexane and
further reduced to 2— 3mL by rotary evaporation. The alumina/silica (1:2) gel column (450°C muffle
drying for 4 h, both deactivated with three percent water) was used to purify the extract and OCPs were
eluted with 30mL of dichloromethane/hexane (2/3). Then the eluate was concentrated to 0.2 mL under a
gentle nitrogen stream and a known quantity of penta-chloronitrobenzene (PCNB) was added as an
internal standard prior to gas chromatography—electron (GC-ECD) analysis. Nitrogen was used as
carrier gas at 2.5 mL/min under constant-flow mode. Injector and detector temperatures were
maintained at 290°C and 300°C, respectively. The oven temperature started from 100°C (with an
equilibration time of 1 min), and rose to 200°C at a rate of 4°C/min, then to 230°C at 2°C/min, and
finally reached 280°C at 8°C/min, and was held for 15 min. 2 pL of each sample was injected into the
GC-uECD system for the analysis. Concentration of the individual target OCPs were identified by
comparison of their retention times (previously confirmed with GC/MS) and quantified using an internal
standard. The gas chromatograph (GC-MS) parameters of the Agilent 6890GC-5975MSD system were
the same as those of the Agilent 6890 GC equipped with 63Ni micro-electron capture detector (GC-
MECD). The mass spectrometer (MS) was operated in electron impact ionization mode with electron
energy of 70 eV. The ion source, quadruple and transfer line temperatures were held at 230, 150 and
280° C, respectively. Target compounds were monitored in selected ion monitoring (SIM) mode.

Procedure types used for quality assurance and quality/control (QA/QC) were as follows: method blank
control (procedural blank samples), parallel sample control (duplicate samples), solvent blank control,
and basic matter control (US EPA, 2000). The spiked samples containing internal standard compounds
were analysed simultaneously with soil samples. A procedural blank and a replicate sample were run
with every set of 12 samples analyzed to check for contamination from solvents and glassware. The
limits of detection (LODs) were based on 3:1 S/N ratio. TCmX and PCB 209 were spiked as surrogate

standards to judge procedural performance. The surrogate recoveries for TCmX and PCB209 were 77.8
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1 19.0 % and 89.3 + 20.3 %, respectively. The relative standard deviation (RSD) was less than 10%. Al
OCPs concentrations were expressed on an air-dried weight basis (ng/g).

This study is important because it will represent a fundamental assessment that shows and help to build
a long-overdue national picture of PTEs and POPs status in Italian soils. More detailed surveys will be
followed up in contaminated areas, which would constitute a baseline to promote an adequate

institutional response by the Italian regulating authorities.

3.2. Bio-accessibility of mercury and Potentially Toxic Elements (PTEs) in

artisanal and small-scale gold mining (ASGM), Kedougou, Senegal
Environmental geochemistry aims to reveal the sources and contamination level of inorganic elements
in different environmental media, released from geogenic features and anthropogenic activities.
Potentially Toxic Elements (PTEs) occur in soils, sediments, air and can bio-accumulate in food chains,
reaching human body (Gosar et al., 2003; Campbell et al., 2005; Ottesen et al., 2013; Niane et al.,
2014). Some human activities may perturb or alter natural cycles of metals in the environment leading to
accumulation of many PTEs in the food chain. Among PTEs, Hg has attracted the public attention in this
last decade, because of its high toxicity level, harmfulness to human health and wildlife (Veiga et al.,
2004; WHO, 2013). Over the last 30 years, Hg has been much investigated regarding its impact in the
ecosystem due to its mobility and volatility, and its potential methylation and bioaccumulation. No
essential biological function of Hg is known. On the contrary, Hg is among the most toxic elements to
human and wildlife. All chemical forms of Hg are toxic to humans (Winship, 1986; Roi and Sabbiani,
1993; Clarkson, 1997). Inorganic forms of Hg show acute toxicity, with a variety of symptoms and
damage to organs. Some organomercurial, in particular low molecular-weight alkyl compounds, are
considered even more toxic to humans because of their high chronic toxicity with respect to various,
largely irreversible, defects of the nervous system (Clarkson and Magos, 2006). Methylmercury (CH3Hg)
is particularly significant in this respect because it is produced in nature by microorganisms where
reducing conditions prevail. Methyl Hg shows strong teratogenic effects, and carcinogenic and
mutagenic activity has also been implied.
The most significant anthropogenic activities giving rise to past and present emissions of Hg to land,
water, and air appear to be the following:
(1) Mining and smelting of ores, in particular Cu and Zn.
(2) Combustion of fossil fuels, mainly coal.
(3) Industrial production processes, in particular the Hg cell chlor-alkali process and cement production.
(4) Consumption-related discharges, including waste incineration.



(5) Gold production using Hg-amalgamation technology in artisanal and small-scale Au mining (ASGM).

Artisanal, or small scale Au mining (ASGM) is one of the most significant anthropogenic sources of Hg
and other potentially toxic elements (PTE) release into the environment, in developing countries and
countries with economies in transition, as at least a quarter of the world’s total Au supply comes from
such sources (Pirrone et al., 2010). Telmer and Veiga (2008) revealed that ASGM activities release
between 640 to 1350 Megagrams (Mg) of Hg per annum into the environment, averaging 1000 Mg
Hglyr, from at least 70 countries. 350 Mg Hg/yr of this are directly emitted to the atmosphere while the
remainder (650 Mglyr) is released into the hydrosphere (rivers, lakes, soils, tailings). As pointed out by
the World Health Organisation (WHO) guidance for identifying populations at risk from Hg exposure
(WHO, 2003) and Minamata convention (UNEP 2013), some of these activities are particularly common
in developing countries, where regulations, environmental controls and monitoring tend to be limited in
amplitude and resources, producing 'hot spots' of risk from exposure. Mining activities can release large
amount of PTEs in the environment media such as groundwater, soils and air. Furthermore, Hg has bio-
accumulation propriety and can reach the food chain (vegetables and animals). This contaminant
persists in nature in different chemical forms like methylmercury (methylHg) which constitute a real
concern for human and wildlife health. The aims of this study are to:

(1) Assess the distribution and baseline of PTEs in soils and sediments of the Kedougou Gold mining
district (Senegal);

(2) Quantify the total, bioavailable, and bio-accessible portions of Hg and its various chemical species in
different environmental media and in food stuff;

(3) Identify the main factors influencing the fate and mobility of contaminants through different media;

(4) Assess human health risk amongst affected population groups.

This study will be the first step forward study on looking at human health and a toxicological assessment
of Hg and PTEs in ASGM in Kedougou. Different environmental media have been taken into
consideration and geostatistical computations will help to assess the spatial distribution and sources
patterns of PTEs in our study area.

The Kedougou Region is situated in the south-eastern part of Senegal and occupies a territory of about
16,800 km2. The region borders Mali and the Guinee Bissau at the eastern and southern sides,
respectively. The main geological features of the region are constituted essentially of Precambrian
basement formed by the so-called Kedougou-Kénieba inlier (Fig. 3) (Bassot, 1997). This consists of
volcanic, volcano-sedimentary and sedimentary formations, which are distributed into two Supergroups:
the Mako Supergroups or Mako Volcanic Belt to the West and the Dialé-Daléma Supergroups in the

East (Fig. 3). The geological formations from these two Supergroups serve as hosts to several
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generations of granitoids in coalescent solid masses distributed into two batholiths, Badon-Kakadian
and Saraya, intruding the Mako and Dialé-Daléma Supergroups, respectively.

The Falémé Volcanic Belt crops out to the east of the Daléma basin, dominated by plutonic rocks,
consisting of two plutonic complexes, the Balangouma pluton and the Boboti pluton in the centre and

south of the belt, respectively.
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Fig. 3. Geological features of the survey area (modified from Bassot 1997). In the map are displayed location of
Large (LSGM) and artisanal small (ASGM) gold mining districts

These ancient lands, commonly called "Birimian formations" constitute a metallogenic province of great
ore deposits such important Au-bearing reserves. The main Au deposits in the Kedougou region are
related to the major tectonic zones namely: the Senegalo—Malian Shear Zone (SMSZ) and the Main
Transcurrent Zone (MTZ) (Fig. 3), which are major regional controls of Au mineralisation (Bassot, 1997;
Sylla and Ngom, 1997). There are two types of Au occurrences: alluvial Au and Au-bearing quartz veins
hosted by shear zones. The Kedougou region is an emerging significant Au camp where Teranga Gold
Operation (TGO) is currently the largest active mining company exploiting shear zone hosting Au-

bearing quartz veins.
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Several Au mining companies are in prospection steps such Randgold-Sénégal company, Toro Gold,
and Oromine company. In addition to this, a large number of ASGM activities are scattered throughout
the Kedougou region (Fig. 4).

E Survey area H
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1
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Fig. 4. Land-cover/land-use and sample locations in the study area.

The relief of the region is the most rugged of the country with large number culminating points more in
the Southern part. It should be noted that tropical ferruginous soils and poorly evolved soil erosion
predominate in the region. Such a situation gives it a very important biodiversity both from a faunal and
a floristic point of view. Indeed, one meets almost all the species of the Guinean flora present in
Senegal but also a good part of the fauna of West Africa. This biodiversity is partly the result of
favourable climatic characteristics. The region is one of the last strongholds of Senegal's fauna
composed of the most prestigious antelope bands of the world as well as buffaloes, lions, panthers,
crocodiles mostly in the biggest natural park of the country, the Niokolo-Koba National Park (Fig. 4).

The hydrographic network is dense and depends very heavily on rainfall. The area is irrigated by the
Falémé and the Gambia River and its large number of tributaries. The Gambia and Falémé, which
constitute the two major rivers, are at low water levels and play an important role in local development

(agriculture, water supply for men and livestock) (Fig. 4).
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With a population of 156,352 inhabitants in 2017, the region remains sparsely populated, representing
only 1.2% of the population of Senegal with a density of 9.1 inhabitants per km2.

The Kedougou region has significant mining potential, making it a magnet for investors. The geological
substratum of the region consists essentially of Precambrian basement. Mining activities have boosted
the craft sector which was very embryonic during the latter years. Gold mineralisation is the main ore
deposit that is being exploited industrially and through ASGM.

The National Agency of statistics and demography of Senegal (ANDS 2015) has outlined 29 ASGM
activities settling inner Kedougou and most of them practice Au-Hg-panning activities in the bank of
Gambia and Falémé rivers (Fig. 4). Moreover, river-Hg-contamination may constitute a real concern for
population living in these areas consuming fishes from the rivers (Counter and Buchanan, 2004;
Ishikawa and lkegaki, 1980). In fact, Hg from geogenic and anthropogenic (e.g. ASGM for Au
amalgamation) activites may accumulate in sediments through runoff and inflow, wet and dry
deposition. In anaerobic media, bacteria can transform Hg through a methylation and CH3Hg could bio-
accumulate in the biota and go through the food chain. This organomercurial is very toxic to human and
is considered neurotoxic and teratogenic (WHO 2003; UNEP 2013).

Based on the land-use and the location of large and small Au mining sites, a specific sampling design
was planned. The fieldwork was organised in overall March 2018 aiming to collect most representative
soils, sediments, green vegetables, fishes and human’s hair samples in the study area (Fig. 5).

A Total of 83 soil samples from topsoil and 20 bottom soils (1-5 m) were collected in 6,742 km2 of the
study area, following a specific sampling density. A thick soil sample density was planned in surrounding
LSGM and ASGM districts, and a lower one in correspondence of unused or arable land (Fig. 4). Each
top soil sample (from 0-20 cm) was made by homogenizing 5 subsamples at the corners and the centre
of a 100m? square, collecting approximately 1.25 kg in total. This sampling procedure follows the
Geochemical Mapping of Agricultural and Grazing Land Soils (GEMAS) sampling procedure (Reimann
et al., 2008). Bottom soil samples are collected in depth from 1-5 m and mostly in ASGM sites. These
subsoil samples will allow assessing the background and baseline concentrations of PTEs in the survey
area.

Seventeen (17) sediment samples were collected at the bank of the Gambia and Falémé rivers,
particularly in parts of the rivers nearby ASGM sites (Fig. 5B). At each sampling site, a top-layer (10-30
cm) of the sediment was collected, measuring as well physico-chemical properties (e.g. including pH,
conductivity, total dissolved oxygen) and the geographical coordinates system recorded by geospatial
positioning systems (GPS).
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Fig. 5. Sampling procedures of different samples matrices. (A) Characterisation of soil samples location; (B)
sediment sampling procedure in the bank of the Gambia River; (C) measurement of length and weight of the fish
sample (Hepsetus odoe); (D) Vegetable garden sampling site along the Gambia River.

Biological samples are considered useful markers to investigate contamination levels and can constitute
direct tools to assess human health and ecological risks. In our study we were focused on vegetables,
fishes and human’s hair samples to retrace speciation of PTEs in different environmental media and the
pathways that induce their transfers.

Length and weight of the fish samples were measured as well as the characterisation of their
corresponding immediate environment of the different species (Fig. 5C). Furthermore, muscle (flesh)
samples were collected above the lateral line, between the dorsal fin and the caudal fin. This will
maximise the amount of muscle tissue collected and reduce the risk of accidentally piercing internal
organs. Cutting below the fish’s lateral line ensure the lower intestine or other internal organs are not
pierced. If the intestine is cut open, this will lead to contamination of the organs and the sample will not
be usable. Muscle samples were placed in labelled storage container/bag and stored at -4 °C before
analytic procedures. This biological sample preparation followed the manual of Monitoring and Sampling
for biological assessment “Fish collection and dissection for the purpose of chemical analysis of tissues”

of the Department of Environment and Heritage protection of UK (2017).
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Vegetal samples were collected in gardens located along the rivers (Fig. 5D). In this specific sampling
design, we aimed to assess the transfer of Hg and potentially toxic elements into vegetables which are
directly irrigated from the rivers. In addition, these vegetable gardens are located in villages near ASGM
sites. Two vegetable species from the Asteraceae (Lettuce: Lactuca sativa and Cabbage: Brassica
oleracea) were selected and 10 samples of each were collected. Each sample was rinsed and
thoroughly washed with tap water to remove dust particles, placed in plastic bag and frozen as soon as
possible. After collection, the vegetable samples were taken to the laboratory for preparation.
Specifically, the edible part of each lettuce was removed with a ceramic knife, weighed and then oven-
dried at 60° C.

Scalp hairs were collected to voluntary peoples at hospital and dispensary, across the whole study area,
from people willing to make their hair available after receiving detailed information on the aims of the
current study. This project targeted three receptor groups such adult miners (they must be involved at
least 5 years in artisanal Au mining and leaving in the survey area), children (between 0-5 years) and
women. Specifically, a 10 g hair sample was collected from the scalp of each person, by means of
stainless steel scissors, and stored in a paper bag, properly sealed. For each collected sample gender,
age and municipality of residence of the donors were recorded. All the collected samples were taken to
the sample preparation laboratory at the British Geological Survey (BGS, United Kingdom) for chemical
analysis.

Chemical analyses of soil and sediments were carried out at an international accredited Laboratory,
Acme Analytical Laboratories Ltd (now Bureau Veritas, Vancouver, Canada). The samples were
analysed after an aqua regia extraction, by inductively coupled plasma mass spectrometry (ICP/MS) for
“pseudototal” concentration of 53 elements. The measurement of inorganic contaminant bio-accessibility
from soil and sediment is based in agreement with the in vivo validated Unified BARGE Method
(Caboche, 2009). Biological samples (Vegetable, Fish and Human Hair) are analysed at the
environmental geochemistry laboratory of the British Geological survey (BGS, United Kingdom) (in

progress).
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Geogenic versus anthropogenic behaviour and geochemical footprint of Al, Na, K
and P in the Campania region (Southern Italy) soils through compositional data
analysis and enrichment factor

Abstract

Geochemical studies that focus on environmental applications tend to approach the chemical elements
as individual entities and may therefore offer only partial and sometimes biased interpretations of their
distributions and behaviour. A potential alternative approach is to consider a compositional data
analysis, where every element is part of a whole. In this study, an integrated methodology, which
included compositional data analysis, multifractal data transformations and interpolation, as well as
enrichment factor analysis, was applied to a geochemical dataset for the Campania region, in the south
of Italy, focusing in particular on the behaviour, footprints and sources of a smaller pool of elements: Al,
Na, K and P. The initial dataset included 3669 topsoil samples, collected at an average sampling density
of 1 site per 2.3 km2, and analyzed (after an aqua regia extraction) by a combination of ICP-AES and
ICP-MS for 53 elements. Frequency based methods (Clr biplot, Enrichment Factor computation) and
frequency spatial-method (fractal and multifractal plots) allowed identifying the relationships between the
elements and their possible source patterns in Campania soils in relation to a natural occurring
concentrations in geogenic material (rocks, soils and sediments) or human input. Results showed how
the interpretation of concentration and behaviour of Al, Na, K and P was enhanced thanks to the
application of data log-ratio transformation in univariate and multivariate analysis compared to the use of
raw or log-normal data. Multivariate analyses with compositional biplot allowed the identification of four
element associations and their potential association with the underling geology and/or human activities.
When focusing on the smaller pool of elements (Al, P, K and Na), these relationships with the unique
geology of the region, were largely confirmed by multifractal interpolated maps. However, when the local
background was used for the calculation of the enrichment factor, the resulting interpolated maps
allowed to identify smaller areas where the greater concentrations of P could not be possibly associated
to a mineralisation (e.g., ultrapotassic rocks) but were more likely to be associated to anthropogenic
input such as agriculture activities with potentially extensive use of phosphate fertilizers. The integrated
approach of this study allowed a more robust qualitative and quantitative evaluation of elemental
concentration, providing in particular new and vital information on the distribution and patterns of P in
soils of the Campania region, but also a viable, more robust, methodological approach to regional

environmental geochemistry studies.
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1. Introduction
Element distributions in soils are generally related to a variety of factors such as geology, chemical
reactivity, mineralogy, hydrology, vegetation, and anthropogenic activities. In recent years
environmental geochemistry has allowed to gain much insight on the relationship between chemical
elements in soils and their sources by means of various tools. In particular, univariate and multivariate
analysis (Otero et al., 2005; Reimann et al., 2008; Zuo, 2011; Thiombane et al., 2018a) as well as
spatial analysis (frequency space-method) have helped to discriminate between anthropogenic
contribution (and contamination) compared to natural or geogenic sources. More recently, different
approaches have also been used to treat compositional geochemical data in a more comprehensive
way. Geochemical data are closed number systems (parts of a whole) and they should be treated as
that to avoid spurious correlations and misleading interpretations. By taking only the absolute values or
the log-normal data, the proportional nature of the geometry of the simplex may be not fully captured
(Han and Kamber, 2001). Compositional data instead, consider each element as part of a whole which
carry relative information (Aitchison, 1986; Egozcue et al., 2003). For this reason, and to minimize
and/or eliminate the presence of outliers and spurious correlation (Pawlowsky-Glahn and Buccianti,
2011), they have increasingly been approached in alternative ways. In particular, the use of log-ratio
transformations such as additive log-ratio (alr), centered log-ratio (clr) (Aitchison, 1986) and isometric
log-ratio (ilr) (Egozcue et al., 2003) were found to be effective approaches to deal with these complex
datasets and better explain their significance. Furthermore, mapping remains a useful tool to display
data distribution through fractal and multifractal analysis (Mandelbrot, 1983; Cheng et al., 1994) and
through geostatistics (Olea et al., 2018; Thiombane et al., 2018a). These have been demonstrated to be
a powerful means for identifying geochemical anomalies (Cheng, 1999, 2007; Cheng et al., 2000, 2010;
Lima et al., 2003a; Cicchella et al., 2005) and enhance elements patterns. Aside from their inherent
complexity, often environmental geochemistry studies still present some discrepancies in the definition
of key concepts and therefore interpretation of results. For example, the concept of background and/or
baseline concentration are still confused and misused, whilst they should be clearly defined and
interpreted: a background value corresponds to the range of concentration of a given element in a given
area which is completely dependent on the compositional and mineralogical characteristic of the
parent/source geological material (Reimann et al., 2005; Albanese et al., 2007). On the other hand, a
baseline value relates the actual most diffused range of concentration of a given element in a specific
area depending both on the nature of the parent geological/source material (Salminen and
Gregorauskiene, 2000) and on the historic diffuse release into the environment from anthropogenic

Sources.
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In reality, in areas where the anthropogenic impact is very small or not significant, the background and
baseline values can overlap, as it is often difficult to distinguish the natural sources compared to the
anthropogenic contribution. In areas where the anthropogenic impact is evident or significant, however,
the background and baseline values should be interpreted appropriately and in a distinct way. This
study focuses on a region in south of Italy, Campania, characterized by complex geological and
geomorphological features and by a significant presence of human activities, such as industry,
agriculture, tourism and urbanization. The industrial presence is often related to the agricultural activities
and is mostly developed in proximity of the agricultural and surrounding urban areas. Many of these
industrial activities are devoted to food production and preservation process (e.g., San Marzano
tomatoes conserves), but also to clothes productions and tanneries (e.g., Solofra tanneries industries).
These activities represent the main livelihood for the local communities and a major economic input not
only for the Campania region, but for the Italian economy. Nevertheless, as with any agriculture activity,
it is inevitable that chemical fertilizers (phosphates and sulfates based) are used to improve soil
productivity and quality. Some of the benefits of using fertilizers, however, carry also ‘externalities’ that
can travel from the soil, to the crop, and the entire food chain. In particular, metallic impurities of P-
based fertilizers containing Cu, As and Cd, can affect the quality of the soil and possibly its
contamination; phosphate fertilizers are in fact known as a major source of trace metals among all
mineral fertilizers (Nziguheba and Smolders, 2008). These sources of contamination can be
investigated by means of Enrichment Factor (Chester and Stoner, 1973) which is able to display the
degree of contamination related to a mineralisation (geogenic) or anthropogenic activities (Reimann and
de Caritat, 2005).

This study proposes an assessment of the potential impacts and footprint of some of the agricultural
activities in Campania, by use of compositional data analysis, concentration-area (C-A) and spectrum
areas (S-A) fractal and multifractals models applied to geochemical data. In particular, the study focuses
on a smaller pool of elements that can be potentially directly related to either geogenic, anthropogenic
or mixed source: Al, Na, K, and P will be investigated to detect their potential origin and their
background concentrations in Campania soils. The main objectives of this study were:

(1) to illustrate the importance of compositional log-transformations on geochemical data; (2) to
delineate the main sources of elements by using a combination of multivariate analysis and GIS based
approach; (3) to use enrichment factor (EF) to assess geogenic or anthropogenic behaviour of P in the
study area; (4) to prove the importance and ease of using the local reference elements as opposed to
the traditional continental crust references values in EF calculation to determine degree of
contamination. The results from this investigation could greatly influence and provide a blueprint to

future similar studies.
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2. Materials and methods

2.1.Features of the study area
The Campania region is located in the south of Italy, covering an area of about 13,600 km2. The region
borders the Tyrrhenian Sea and the Lazio region at the western and northern sides, respectively (Fig.
1A).
The main geological features of the Campania region are constituted by the Apennines chain which
cross the areas as a backbone oriented NW-SE. The hilliest part of the chain forms the Mt. Matese in
the north, Mt. Taburno and Picentini in the center, and the Mt. Alburni in the southeast. These
mountains are mostly formed by sedimentary rocks such as limestone and dolostone whilst the external
domains are constituted by siliceous schist and terrigenous sediments (clays, siltstone, sandstone, and
conglomerate) (Bonardi et al., 1998; De Vivo et al., 2016).
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Fig. 1. Simplified geological map (A) and land use (B) of the Campania region (southern of Italy).

Igneous rocks are present in the region and are mostly formed by potassic and ultrapotassic volcanic
rocks of the Roccamonfina volcano (De Vivo et al., 2001, 2010, 2016; Rolandi et al., 2003; Albanese et
al., 2007) in the northwest, the Mt. Somma-Vesuvius, Campi Flegrei and Ischia volcanoes which are
located nearer the coastal areas of the study region. The coastal areas and plains are constituted by
alluvial, lacustrine and coastal (mixes of oceanic and terrestrial) sediments (Bonardi et al., 1998; De
Vivo et al., 2016).
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The hydrography of the Campania region is characterized by three main river catchments (Garigliano,
Volturno and Sele) and by numerous minor streams, mostly draining towards the Tyrrhenian Sea.

The morphology of the drainage network is irregular and controlled by geological and structural features
and rivers are source of water irrigation for agriculture field (Ducci and Tranfaglia, 2005).

Campania is one of the most populated regions of Italy with >5.8 million inhabitants (ISTAT, 2016). This
high density of population is coupled by the presence of a large number of industrial activities, with the
majority being involved in agriculture: vineyards and olive plantations — mostly in hilly areas — seasonal
crops, and greenhouse products (tomatoes, potatoes, aubergines, peppers, peas, and citrus fruits)
represent major resources for the region and the local economy (Albanese et al., 2007). This intensive
agriculture activity occupies> 50% of the total land and occurs mostly in the coastal and mountainous
areas (Fig. 1B), where fertile land and suitable soils are occurring. Unfortunately, such industrial
activities are known to have a potential negative impact if not properly managed, contributing to the
contamination of natural resources such as superficial and groundwater as well as soils. Campania is
not immune to these problems, and some studies have already highlighted their existence and relation

to its natural resources (Cicchella et al., 2005; Minolfi et al., 2018a).

2.2. Sampling procedures and analyses

From 2013 to 2015, 3669 samples were collected from topsoil of the Campania Region (13,600 km2)
with a nominal density of 1 sample in each 3.2 km2. Each top soil sample (from 0 to 20 cm) was made
by homogenizing 5 subsamples at the corners and the centre of a 100m square, collecting
approximately 1.5 kg in total. The sampling procedure followed the Geochemical Mapping of Agricultural
and Grazing Land Soils (GEMAS) sampling procedure described by Reimann et al. (2014). At each
sampling site, several physico-chemical parameters of the soil properties were measured, including pH,
total water content, conductivity, total organic content and the geographical coordinates system
recorded by geospatial positioning systems (GPS).

Chemical analyses were carried out at an international accredited Laboratory, Acme Analytical
Laboratories Ltd. (now Bureau Veritas, Vancouver, Canada). The samples were analyzed after an aqua
regia extraction, by a combination of inductively coupled plasma atomic emission (ICP-AES) and
inductively coupled plasma mass spectrometry (ICP/MS) for “pseudototal” concentration of 53 elements
(Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge, Hf, Hg, In, K, La, Li, Mg, Mn, Mo,
Na, Nb, Ni, P, Pb, Pd, Pt, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, TI, U, V, W, Y, Zn, and Zr). A
sub-sample of 15 g of the sieved <2mm soil fraction was digested in 90 ml aqua regia and leached for 1
h in a 95 °C water bath. After cooling, the solution was diluted to a final volume of 300 ml using a

solution of 5% HCI. The sample weight to solution volume ratio was 1 g per 20 ml. The solutions
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were analyzed using a Perkin Elmer Elan 6000/9000 inductively coupled plasma emission mass
spectrometer (ICP-MS). The accuracy and precision of the data was measured by comparison to known
analytical standards. Calibration solutions were included at the beginning and end of each analytical run
(a total of 40 solutions). Precision is £100% at the detection limit, and improves to better than £10% at

concentrations 50 times the detection limit or greater.

2.3. Compositional data analysis
Nowadays it appears necessary to reconsider geochemical data under a compositional data analysis
perspective (Aitchison, 1986; Buccianti et al., 2006, 2014, 2018; Pawlowsky-Glahn and Buccianti,
2011). A composition is defined as a sample space of the regular unit D simplex, SP that is a vector of D
positive components summing up to a given constant k, set typically equal to 1 (proportions), 100
(percentages), or 106 (ppm) by closure. It relates parts of some whole that carry relative information

(ratios of components) whose sample space is the simplex (Pawlowsky-Glahn and Egozcue, 2001).

SP= {X=[x4, X... xp] [%>0; X2, xi = Kk} (1)

As explained in the introduction, working with log-ratio transformation such as additive log-ratio (alr),
centered log-ratio (clr) and isometric log-ratio (ilr) allows to overcome some of the issues related to the
complexity of geochemical data, helping to highlight the relative magnitudes and variations of the
components of a composition rather than their absolute values (Buccianti and Magli, 2011). In this
study, due to its orthonormal character, ilr was applied on the datasets and compared to raw and log-
normal data to show how it allows normalizing the data distribution and its closure effects of
geochemical data prior to statistical analyses (Figs. 2—4).

This log-ratio transformation was applied on data taking into account the compositional vectors of n
parts partitioned into groups of parts presenting a certain affinity (Egozcue et al., 2003; Filzmoser and
Hron, 2008, Filzmoser et al., 2009a, 2009b; Thiombane et al., 2018a). To better visualize the element
distributions and possible natural and anthropogenic behaviour of the variables into the survey area, a
compositional biplot was created. This is a powerful statistical tool that displays both samples and the
variables of a data matrix in terms of the resulting scores and loading (Gabriel, 1971). Thus, the scores
represent the structure of the compositional data into a Euclidian space based on variance and
covariance matrix; moreover, they display the association structure of the dataset. The biplots present
rays (or vectors) defined from the center of the plot, where their length is proportional to the amount of
explained variance (communality) of the variables it represents. The interpretation of the graphic

depends on the loading (rays) structures and in more details on the approximate links between rays and
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samples, the distances between vertexes and their directions (Otero et al., 2005). For a full description
of compositional biplots and an appreciation of their utility, several examples are available in the
literature (e.g., Pison et al., 2003; Maronna et al., 2006; Filzmoser and Hron, 2008; Filzmoser et al.,
2009a, 2009b; Hron et al., 2010).

When, however, biplots are used with raw data, these can be substantially influenced by the occurrence
of outliers which can mislead the compositional nature of the data matrix and affect the principal
components when interpreting results (Aitchison, 1986; Filzmoser et al., 2009a, 2009b). For these and
others reasons log-transformed data are recommended to be used in multivariate analysis, and
strengthened compositional biplots (Egozcue et al., 2003; Filzmoser et al., 2009a; Hron et al., 2010).
Taking into account the singularity of the clr transformed data (Aitchison, 1986), these should be
computed in orthonormal coordinates such as ilr transformed data, and back-transformed to the clr
space for further interpretation. This back transformation allows preserving the linear relationship
between clr and ilr coordinates (Egozcue et al., 2003). Furthermore, the application of the minimum
covariance determinant (MCD) estimator (Roosseeuw and Van Driessen, 1999) allows displaying the
observations to the smallest determinant of their sample covariance matrix which tend to hold the
variables into a normal distribution. In this study, a classical compositional biplot (CCB) and a robust
compositional biplot (RCB) were used to identify the relationships between variables using
compositional raw data and log-transformed data, respectively (Fig. 5).

From the total of 53 elements analyzed for the soils, only eighteen elements were considered to test this
approach, with the aim of better representing the correlation between variables and investigate more

robustly their main sources in the study area. Their main descriptive statistics are shown in Table 1.
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Table 1. Descriptive statistic of 3669 topsoils samples from the Campania region, Southern of Italy. RMS and
Std. Deviation are the root mean square and standard deviation, respectively.

Elements Unit  Minimum Maximum Mean Median RMS Std. Deviation Skewness Kurtosis
Al mg/kg 2100 94700 40584 41600 44014 17036 0.01 -0.75
As mg/kg 0.6 163 12.6 12.1 14.6 74 6.1 87.8
Ca mg/kg 800 295200 35495 22300 51036 36675 2.38 71
Co ma/kg 05 79 10.7 10.3 11.7 5.1 1.6 12.3
Cu ma/kg 25 2394 109.3 62.2 191 156.8 55 445
Fe mg/kg 1600 154600 25031 2510 26282 8012 1.19 18.2
K mg/kg 400 68200 14008 9500 18755 12472 1.39 1.2
Mg mg/kg 700 104600 7347 5800 10483 7479 5.06 35.8
Mn mg/kg 77 7975 863 779 970.6 4434 544 55.7
Mo mglkg 0.06 62 15 13 22 16 18.9 637
Na mg/kg 20 29490 3667 2600 5129 3587 1.23 1.68
Ni mg/kg 05 100 16.2 14.8 19.6 10.9 242 9.97
P mg/kg 50 16620 1641 1250 2063 1250 2.20 121
Pb mg/kg 3.1 2052 738 54.2 177 91.7 77 100.2
Th mg/kg 0.3 60 12.8 124 145 6.7 1.1 3.5
Ti mg/kg 5 3270 1159 1240 1314 618.7 -0.23 -0.65
Vv mg/kg 5 224 66.9 62 735 30.3 0.51 -0.29
Zn mg/kg 114 3210 119 91 168.1 1185 9.2 164.7

The number of elements was reduced to 18 variables based on 3 main criteria: 1) the removal of

elements with>40% of values below the detection limit (LOD), 2) choosing arbitrary mostly two

representative Rare Earth elements which are geochemically congruent and 3) choosing elements with

a communality of extraction higher than 0.5 (50%) and/or common variances<0.5 (e.g. Reimann et al.,

2002). Based on the robust biplot, sequential binary partition was implemented using the same 18

variables by dividing them into specific groups of non-overlapping elements (Table 2).
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Table 2. Sequential binary partition table of the 18 investigated variables and the obtained balances (Z+-Z17).
Parts coded with + and - are the elemental associations involved in the calculation of the i-th order partition,
respectively.

Balances| Ti Th As V Al P Na K Mo Cu Zn Pb Ca Mg Fe Mn Co Ni
Z; + -

2> + -

Z3 + + - -

7 + + + - -

Zs + -

Zs + o+ -

Z7 + -

Ze + o+ + 4+ + + + - .

Z9 + -

Z1o + -

AT + -

Z1 + -

Z13 + + - - . .

Z + -

Zis + + - -
Zs + -

Zy + -

Balances are particular ilr-coordinates (isometric-logratio) having orthonormal bases which can be
interpreted in the D-1 (D: dimension) real space as ratios of elemental associations (Egozcue et al.,

2003). Balances can be calculated using the following formula:

\1/T
7i = iln% f0r|:’|” D-1’ (2)
r+s  (JI-xk)

where the products M+ and M- only include parts coded with + and -, and r and s are the numbers of
positive and negative signs (parts) in the i-th order partition, respectively (Egozcue and Pawlowsky-
Glahn, 2005). From the established sequential binary partition and Eq. (2), Z1 (Al/P) and Z2 (Na/K) were
calculated and ilr coordinates displayed through geospatial mapping. Balances can be interpreted
considering three major cases: 1) positive balance when parts (variables) in the numerator have higher
dominance with respect to parts involved in the denominator; 2) negative balance when parts involved in
the numerator have lower dominance than those in the denominator (negative balance); 3) nearly zero
balance when the dominance of the two groups of parts is similar. The higher or lower the positive or

negative balance, respectively, the dominance of one group of parts is more pronounced.
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Balances were back-transformed based on the sequential binary partition matrix and the bijection
between the original space of the parts and that of the log-ratios (Egozcue et al., 2003; Egozcue and
Pawlowsky-Glahn, 2005; Olea et al., 2018). The back-transformed results in the original part space for

Al, P, Na and K elements concentrations were computed before applying geostatistical computations.

2.4.Interpolated and background/baseline maps
Geographical Information Systems (GIS) and technology was used to map and display data distribution
and characterize the footprint, possible main sources, and the behaviour of the elements considered.
For this study, one of the aims was to determine the background concentration of major elements Al
Na, K, and P in the Campania soils.
ArcGIS (ESRI, 2012) and GeoDAS (Cheng et al., 2001) were used as the main GIS tools. In particular,
GeoDAS™ was used to produce interpolated geochemical maps by means of the multifractal inverse
distance weighted (MIDW) algorithm (Lima et al., 2003a). In previous geochemical studies of the
Campania region (De Vivo et al., 2001; Lima et al., 2003a; Cicchella et al., 2005; Albanese et al., 2007),
the MIDW was chosen as an interpolation method as it preserves high frequency information
(anomalies), while taking into account both spatial associations and local singularity in geochemical data
(Cheng, 1999). The concentration—area (C-A) fractal method (Cheng et al., 1994) was applied to set the
concentration intervals of the interpolated surfaces generated by the MIDW method, and ArcGIS™
software was used for the graphical presentation of the results (Fig. 6).
Different tools are used to determine the background and baseline concentration of elements (EPA,
2001; Reimann et al., 2005; APAT-ISS, 2006; Tarvainen et al., 2011; Cave et al., 2012; Ander et al.,
2013).
They are called “traditional approaches” due to the fact that most of them do not take into account both
spatial association and the data distribution local singularity. In this study, maps showing geochemical
background/baseline concentrations have been obtained using the S-A (spectrum-areas) method which
preserves high frequency information.
The S-A method is a fractal filtering technique, based on a Fourier spectral analysis (Cheng, 1999;
Cheng et al., 2001), and is used to separate anomalies from background values starting from a
geochemical interpolated concentrations map. It also uses both frequency and spatial information for
geochemical map and image processing. Fourier transformation can convert geochemical values into a
frequency domain in which different patterns of frequencies can be identified. The signals with certain
ranges of frequencies can be converted back to the spatial domain by inverse Fourier transformation
(Zuo et al., 2015; Zuo and Wang, 2016). The interpolated maps generated from geochemical data have

been transformed into the frequency domain in which a spatial concentration-area fractal method has
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been applied to distinguish the patterns on the basis of the power-spectrum distribution. A log-log plot
(Fig. 8; Fig. 10 under plots) was used to show the relationship between the area and the power
spectrum values on the Fourier transformed map of the power spectrum. The values on the log-log plot
were modelled by fitting straight lines using least squares.

Distinct classes can be generated, such as lower, intermediate, and high power spectrum values
approximately corresponding to baseline values, anomalies, and noise of geochemical values in the

spatial domain (Fig. 9; Fig. 11, under plots), respectively.

2.5. Enrichment factor

The Enrichment Factor (EF) approach, which was historically introduced to identify the level of
(economically viable) mineralisation and origin of elements in atmosphere, precipitation or seawater
(Goldberg, 1972; Chester and Stoner, 1973; Peirson et al., 1974; Duce et al., 1975; Rahn, 1976; Buat-
Ménard and Chesselet, 1979) was used in this study to ascertain soil contamination on a long term
scale (see for example Hakanson, 1980; Sutherland et al., 2000; Abrahim and Parker, 2008; Wu et al.,
2011; Saeedi et al., 2012). EF is computed using the equation described below (Eg. (2)) which was first
introduced by Chester and Stoner (1973):

Cx

EF = (m)sample (3)
(%)background

where Cx is the concentration of the element under consideration and Cref is the concentration of a
reference element. Here, the reference element is an element that is particularly stable in soil. In fact,
the stability of the element is demonstrated by a vertical immobility and/or his chemical stability (non-
degradability) (Reimann et al., 2008). Aluminium, Sc, Zr and Ti are the main elements considered in the
literature to be stable, and naturally occurring in soils. In this study, the choice of the most stable
element in EF computation was based on a robust statistical estimation called coefficient of variation
(CV) which allows a more extensive interpretation of the variability of distribution of reference elements
(Al, Zr, Sc, and Ti) using the equation:

MAD
Cv= W X 100% (4)

where CV displays the variability of distribution in percentage (%), MAD corresponds to the median
absolute deviation that is the median value (50th percentile) of the deviations of all concentrations from

the median value of concentration and MD is the median concentration. This is a robust, nonparametric
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estimate that is not affected by the presence of outliers (Reimann and de Caritat, 2005). The lower the

CV value, the more the element is stable (Table 3).

Table 3. Variability Test of Al, Sc, Ti and Zr elements; MD is the Median, MAD corresponds to median absolute
deviation, MAD=median {|xi-median (xi)|}, that is the median value (50th percentile) of the deviations of all
individual xi values (concentrations) from the median value (concentration). CV=coefficient of variation.

Stat. Parameters Al (ppm) Sc (ppm) Ti (ppm) Zr (ppm)
MD 41600 2.3 896 5.1
MAD 10900 1.01 240 1.7
CV (%) 26.2 43.8 26.7 34.2

This study intended to investigate the most effective EF calculation by comparing the use of the
reference element in continental crust (Martin and Whitfield, 1983; Peirson et al., 1974; Taylor and
McLennan, 1995; Wedepohl, 1995; Loska et al., 1997) versus the use of the reference element of the
local background area as advised by Reimann and De Caritat (2005a) and Sutherland et al. (2000). The
variation of P EFs in the study area was then displayed by means of interpolated maps where range of
EF scores were calculated based on the contamination factor in accordance with Sutherland et al.
(2000) (Fig. 12, see legend).

3. Results and discussion

3.1. Univariate and multivariate analysis
Results for Na, K and P elemental distribution have been presented by combining Edaplots (top) and
CP plots (bottom) with three different data type: raw data concentration (left), log-normal data (middle)

and ilr transformed data (right) (Figs. 2, 3 and 4).
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Fig. 2. Edaplot (combination of histogram, density trace, one-dimensional scattergram and Boxplot in just one
display) and CP plot of Na of the raw data, log-transformed data, and ilr transformed data.
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The Edaplots for Na (Fig. 2) show different ‘shapes’ depending on their type of data: the raw data
distribution is right-skewed while the log-normal data is left-skewed. This highlights how both raw and
lognormal data representation do not match well the real data distribution compared to the ilr
transformation. By using the ilr transformed data, the distribution (as shown by histogram and density
plot) tends to a normal data distribution. A similar result can be observed for K and P data distribution (in
Figs. 3 and 4). The strength of ilr transformation in data distribution is shown in the CP plot, which
displays the cumulative curve distribution where the straight-line symbolizes the most adequate model
of a normal data distribution; by using the ilr transformed data, the elemental distribution fits very closely

the straight line compared to raw and log-normal data, which are affected by the occurrence of outliers.
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Fig. 3. Edaplot (combination of histogram, density trace, one-dimensional scattergram and Boxplot in just one
display) and CP plot of K through the raw data, log-transformed data, and ilr transformed data.
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The compositional biplot (Fig. 5), based on principal component analysis, displays the correlation and
relationship between 18 analytical variables in 3669 sample points, from which the first two principal
components were extracted. The principal components are presented in a compositional biplot using

raw data (Fig. 5, left) and ilr coordinates clr back-transformed (Fig. 5, right).
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Fig. 5. Biplots for first and second principal components of factor analysis for raw data (classical, left plot) and ilr
coordinates clr back-transformed (robust, right plot) of the survey area (Campania region, Southern ltaly).

The total variance of initial raw data biplot (classical biplot) explains 43.45%, where the first principal
component (PC1) accounts for 29.71% and the second principal component (PC2) accounts for 13.74%
(Fig. 5, left). On the other hand, the robust biplot based on ilr coordinates and clr back transformed
produced significantly different results (Fig. 5, right) with PC1 explaining 47.45% and PC2 explaining
35.12% of the compositional variability.

By taking into account the direction and angles formed between the vectors, and the proximity of the
rays, it is possible to identify the presence of four groups of elements, which are most likely related to

the geogenic features and/or the main human activities in the study areas (fig. 6).
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Fig. 6. Flow chart of data processing for contamination degree modelling using GIS environment.

The main groups highlighted by the biplots are:

v Fe, Mn, Co and Ni, a group of element association characterized by their rays closed to one
another and tending to the same direction (classical biplot). This group of element is marked by
high communalities (length of the rays) of the vectors. This may be expected given that this
association is strongly related to the adsorption and coprecipitation effects operated by Fe and
Mn oxides and hydroxides occurring mostly in the sedimentary deposits such as marl-
sandstone, conglomerate and silico-clastic flysch deposits outcropping in the surveyed areas
(Cicchella et al., 2005; Albanese et al., 2007; Buccianti et al., 2015).

v Al Th, As, V, Ti, and Mo form an association of elements where Al, Ti and V dominate the
groups with the highest length of their vertexes whilst Mo has a relatively lower communality
(classical biplot). This behaviour is possibly related to the fact that these elements are mostly
immobile during weathering phenomena of the parental rocks and mostly remaining in the
residual fraction of soils. This group could therefore be directly related to the parental geology
of the surveyed areas which are dominated by the influence of pyroclastic deposits from
different eruptions of nearby volcanoes such as Roccamonfina, Vesuvius, Campi Flegrei (De
Vivo et al., 2010).

v Na, K, P, Cu, Pb and Zn elemental association is dominated by a high communality of Na and

P as well as the vicinity of their rays (classical biplot). This elemental association probably
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reflects the potassic and ultrapotassic rock formations that occur throughout the majority of the
slope of Naples and Benevento areas, associated to the lava and pyroclastic volcanic activity
of Mt. Somma-Vesuvius and Roccamonfina (Lima et al., 2003b; Albanese et al., 2013). Zinc
and Pb display short vectors which are poorly characterized and seem to be only partially
correlated to the others element of this association. These two elements may be related to
anthropogenic activities such fossil fuel combustion, as well as industrial and vehicular
emissions release (Cicchella et al., 2005; De Vivo et al., 2016).

Ca and Mg appear to be correlated and present both a short length of their rays (classical
biplot). The communality of Ca is larger and seems to be independent of all others elements
due to the fact that the angles formed are >90° compared to Mg. This confirms the high
correlation between Ca and Mg, which might be possibly related to the limestones and
dolostones of the Mt. Picentini, Mt. Lattari and Mt. Cervati. On a closer observation, the
elemental association Na, K, P, Cu, Pb and Zn could be reduced to two main subgroups,
where the variables K and Na are strongly overlapping on to each other (robust biplot). This
highlights the high correlation between these two elements occurring mostly in potassic and
ultrapotassic rock formations throughout the surveyed areas. Phosphorous and Cu are also
highly correlated both with high communalities, where P seems to be independent of the Na/K
vertexes, forming almost an angle of 90° (robust biplot). Interestingly, Cu seems to be poorly
correlated to a geogenic origin, as the direction of its ray compared to those of the group of
sulphide elements (e.g. Co and Ni) have an angle up to 90°.This may signify that Cu is
independent from other naturally occurring sulphide elements, whilst it seems to be highly
correlated to P in most soil of the surveyed area. One potential explanation is that P and Cu
may be related to agriculture activities, with large areas cultivated as vineyards, where the use
of pesticides and phosphate fertilizers is very high (Cicchella et al., 2005). For the Al, Th, As,
V, Ti, and Mo association, it is observed the dissociation of Ti variable with a high communality
of the ray (robust biplot). Titanium is considered as an immobile and stable element due to low

mobility and is mostly found in volcanic materials (Egli et al., 2008).

3.2. Geochemical elemental distribution in the survey areas

Based on the robust biplot, 18 elements have been chosen to perform sequential binary partition and

obtain balances (specific ilr-coordinates) (Table 2). In this section, Balances Z1 (Al/P) and Z2 (Na/K) will

be displayed to reveal the data for the elements of main interest (Al, P, Na and K).

The first balance Z1 (Al/P) map, ranging from 2.89 to 4.79 reveals a higher proportion of Al in

correspondence to large volcanic complexes like Mt. Roccamonfina and Phlegraean fields (Fig. 7A). In
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addition, high proportion of Al is also highlighted in correspondence of part of the Lattari range, along
the Apennines and in patches at the southern part of our study area. Scheib et al. (2014) highlighted
that the Mt. Roccamonfina volcano is characterized by pyroclastics rocks with high level of elements
such Al, Th and Ti, as well as in the Campanian Ignimbrites in the Apennines (De Vivo et al., 2010).

In contrast, the higher proportions of P (Fig. 7A) in correspondence to lower values of coordinate
(ranging from 0.6 to 1.95) are found around Mt. Somma-Vesuvius, and in several areas of the eastern
region of our study area, where large agricultural fields (e.g., vineyards and orchards) are located.

The second balance map Z2 (Na/K) (ranging from -0.65 to 0.41) shows the dominance of Na and K in
the study area (Fig. 7B).

In fact, higher proportion of Na can be observed in correspondence to Mt. Roccamonfina, Phlegrean
fields, and Ischia Island. Sodium may be related to the potassic and ultrapotassic rocks and volcano-
sedimentary deposits from major sector collapse of volcanoes in the study area (Scheib et al., 2014; De
Vivo et al., 2016). In contrast, the higher abundance of K corresponding to lower balances (ranging from

-3.26 to -2.48), can be observed in the southern part of our study area.
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Fig. 7. (A) The interpolated Z1 map. Note the red and blue colours highlight higher and lower proportion of Al and
P, respectively. (B) The interpolated Z2 map. The red and blue colours highlight higher and lower proportion of
Na and K, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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In fact, Thiombane et al. (2018a) showed a high enrichment of K in silicoclastic deposits dominated by
flysch series in southern part of our study area. Furthermore, pyroclastic rocks from different eruptions
of nearby volcanoes (Roccamonfina, Vesuvius, Phlegrean Fields - De Vivo et al., 2010; Buccianti et al.,
2015; Mt. Vulture and Aeolian islands - Peccerillo, 2005; Scheib et al., 2014) are found in this area. The
back-transformation of balances based on the partition matrix helped to display results in the original
part space giving the same values of Al, P, Na and P elements concentration because of the bijection
between the original space of the parts and that of the ilr-transformation (Egozcue et al., 2003; Olea et
al., 2018).

The concentration of Al, ranging from 2344 to 94,334 mg/kg with a mean value of 32,918 mg/kg, was
separated into five ranges according to C-A fractal plot (Fig. 8A, plot below). The lowest concentration
values roughly ranging from 2344 to 30,000 mg/kg, are found in the north-eastern and south-western
part of the study area in correspondence with the Apennine chain and the Cervati Mt., respectively. The
highest concentrations (up to 57,000 mg/ kg) are found in soils on the slope of the volcanoes (Mt.
Somma-Vesuvius and Roccamonfina), surrounding the Mt. Matese and the Mt. Lattari (Fig. 8A). The
elevated concentration of Al in soils surrounding the volcanoes is possibly related to the parental
pyroclastics which subsequently formed soils (De Vivo et al., 2016). On the other hand, in the Mt.
Matese and Mts. Lattari, Al concentrations could result from the occurrence of several imbrications of

bauxite minerals which were exploited in the first part of the 20th century (Mondillo et al., 2011).
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Fig. 8. Interpolated maps of Al (A) and P (B) elemental distribution in the survey area; ranges of concentration are
based on the C-A fractal plot held bellow.
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The background/baseline map of Al (Fig. 9A) shows the highest concentration ranging from 51,000 to
61,000 mg/kg in correspondence with soils around the Roccamonfina and Vesuvius volcanoes.
Phosphorus content in Campania soils ranged from 156 to 16,087 mg/kg (Fig. 8B) with a mean value of
1011 mg/kg, which corresponds to the mean level of the European soil (Téth et al., 2014).

Average concentrations (ranging from 64,935 to 75,000 mg/kg) increased significantly near Mt. Somma-
Vesuvius and the highest values (up to 75,000 mg/kg) were found in Vitulano municipality (Benevento
Province), and in the nearby Lioni and Laviano districts (Avellino Province). In particular, the
corresponding underlying geology does not seem to be able to account for this P elemental anomaly:
the soils of Vitulano district are mostly from sandstone, flysch deposits and limestone whereas Lioni and
Laviano districts soils are mostly from limestones.

The high P concentration might be possibly related to anthropogenic activities related to the large
fertilizers use in agriculture. Part of the Vitulano municipality lies in fact in an area with intensive
vineyard occurrence. The background/baseline P distribution (Fig. 9B) is characterized by >95% of the
survey area with P values<1500 mg/ kg. This range of concentration is usually characteristic of
siliciclastic, limestone and dolostone deposits/geology. Greater concentrations ranging from 2200 to
4600 mg/kg were found on the slopes of the Mt. Somma-Vesuvius, and Lioni and Laviano districts,

possibly linked to geogenic and anthropogenic sources, respectively.
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Fig. 9. Background/baseline maps of Al (A) and P (B) elemental concentration in the survey area.

Sodium and K concentrations ranged from 20 to 17,592 mg/kg with a mean concentration of 1265
mg/kg, and from 804 to 63,850 mg/kg with a mean concentration of 6852 mg/kg, respectively (Table 1).
The highest values of Na (up to 10,900 mg/kg) were found in soil samples on the slopes of the Somma-
Vesuvius and Roccamonfina volcanoes, in the Phlegrean Fields and Ischia Island whereas those for K
(up to 41,522 mg/kg) were found mostly on soils surrounding the Mt. Somma- Vesuvius (Fig. 10A and
B). These values could reliably be attributed to the occurrence of volcanic rocks and related soils in the
surveyed areas.

These formations are dominated by potassic and ultrapotassic lavas and pyroclastic materials. The
interpolated maps reflect hence the concentrations of Na and K elements in such rocks and pyroclastics
formations linked to Quaternary volcanic activities (Peccerillo, 2005; Albanese et al., 2013; Buccianti et
al., 2015). In general, the soils of the Vesuvian area, formed from a more recent volcanic activity (Joron
et al., 1987; De Vivo et al., 2003; Lima et al., 2003b) are much richer in Na and K than the soils on the
much older Roccamonfina volcano. This is due to the fact that Na and K are relatively mobile and easily

leached elements in the surficial environment.
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Fig. 10. Interpolated maps of Na (A) and K (B) elemental distribution in the survey area; ranges of concentration
are based on the C-A fractal plot held bellow.

The background maps of the Na and K (Fig. 11A and B) show low concentration ranging from 20.1 to
3200 mg/kg and from 804 to 9100 mg/kg, respectively. These relatively low ranges of concentration of
Na and K were found to correspond to the same lithologies. At regional level, the highest concentration
of Na and K was found in soil on the slopes of the Roccamonfina and Mt. Somma-Vesuvius, ranging
from 3200 to 9700 mg/kg and from 9100 to 46,900 mg/kg, respectively. This allows delimiting two

ranges of background concentration of Na and K related to the local geology (Table 4).

39



Sodium

Potassium
Ppm

ppm
B -0 Il -:530
I 1,000-3,200 [ 3300-9,100
o [ ] 9,100- 15,000

[ 15,000 - 35400
I 35400 - 46,900

4 \ 4 |
Anomaly i |
-

Background 1 ‘

B 0.000-9.700 0510 20km 0510 20km
SRS N——

(A )

Anomaly

w
w

Log (A(>5))
Log (A>S))

Background

10 12 13 11 15

Log (S) Log (S)

Fig. 11. Background/baseline maps of Na (A) and K (B) elemental concentration in the survey area.

3.3. Enrichment factor or phosphorus degree of contamination

The variability coefficient (CV) of the reference elements was measured as: 26.2% (Al), 43.8% (Sc),
26.7% (Ti) and 34.2% (Zr - Table 3). Aluminium displayed the lowest value of CV, followed closely by Ti,
Zr and Sc. Al and Ti are mostly related to processes forming and presence of oxides (Al203 and TiO2)
in clastic materials and are not easily affected by weathering processes. These results prove that Al
remain the most stable element and was therefore chosen as reference variable to determine the P
enrichment factor for this study too.

The enrichment factor scores were calculated for P using both the Al elemental concentration in
continental crust (Fig. 12A), and the local Al background concentration in the survey areas (Fig. 12B).
The reference with the continental crust value (Fig. 12A) showed a lower EF score (EF<2) in the
northern and southern parts of the region, with medium EF scores (ranging from 2 to 4) comprising
>50% of the study area. Higher EF scores (ranging from 20 to 40), corresponding to anomalous
enrichments, were found in soil on the slopes of the Mt. Somma-Vesuvius and in the Lioni and Laviano
districts. Vesuvian areas (Fig. 9) displayed higher concentration of P which can though be related to the

underlying background concentration, where the enrichment can be explained by geogenic (volcanic)
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source. Lioni and Laviano districts lie in areas characterized by limestone-derived soils; a high P
enrichment factor could therefore be linked to anthropogenic activities. The highest range of P
enrichment factor scores (> 40) is registered in the provincial territory of Benevento (particularly towards
the Vitulano municipality). Soils in this area are derived from sandstone, flysch deposits and limestone,

where intensive agriculture activities, such as vineyards and olive plantations, are practiced.

6: Vitulano 6: Vitulano
7: Lioni T: Lioni
8: Laviano 8: Laviano

P enrichment factor scores P enrichment factor scores

- <2 Deficiency to minimal enrichment - <2 Deficiency to minimal enrichment
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Fig. 12. Interpolated maps of the enrichment factor scores into the study areas; (A) map created using the
continental crust reference values of Al and P (Wedepohl, 1995); (B) map is based on the local reference
background concentrations of Al and P (this study) as reference elements in each pixel.

The extremely high P enrichment may be related to the use of phosphate fertilizers in agriculture
practises in this area.

The calculation of P enrichment factors with local background concentrations (Fig. 12B) presented
different distribution and intensity of EF scores in the study area. The Vesuvian areas presenting
previously significant enrichment (EF ranging from 5 to 20, Fig. 12A) were now presenting a minimum
enrichment instead (EF < 2, Fig. 12B). The Vesuvian area are characterized by a high P background
concentration related to the underlying parental volcanic rocks which represent materials for the
subsequently formed soils throughout this area. Furthermore, Al was found at lower concentration
values compared to its value in the continental crust (Table 4). Indeed, EF calculation using the P and Al

local background concentrations provides a smoother EF in relation to the Vesuvian area compared to
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their actual local variabilities. A similar result was observed in the area surrounding Lioni, Laviano and
Vitulano municipalities. EF calculated in the classic way (Fig. 12A) showed a very high (EF ranging 20
to 40) and extremely high enrichment (EF > 40) as opposed to the moderate (EF ranging from 2 to 5)
and significant enrichment (EF ranging from 5 to 20) shown by EF calculated using the local background
(Fig. 12B). Using the local background concentration of Al and P (Fig. 12B), the widespread enrichment
created by calculation made using the continental crust values as a reference fades away, replaced by a
much narrower enrichment that take into account the local variability of P and Al, and highlights the
anthropogenic P inputs observed around the Lioni and Laviano districts, and even more significantly in
the Vitulano municipality where it may be related to the use of phosphate fertilizers in agriculture
activities. A continental crust concentration based EF ‘hides’ the anthropogenic input behind a more
general enrichment due to the fact that it does not consider the local geological variability (Reimann and
de Caritat, 2005; Albanese et al., 2013; Zuzolo et al., 2017). However, when taking into account the
local concentration, the anthropogenic input can be more clearly distinguished from the geogenic
enrichment factor. In other words, by using as a reference the local background, it is easier to isolate

anthropogenic enrichment factors from the geogenic ones.

Table 4. Geogenic background/Baseline value ranges for Al, P, Na and K elemental concentration in the
continental crust (Wedepohl, 1995) and in soils of the Campania region according to the lithology.

Elements ‘ Wedepohl, 1995 Local background in this Study

Continental Crust  Siliciclastic deposits Limestone and Dolostone Volcano-clastic deposits
Al (mglkg) 150500 9432 - 30400 30400 - 51000 51000 - 61000
Na (mg/kg) 35600 20.4 - 1000 204 - 1000 1000 - 9700
K (mglkg) 31900 804 - 9100 804 - 9100 9100 - 46900
P (mg/kg) 1500 156 - 1500 156 - 1500 1500 - 4600

4. Conclusions

Evidence from this study showed that compositional data transformations such as ilr transformation can
help to solve the outlier artefacts and moves the composition sample space to the Euclidean Real space
R-1, which is failed by the classic statistical data transformation (Filzmoser and Hron, 2008).

The multivariate and integrated approach applied in this study on a multi-elemental geochemical dataset
allowed to highlight the correlation between variables and helped identifying the main sources of
elements in the surveyed region. Biplot based on transformed data were able to highlight the main
geological features as well as the potential input of anthropogenic activities in the Campania region. In

particular, four association complexes were identified:
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1) Fe, Mn, Co and Ni: associated to the coprecipitation of Mn and Fe oxides-hydroxides in flysch and
arenaceous material;

2) Ca and Mg: associated to limestones and dolostone outcrops occurrence of the Mt. Picentini, Mt.
Lattari and Mt. Cervati limestones;

3) Al, Th, As, V, Ti, and Mo: associated to the pyroclastic coverings;

4) Cu and P: potentially associated to the agriculture activities through use of phosphate fertilizers.

The robust biplots allowed to display elements in a wider space and provided grounds for an enhanced
data interpretation: the length of the rays, which is linked to the variability of ilr data clr back transformed
as opposed to the variables themselves, permitted to emphasize their potential sources; the groups of
elements highlighted by proximal rays, were used as evidence of either local geological features and/or
anthropogenic activities.

In addition, the interpolated maps by use of C-A fractal plot helped to distinguish element distributions
related to their main sources, whereas using S-A multifractal plot allowed to display the background
concentration Al, Na, K and P elements as reference values for Campania soils.

The maps of P Enrichment Factor scores using as reference the continental crust and the local
background values showed:

1) A significant P enrichment (from 5 to 20) in soils on the slopes of the Mt. Somma-Vesuvius related to
the underlying parental volcanic rocks (geology), where the geogenic component represent clearly the
natural background. This enrichment disappeared when the local background reference of Al and P are
used. In fact, due to the geogenic source of the P and Al in these areas, the EF tended to decrease
when using the local background, confirming that those areas were not contaminated by human
activities.

2) The highest range of P EF factor scores (> 40) were registered in the Benevento provincial territory
(particularly in Vitulano district), Lioni and Laviano districts, with values decreasing two times when
using as reference the local background values. Taking into account that the underling geology of these
areas could not influence these high P EFs, it is very likely that these values may have an
anthropogenic source. The above provincial districts fall in a territory where intense agriculture activities
are present, allowing inferring that such soils may be affected by use of phosphate fertilizers.

As a general observation, the findings from this study confirm the validity of using local background
concentrations to better identify the ‘real’ degree of contamination as opposed to generalised continental
crust values, which could emphasize ‘spurious’ enrichment due mainly to natural local concentrations of
elements. From an applied point of view, the integrated approach applied here provided a more robust
qualitative and quantitative evaluation, highlighting new and vital information on the distribution and

patterns of key elements (Na, K, Al and P) in soils of the Campania region. The findings from this

43



investigation strongly point towards highly desirable follow up studies in clearly identified and discrete
areas displaying high P EFs: this would allow a more detailed and thorough assessment of P footprints,
which could then be used for a comprehensive human health risk evaluation due to direct and indirect
exposure. This is particularly important, when considering that, if P was linked to fertilizers source, these

could include impurities such as Cu, As, Zn and Pb, well-known potentially toxic elements (PTEs).
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Soil Contamination Compositional Index: a new approach to quantify
contamination demonstrated by assessing compositional source patterns of
potentially toxic elements in the Campania Region (ltaly)

Abstract

Potentially toxic elements (PTEs) are a major worldwide threat to the environment due to the constant
global increase in industrial activity and urbanisation. Several studies have provided detailed maps and
a better understanding of the spatial distribution patterns of PTEs in different matrices, but the majority
of these studies have simply neglected the compositional nature of geochemical data. The aims of this
study are to reveal the compositional behaviour and relative structure of 15 PTEs (subcomposition) in
Campania, one of the most contaminated regions in ltaly, and to quantify the spatial abundance and
identify the possible origins of these PTEs. Robust compositional biplots were used to understand the
natural grouping and origin of the PTEs. Ratios of specific subcompositions (balances) of PTEs were
calculated to map the spatial patterns and identify the spatial variability of the PTEs. This study presents
the preliminary steps needed to quantify and analyse the relative difference in the spatial abundance of
PTEs by applying a compositional abundance index. In addition, a new soil contamination compositional
index (SCCI) was elaborated to quantify topsoil contamination by the 15 PTEs and related subgroups
following the compositional structure of the geochemical data. The elevated spatial abundance of the 15
PTEs is related to highly urbanised (Naples and Salerno), highly industrialised (Solofra) and intensely
cultivated areas (Sarno River Basin), where the high dominance of elements from the anthropogenic
subgroup (Pb, Sb, Sn and Zn) and high SCCI values suggest that contamination is from anthropogenic
sources. The high spatial dominance of elements from the volcanic rock subgroup (As, Be, Se, Tl and
V) in these same areas is likely related to geogenic sources, including alkalic pyroclastic rocks.

Although the high spatial abundance of Group B elements (Cd, Cr, Co and Ni) is related to Terra Rossa
soils and shaley facies of siliciclastic rocks of the southern Apennines, these same elements can also
reach high abundances and reflect contamination (i.e. high SCCI values) from urbanised and
industrialised areas due to e.g., tanneries and alloy production.

Other high spatial abundances of the 15 PTEs with little or no contamination (i.e. very low SCCI values)
can be related to nearby carbonate massifs, where a mixture of geogenic factors including weathering,
advanced pedogenic processes, adsorption and co-precipitation with Fe-/Mn-oxy-hydroxides and the
presence of pyroclastic material might all be responsible for an increase in abundance.

The lowest spatial dominance of the 15 PTEs occurs in the north-eastern and southwestern siliciclastic
zones of the Campania Region, where there is a low level of urbanisation and industrialisation and

therefore contamination from any source can be excluded.

46



1. Introduction

One of the main objectives of environmental geochemistry research is to constrain the spatial
distribution patterns of various organic and inorganic elements and compounds to determine whether
sources are geogenic and/or anthropogenic. Geochemical mapping and the delimitation of
mineralisation or contamination/pollution areas has always been the focus of exploration and
environmental geochemistry. Several graphical techniques including proportional dots (Bjérklund and

Gustavsson, 1987), statistical methods like Mean + 2 Standard Deviation (Hawkes and Webb, 1962;
Reimann and Garrett, 2005) and Median + 2 Median Absolute Deviation (Reimann et al., 2005),
cumulative probability plots (Tennant and White, 1959; Lepeltier, 1969; Sinclair, 1974), upper-fence
criteria in Tukey's boxplots (Tukey, 1977) and stated percentiles (e.g., 95th, 98th) in box-and-whiskers
plots (Kiirzl, 1988) have all been used to define geochemical threshold values and outliers. The
separation of elemental anomalies from baseline and background values using various fractal methods
such as the Concentration-Area (C-A) or Spectrum-Area (S-A) techniques and local singularity analysis
have been successfully applied (Cheng, 1999; Cheng et al., 1994, 2000; Lima et al., 2003a, 2005;
Albanese et al., 2007, 2015; Zuo et al., 2015; Zuo and Wang, 2016; Parsa et al., 2017; Minoffi et al.,
2018a; Rezza et al.,, 2018). Potentially Toxic Elements (PTEs) have always been given special
emphasis because the accumulation of these elements in different matrices can cause soil and land
degradation that can then be transferred to the human body from dermal contact, inhalation or ingestion
through the food chain and drinking water (Lim et al., 2008; Ji et al., 2008; Varrica et al., 2014). PTEs
are a major environmental concern because concentrations are constantly rising due to accelerated
population growth and therefore increased urbanisation and industrialisation that generate a wide range
of anthropogenic contamination sources (Albanese et al., 2010; Guillén et al., 2011; Wang et al., 2012;
Wu et al., 2015). PTE compounds are generally non-biodegradable with long biological half-lives that
tend to accumulate in soils by adsorption to clay minerals and organic matter (Kabata-Pendias, 2011).
However, PTE bioavailability is influenced by different physicochemical processes (e.g., pH, Eh) and
physiological adaptations (Yang et al., 2004; Skordas and Kelepertsis, 2005; Barkouch et al., 2007;
Kabata-Pendias, 2011; Zhao et al., 2013, 2014). Several single and integrated contamination indices
have been used, such as the Enrichment factors (Chester and Stoner, 1973), Geoaccumulation Index
(Muller, 1969) and Single Pollution Index (Hakanson, 1980; Muller, 1981), to quantify the contamination
status of different environmental media. Indices using background/baseline values (e.g., Single Pollution
Index) for reference are straightforward, but are not scale-invariant meaning that the change in units of
the concentrations modifies the results of the analysis (Aitchison and Egozcue, 2005; Pawlowsky-Glahn
et al., 2015a). The critical reviews of element ratio variations and Enrichment factors (EFs) were made

by Reimann and de Caritat (2000,2005) claiming that their values vary and are dependent on the
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different parent rock materials and chosen reference media as well as reference elements. In addition,
these indices do not take into account the different biogeochemical processes, the natural fractionation
of elements or differential solubility of minerals which may have remarkable impact on elemental
enrichment/contamination (Reimann and de Caritat, 2000, 2005b). Sucharova et al. (2012) emphasised
that high EFs or top-/bottom soil ratios reflect the geochemical decoupling of the lithosphere from the
biosphere rather than contamination. They concluded that regional distribution of the raw data from
multi-medium provides a better indication of the extent and impact of pollution than ratios calculated
based on misconceptions. Fabian et al. (2017) introduced a new method for detecting and quantifying
diffuse contamination based on the analysis of cumulative distribution functions. This method revealed
local contamination sources and efficiently monitored diffuse contamination at the continental to regional
scale. However, geochemical data are inherently compositional data; therefore indices measuring the
contamination/pollution should be considered the main principles of compositional data analysis.

This study aims to better understand the compositional behaviour and relative structure of a
subcomposition of 15 elements, which are listed as PTEs for the Campania Region (D. Lgs. 152/2006),
and to quantify the spatial abundance and identify the possible origins of PTEs. We put special
emphasis on the ratios of specific subcompositions (balances) of PTEs by mapping the spatial patterns
and making profiles to reveal the spatial variability. This study presents the preliminary steps to analyse
the spatial abundance of PTEs by applying a compositional abundance index. A new soil contamination
compositional index was elaborated to quantify the topsoil contamination from the 15 PTEs and

associated subgroups following the compositional structure of geochemical data.

2. Study area
2.1.Geology and Landuse

The main geology and Landuse of the Campania region have been described in the section 2.1.

3. Materials and methods
3.1. Sampling procedure
Sampling design and procedure follow Geochemical Mapping of Agricultural and Grazing Land Soils

(GEMAS) sampling protocol described in the section 2.1.

3.2.Methods
3.2.1. Statistical analysis
A wide range of summary statistics [lower and upper quartiles (Q1, Q3), maximum, minimum, mean,

robust coefficients of variation (CVR), median absolute deviation (MAD), kurtosis and skewness] were
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applied in this study using log-transformed data that was then back-transformed to describe the central
tendency and variability of the investigated PTEs. Although the log-ratio transformation of data is more
relevant in compositional data analysis, the summary statistics output expressed in the raw
concentrations of single elements is also meaningful and more easily interpretable.
Tukey boxplots were also generated with log-scaling to visualize the distributions and distinguish the
univariate outliers of each of the 15 PTEs. The intervention limits of the 15 PTEs for residential and
industrial areas established by Italian law (D. Lgs. 152/2006) were also displayed. To serve as an
additional reference, the median values of the 15 PTEs from European agricultural soils (Reimann et al.,
2014) were also included and the ratio between the Campanian topsoil medians and European
counterparts was calculated.

3.2.2. Compositional multivariate analysis
Geochemical data are typically compositional in nature with positive vectors whose elements (parts)
describe quantitatively relative contributions to a whole (Aitchison, 1986; Pawlowsky-Glahn and
Buccianti, 2011; Pawlowsky-Glahn et al., 2015b). Egozcue et al. (2003) introduced the isometric log-
ratio (ilr) transformation to generate coordinates with an orthonormal basis, which cannot be affected by
intrinsic distortion of scatterplot matrices and are subcompositionally coherent. One way to get ilr
coordinates is fully evinced in the section 2.1. The robust biplot was created by considering not only the
15 PTEs but also 9 major elements (Al, Ca, Fe, K, Mg, Mn, Na, P and Ti). The major elements were
included to better interpret and delineate the subgroups of PTEs and distinguish geogenic factors from
anthropogenic ones. However, for the construction of balances, the focus was only on the relative
structure of the 15 PTEs (subcomposition).
Based on the robust biplot analysis and taking into account the local geological setting and geochemical
properties of elements, a sequential binary partition was performed using the 15 PTEs subcomposition.
We were particularly interested in the main contamination sources and spatial patterns of the PTEs,
which can be characterised using 4 specific balances (Z1, Z6-Z8). Each of these had elements
belonging to distinct groups on the robust biplot, reflecting different geogenic and anthropogenic
processes.
Interpolated maps were generated from these balances using the multifractal inverse distance weighted
(MIDW) method (Cheng et al., 1994) with GeoDAS software. For the interpolation, we used a 5 km
search radius and a minimum of 4 data points, with the map resolution set to 1 km based on the break
point of the nearest distance cumulative plot of the sampling sites. Considering that the balance values
can be negative and therefore not “log transformable”, a min-max normalisation was applied by scaling
the original data within a specified range of values (e.g., ranging from 1 to 100). Min-max normalisation

is a linear transformation applied to the original data that does not affect the geometrical structure (Han
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and Kamber, 2001). After interpolation, the normalised values were back-transformed to visualize the
original range of balances.

In addition, the concentration-area (C-A) fractal plot (Cheng et al., 1994) was used to classify the
interpolated balance maps (Z1, Z6-Z8) and capture the different spatial patterns.. Profiles were also
made for the interpolated balance maps in different directions to capture spatial variability and define

outliers of specific groups of elements.

3.2.3. Compositional Abundance maps and the Soil Contamination Compositional
Index
Soil contamination by PTEs represents one of the foremost environmental issues in the world today.
High concentrations of PTEs and associated compounds put human beings at risk through dermal
contact, inhalation and ingestion (Lim et al., 2008; Ji et al., 2008; Varrica et al., 2014). A compositional
index should be invariant from a change in measurement units or multiplication by a constant (Egozcue,
2009). Compositional data can be properly analysed using log-contrasts as a balance between certain
groups of elements, as is the case for pollution indices that consider the ratio of the geometric mean of
pollutant concentrations with that of non-pollutant concentrations (Jarauta-Bragulat et al., 2015).
Jarauta-Bragulat et al. (2015) also introduced a new air quality index (AQI) that was a good
approximation of a log-contrast as a balance.
AQI was calculated as AQI (x) = k* gn-1(x), where k* is a constant depending on the units of pollutant
concentrations and gn-1(x) is the geometric mean of air pollutant concentrations. In order to get a
normalised index, they used an arbitrarily large geometric mean value (max gn-1(x)) as a denominator
which correspond to an almost incredible pollution of the air and modified the equation to be the
following:
AQI* = (k*/ max gn-1(x)) * gn-1(X) (1)

In this study, the same equation as Eq. 1 was tested on the 15 PTEs but we used the maximum
geometric mean of the PTEs as a denominator and changed the name to Compositional Abundance
Index (CAl). Compositional abundance indices were also calculated for specific subgroups that were
categorized as the following: Volcanic (As, Be, Tl, V and Se), Terra Rossa soil and Siliciclastic (Cr, Ni,
Co and Cd) and Anthropogenic (Pb, Sb, Sn and Zn) Compositional Abundance Indices. The calculation
was applied to subgroups based on a sequential binary partition table using Eq. 1. We used 100 as the
k* constant in Eq. 1 to get abundance ranges between 0 and 100. Although the CAl is compositionally
meaningful and easily interpretable, the maximum geometric mean of elemental concentrations in the

denominator makes it a one-off estimator for a survey. This was the motivation for elaborating a new
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Soil Contamination Compositional Index (SCCI) for both the total and subgroups of the 15 PTEs. The
SCCl is stable and retains the same value for older observations even if the geochemical sampling is
expanded. The SCCI was calculated using the following equation:

SCCI = gn-1(X) / gn-1(Xbas) (2)

where the geometric mean of the 15 PTEs concentrations is gn-1(x) and the geometric mean of the
baseline values of these elements is gn-1(Xbas). We used the baseline values of each of the 15 PTEs
published by De Vivo et al. (2016) for the entire Campania Region. These baseline values for each
element were obtained by the Spectrum-Area (S-A) fractal method developed by Cheng et al. (1994,
2000). Although baseline values can be decomposed into anthropogenic and geogenic parts, the larger
the SCCl is, the larger the contamination of topsoils may be. SCCI values close to 1 indicate little or no
contamination by the investigated PTEs. The SCCI was also calculated for the same specific subgroups
(Volcanic, Terra Rossa soil and Siliciclastic, Anthropogenic) using the respective baseline values to
reveal contamination source patterns. The SCCI ratio values were interpolated using the MIDW method

and classified by C-A fractal plots.

4. Results and discussion
4.1. Univariate statistical analysis
Table 1 displays the summary statistics of the 15 PTEs and the percentages below the detection limit for
Cr, Sb and Se. In terms of variability, Cu has the highest robust coefficient of variation (CVR) (56.45%),
followed by Se (50%) and Hg (46.15%). The lowest CVR is represented by Ni (26.45%), Co (26.67%)
and As (26.89%). The distribution of variables is mainly right-skewed and not symmetric based on

positive skewness and kurtosis values (Table 1).

Table 1. Summary statistics of the 15 investigated PTEs based on log-transformed data that was then back-

transformed.
PTEs  Min Q1 Mean Mean-log Median Q3 Max CV (%) MAD  Skewness  Kurtosis <DL (%)
Cu 251 3189 9730 63.45 58.57 124.19 2394.33 56.45 33.25 0.19 -0.16
Pb 312 3207  67.09 49.09 51.50 73.34 1305.91 39.16 20.23 0.12 1.32
Zn 1140 6910 117.25 96.36 89.60 126.75 3210.60 28.76 25.70 0.80 2.77
Ni 050 1210 1839 15.22 15.50 20.90 98.90 26.45 4.10 -0.48 1.35
Co 080  7.60 10.81 9.83 10.50 13.30 79.00 26.67 2.80 -0.49 1.31
As 060 810 11.97 10.51 11.90 14.80 111.50 26.89 3.20 -0.89 1.99
\ 500 4300 63.71 57.52 59.00 84.00 224.00 32.20 19.00 -0.65 0.65
Cr 0325 1110 20.20 15.73 16.00 23.10 808.40 35.00 5.60 -0.16 2.99 0.04
Cd 002 023 0.49 0.37 0.37 0.56 11.06 4324 0.16 0.27 1.24
Tl 005 074 1.37 1.06 1.40 1.95 3.62 42.86 0.60 -1.24 0.87
Sb 0.013 043 0.97 0.65 0.65 0.98 40.79 40.00 0.27 0.14 343 0.22
Hg 0.003 0.033  0.094 0.058 0.052 0.098 6.775 46.15 0.025 0.50 0.97
Se 0.065 0.20 0.43 0.33 0.40 0.60 240 50.00 0.20 -1.04 0.46 5.11
Sn 0.20 1.90 397 2.98 3.30 4.70 125.60 4242 1.40 0.27 0.63
Be 020 270 443 3.71 450 5.90 16.90 33.33 1.50 -1.21 1.29
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The Tukey boxplots also reveal the asymmetry in the distribution of variables and the dominance of high
outliers on a log-scale (Fig. 1). The medians of variables of the Campanian topsoil data exceed the
European counterparts (GEMAS, Reimann et al., 2014) for all of the elements except for Cr. The
elements with the highest ratios of medians are Tl (r=11.6), Be and Sn (r=4.58) (Fig. 2), while the
elements with the lowest ratios of medians are Cr (r=0.8) and Ni (r=1.03). All of the 15 PTEs have
concentration values above the intervention limits for residential areas and a few samples also exceed
the industrial limits set by Italian law (D. Lgs. 152/2006) (Fig. 1). The analyses for Cu, Zn, Pb, As, Be,
Sn and Tl are the most concerning because the vast majority of high outliers are above the residential
intervention limits, indicating that there are potential risks for human beings (Fig. 1). It should be
emphasised that Sn becomes toxic only if combined with organics to form organo-Sn compounds
(Kabata-Pendias, 2011), though Italian Law reports it as a PTE. The average upper-crustal
concentrations of the 15 PTEs (Wedepohl, 1995) are generally lower than the medians of the respective

elements in the Campania Region with the exception of Cr, Ni and Co (Fig. 1).
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Fig. 1. Box-plots of the 15 PTEs. Green and red lines show the intervention limits for residential and industrial
areas, respectively (D. Lgs. 152/2006). The thick black lines mark the average upper crustal concentration of the
given element (Wedepohl, 1995). The numbers in the boxes are the medians of the respective elements. M:
medians of respective elements from the Geochemical Mapping of European Agricultural Soil project (Reimann et
al., 2014). r: ratios between the medians of the Campanian PTEs and the European counterparts.
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4.2. Compositional multivariate analysis
4.2.1. Robust biplot analysis

The first two axes of the compositional robust biplot explain 60.58% of the total variability of the 15
PTEs and 9 major elements (Fig. 2). The biplot reveals several distinct groups, but special emphasis
was put on the PTEs.

Group A consists of the clr (centred log-ratio) coefficients of Hg, Pb, Sb and Sn, with rays pointing in the
same direction with the highest loading of the clr-Hg (Fig. 2). This group is represented by clr-
coefficients that are likely related to anthropogenic activity including heavy traffic, fossil fuel combustion,
illegal waste disposal and extensive agricultural activity. The anthropogenic origin of these elements
was also revealed in stream sediment data by Albanese et al. (2007) and in other local-scale studies by
Cicchella et al. (2005, 2016) and Petrik et al. (2018a). The clr-Hg might also be influenced by a
combination of processes because the vertex deviates from the rest of Group A and reveals a high clr-
variability (vector length) (Fig. 2). High Hg concentration has been attributed to anthropogenic (e.g.,
traffic, fossil fuel combustion) and hydrothermal activity (Cicchella et al., 2005; De Vivo et al., 2016).
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Fig. 2. Robust biplots of the 15 PTEs and 9 major elements projected using (A) PC1-PC2 axes and (B) PC1-PC3
axes. Elements with bold letters represent the 15 PTEs. Different colours mark different subgroups of elements.
Further details about the separated subgroups can be found in the text. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article).

Group B is represented by the clr-coefficients of 4 PTEs (Ni, Cr, Co and Cd) and 2 major elements (Fe
and Mn) (Fig. 2A). The rays are pointing in the same direction with the longest vector length of Cr and Ni
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(Fig. 2A). Cd has the lowest clr-variability of the 4 PTEs. The association of these 4 PTEs with Fe and
Mn may be related to phyllosilicates and Fe-/Mn-sulphides from black shaley facies of siliciclastic rocks
(e.g., Crete Nere Fm.). However, the biplot projected on the PC1-PC3 axes reveals that these 4 PTEs
are also accompanied by the major elements of Ca and Mg (Fig. 2B). This association reflects different
geogenic processes that may be indicative of elements sourced from Terra Rossa soils. Terra Rossa
soils (e.g., Haplic Luvisols) were mapped (Di Gennaro et al., 2002) throughout the NW-SE trending
carbonate massifs of the southern Apennines in the Campania Region where some bauxite
mineralisation was also found (Mondillo et al., 2011; Boni et al., 2013).

In fact, the 4 PTEs of Group B seem to be associated not only with shaley facies of the siliciclastic rocks
but also with the Terra Rossa soils. Group C forms a separate association that includes the clr-
coefficients of As, Be, Tl, V and Se and the major elements of Al and Ti. The rays are scattered but all
point in the same direction with the longest vector length of Ti (Fig. 2A). These clr-coefficients may be
related to the presence of volcanoclastic rocks and hydrothermal/volcanic activity (Tarzia et al., 2002;
Lima et al., 2003b; De Vivo et al., 2016). However, the relative abundance and spatial pattern analysis
of As and Be revealed that these elements may be at least partially associated with advanced
pedogenic processes (e.g., mature Andisols found with a Chemical Index of Alteration of 70-80) in the
Campania Region (Petrik et al., 2018b; c). De Vivo et al. (2016) related some of these elements (e.g.,
Al, As, Be and TI) to the oldest volcanic products of the Campanian eruption events.

Group D contains only the clr of Cu and the major element of P, with vertices separated from other
associations that point in a different direction. Studies of the stream sediment and topsoil from the
Campania Region and Sarno River Basin demonstrated that these elements are related to agricultural
activity using sewage sludge and phosphate fertilizers (Albanese et al., 2007; Adamo et al., 2014;
Cicchella et al., 2016).

Finally, the last association includes the clr-coefficients of Na and K that are not reported as PTEs by
Italian law (D. Lgs. 152/2006) and have high abundances related to the youngest volcanic rocks of Mt.
Somma-Vesuvius and the Phlegraean Fields (De Vivo et al., 2016).

4.2.2. Balance maps (Z1, Z6-Z8)
Based on the robust biplot analysis, a sequential binary partition was performed that involved the 15
PTEs subcomposition (Table 2). There was a particular interest in groups of elements that represented
different geogenic and/or anthropogenic processes. For this reason, 4 balance maps (Z1, Z6-Z8) were

further analysed to reveal spatial patterns and contamination sources (Table 2).
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Table 2. Sequential binary partition table of the 15 PTEs subcomposition to obtain balances (Z1-Z14). Positive
and negative signs (parts) in the i-th order partition show the separated two parts (groups of elements) used in
the calculation of the given balance. The empty entries are parts (elements) that were not involved in the partition
in the ith order. Balances were calculated with CoDA-Pack 2.02.21. The highlighted balances were further
analysed for the identification of spatial patterns.

Elements | 2122|723 |74 | 25|26 |Z7 |28 |29 210 | 211|212 | 213 | Z14

As + |+ | 4

Be + +

Tl +

v

Se

T S P

Pb

Sb

Sn -

Zn -

Hg -

Cu -

Cr - - + +

Ni . : :

Co - - - +

Cd - -

4.2.2.1. Z1 (ilr-1) balance map

The Z1 balance map illustrates that the abundance of the volcanic rock elements (Group C: As, Be, TI,
V and Se) with respect to all of the other PTEs (Fig. 3A, Table 2). The vast majority of Z1 balance
values are below 0, meaning that the dominance of volcanic rock elements is lower than other PTEs in
the study area (Fig. 3A). The highest spatial abundance of volcanic rock elements (-0.04—0.88) is
related to large volcanic complexes (e.g., Roccamonfina, Phlegraean Fields and Mt. Somma-Vesuvius)
and carbonate massifs (e.g., Mt. Picentini and Mt. Cervati) overlain by pyroclastic deposits (Figs 3A, C-
Profiles 1 and 2).

The lowest spatial abundance (-3.28 to -1.87) was from topsoils found over siliciclastic deposits in the
north-eastern and southwestern parts of the Campania Region (Fig. 3A). Low spatial abundances of
volcanic rock elements were also revealed along large rivers like the Volturno, Sele and Calore, where
other non-volcanic elements have accumulated by river transport thereby disturbing the spatial
distribution pattern (Figs 3A, C-Profiles 1 and 2). Interestingly, large urbanised areas like Naples and
Salerno have a low abundance of volcanic rock elements despite being located close to large volcanic
centres (Fig. 3A, C-Profiles 1 and 2). The reason for this unexpected finding is that these city soils have
different contamination sources (e.g., heavy traffic, industrial centres) that might affect the spatial
pattern. Profile 2 reveals a SW to NE decrease in volcanic rock elements extending from the volcanic
centres towards the siliciclastic zone of the southern Apennines (Fig. 3C).
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Fig. 3. (A) Z1 balance map showing the spatial abundance of volcanic rock elements (Group C: As, Be, T, V and
Se) compared to other PTEs. (B) Z6 balance map demonstrating the spatial abundance of Terra Rossa soil and
Siliciclastic rock elements (Group B: Cr, Ni, Co and Cd) compared to Group A (Pb, Sb, Sn, Zn and Hg) and Group
D (Cu). (C) Profiles made in directions relevant for capturing the spatial variability and trend of abundances in
different subgroups of the elements. The profile numbers and lines are shown on the maps (A and B). The
sequential binary partition of the given balances can be seen in Table 2.

4.2.2.2. (ilr-6) balance map

The Z6 balance map represents the spatial abundance of Terra Rossa soil and Siliciclastic rock
elements (Group B: Cr, Ni, Co and Cd) compared to other PTEs that primarily have anthropogenic
contamination sources (Groups A and D) (Fig. 3B, Table 2). The range of balance values are quite
symmetric (-2.33—2.71) indicating that no element group is dominant between Group B and Groups A
and D. The negative balance values indicate that the spatial abundance of Terra Rossa soil and
Siliciclastic rock elements (Group B) exceeds that of elements belonging to Groups A and D (Fig. 3B).

The highest spatial abundance of Group B (-2.33—-1.7) can be observed in the eastern part of the
Campania Region where siliciclastic rocks including shaley facies of the Crete Nere Fm. are dominant.
The presence of Co, Cr and Ni was attributed to siliciclastic rocks and alteration from weathering and
co-precipitation processes by Albanese et al. (2007) and Buccianti el al. (2015). The other high spatial
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dominance of Group B can be observed overlapping some of the large carbonate massifs where Terra
Rossa soils (e.g., Haplic Luvisols) with bauxite mineralisation (Mondillo et al., 2011) are present (Fig.
3B). High concentrations of Co, Cr, Ni and Cd have also been observed in Terra Rossa soils located in
Slovenia and Croatia (Durn et al., 1999; 2001; Miko et al., 1999). There is a distinct separation between
high positive balance values associated with elements that mainly have an anthropogenic origin in the
Campania Plain area (Groups A and D) and the rest of the region where urbanisation is less dominant
(Fig. 3B). Profiles 3 and 4 clearly show the decrease in balances extending away from the highly

urbanised Campania Plain area towards the southern Apennines (Fig. 3C).
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Fig. 4. (A) Z7 balance map showing the spatial abundance of Cu (Group D) compared to elements of Group A
(Pb, Sb, Sn, Zn and Hg). (B) Z8 balance map demonstrating the spatial abundance of Hg with respect to other
elements belonging to Group A (Pb, Sb, Sn and Zn). (C) Profiles made in directions relevant for capturing the
spatial variability and trend of abundances in different subgroups of the elements. The profile numbers and lines
are shown on the maps (A and B). The sequential binary partition of the given balances can be seen in Table 2.
The topographic names indicated by 1-16 are the same as in Fig. 3A.
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4.2.2.3. Z7 (ilr-7) balance map
The Z7 balance map reveals the spatial dominance of Cu compared to other PTEs that belong to Group
A (Fig. 4A, Table 2). The positive balance values show the abundance of Cu with respect to the other
elements. The highest spatial abundance of Cu is related to the slopes of Mt. Somma-Vesuvius and the
Sarno River Basin where expansive agricultural areas utilize fertilisers and sewage sludge containing
Cu compounds. High Cu concentrations are observed in scattered patches in the eastern part of the
Campania Region around Ariano Irpino where there are numerous olive orchards and vineyards.
Cicchella et al. (2016) also emphasised that intensive agriculture in the Sarno River Basin is a primary
contamination source for Cu and P.
Profile 5 clearly shows large peaks (higher spatial abundance of Cu) in the Sarno River Basin and
reveals two large depressions in highly urbanised regions (Naples and Salerno) where other
anthropogenic elements of Group A are abundant (Fig. 4C). Profile 6 unveils a large break in the data
northeast of Salerno and a progressive decrease in Z7 balance values toward Avellino, suggesting that
elements of other anthropogenic origins (Group A) have become more dominant (Fig. 4C).

4.2.2.4. Z8 (ilr-8) balance map
The Z8 balance map compares the spatial abundance of Hg with other elements of Group A (Fig. 4B,
Table 2). The negative balance values shown in Fig. 4B indicate that other elements of Group A (Pb,
Sb, Sn and Zn) have a higher abundance than Hg. The highest dominance of Hg (-3.26 to -4.12) is not
spatially coherent with other data suggesting that there are multiple processes governing the
concentration of Hg, which was also confirmed by the robust biplot analysis (Fig. 2, Tables 1 and 2).
The high spatial abundance of Hg is associated with the most urbanised areas between Naples and
Caserta (Fig. 4B), where there is intensive vehicle traffic and oil refineries are present. The high Hg
dominance can be seen in the Phlegraean Fields and the island of Ischia, and is attributed to
hydrothermal activity of volcanic centres (Tarzia et al., 2002; Lima et al., 2003b; De Vivo et al., 2016).
High Hg abundances are also observed in the southwestern part of the Campania Region, where there
are outcrops of black shales known to contain higher concentrations of Hg (~0.18 mg/kg; Reimann and
de Caritat, 1998). Other high abundances of Hg might be sourced from dense fault networks (0.4-0.6
km/km2) and related hydrothermal activities close to the Mt. Matese, where the highest precipitation
rates also occur (1500-2000 mm/y). High precipitation rates and the formation of organic-rich topsoils
were considered to be critical factors for the accumulation of Hg in Norway (Ottesen et al., 2013).
High abundances of other elements of Group A (Pb, Sb, Sn and Zn) are represented by large negative
balance values (-5.03—5.91) occurring between Salerno and Avellino, where the large Solofra industrial
district is located (Fig. 4B). High negative balances can also be observed around the large volcanic

complexes of Roccamonfina and Mt. Somma-Vesuvius where, besides some local anthropogenic
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sources, geogenic processes (e.g., magmatic differentiation) control the enrichment of incompatible
elements and PTEs in topsoil formed from volcanic rocks (Giannetti and Luhr, 1983; Ayuso et al., 1998;
Peccerillo, 2005).

4.3. Compositional Abundance maps and SCCI
In order to assess the level of contamination in the Campania Region, contamination abundance indices
were calculated for the 15 PTEs and subgroups using Eq.1.
The Compositional Abundance Index (CAl) can be interpreted as the relative difference in the spatial
dominance of the PTEs, so it reflects the different amounts of enrichment or depletion in the study area.
In addition, the calculation of the new SCCI (Soil Contamination Compositional Index) using Eq. 3 made
it possible to quantify the contamination level of PTEs and reveal the contamination source patterns of
different subgroups.

4.3.1. Total Compositional Abundance Index map

The Total Compositional Abundance Index map shows that the highest spatial abundance of PTEs
(54.43-82.4) occurs in the highly urbanised areas of Naples and Salerno, where there is the highest
concentration of heavy traffic and industrial activity (Fig. 5A). The high spatial abundance of PTEs is
also associated with the Sarno River Basin, which is one of the highest contaminated river basins in
Italy due to a high level of industrial and agricultural activity (Cicchella et al., 2016) (Fig. 5A). Adamo et
al. (2014) emphasised that even if the concentrations of some of the PTEs exceed the intervention
limits, the bioavailability of these elements is low meaning that there are minimal risks for humans in the
Sarno River Basin.
The industrial district of Solofra between Salerno and Avellino also has a high spatial abundance of
PTEs (54.43-82.4) related to the tannery industry, which represents one of the main contamination
sources in the area (Fig. 5A). The highest SCCI values (1.25-1.92) suggest that the above mentioned
areas are highly contaminated (Fig. 5A). Indeed, the SCCI values indicate that the geometric means of
the 15 PTEs can be almost twice as high as those of the respective baseline values in these areas
(SCCI: 1.51-1.92, Fig. 6A). The heavy urbanization, high industrial activity and dense road networks that
define this part of the Campania Region are the sources for these results.
In contrast, other high spatial abundances of PTEs (54.43-82.4) in the Mt. Matese and the area between
Sapri and Mt. Alburni are mainly from geogenic sources (e.g., Terra Rossa soils) and pyroclastic
material (Fig. 5A). However, low SCCI values (1.001-1.12) reveal no contamination in these areas
except Sapri where the values are medium-high (1.12-1.51) (Fig. 6A). Thiombane et al. (2018a)
suggested that the anthropogenic sources for Pb and Sb around urban areas like Sapri are frequent

traffic jams. A low spatial dominance of PTEs (< 21.39) was identified in the eastern and southwestern
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parts of the Campania Region where urbanisation and industrial activity is rather low (Fig. 5A). Some

medium-high SCCI values (1.12-1.51) were also revealed in the middle of the low abundance zone of

PTEs around Ariano Irpino, where moderate contamination of the soils is possibly related to agricultural

activity.
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Fig. 5. (A) Total Compositional Abundance Index map showing the spatial abundance of the 15 PTEs. (B)

Volcanic Compositional Abundance Index map illustrating the spatial dominance of volcanic elements (Group C).
(C) Terra Rossa soil and Siliciclastic Compositional Abundance Index map demonstrating the spatial dominance
of Group B elements (Cr, Ni, Co and Cd). (D) Anthropogenic Compositional Abundance Index map showing the

spatial dominance of elements with anthropogenic sources (Group A).
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4.3.2. Volcanic Compositional Abundance Index Map
The Volcanic Compositional Abundance Index map for Group C (As, Be, Se, Tl and V) shows the spatial
abundance of volcanic rock elements (Fig. 5B). The highest dominance (60.8-86.42) is related to large
volcanic centres, especially in the eastern and southern parts of Mt. Somma-Vesuvius (Fig. 5B).
Petrik et al. (2018b and c) revealed that there were high concentrations of Be and As in topsoils over
pyroclastic rocks related to the Ottaviano and Avellino eruptions (Ayuso et al., 1998). The spatial extent
of these two eruptions corresponds to the high spatial abundance of volcanic elements. The Volcanic
Compositional Abundance Index map also reveals that the carbonate massifs overlain by pyroclastic
deposits have a high spatial abundance (> 60.8) of volcanic elements (Fig. 5B).
The SCCI values of Group C are very low and close to 1 in most of the study area indicating that there
is little to no contamination by these elements (Fig. 6B). The lowest SCCI values (1.0007-1.006) found
around large metropolitan areas (e.g., Naples, Salerno, and Avellino) confirm that there are no
anthropogenic contamination sources for these elements. Slightly elevated SCCI values (1.07-1.13)
from Mt. Somma-Vesuvius and the Phlegraean Fields can be explained by the presence of various
volcanic soils types over different pyroclastic levels.
The spatial coincidence of the highest abundance zones on the Volcanic and Total Compositional
Abundance Index maps confirms that volcanic elements (Group A) certainly contribute to the high
dominance of the 15 PTEs, especially around large volcanic centres (Figs. 5A and B). According to
Albanese (2008), the bioavailability of these elements is less than 10% for urban soils. The lowest
abundance of volcanic rock elements (< 27.91) is in the north-eastern and southwestern parts of the

Campania Region where siliciclastic rocks are found without pyroclastic deposits (Fig. 5B).

4.3.3. Terra Rossa soil and Siliciclastic Compositional Abundance Index Map
This map reveals the spatial pattern and abundance of Terra Rossa soils and Siliciclastic rock elements
(Group B: Co, Cr, Ni and Cd). The highest spatial abundance (58.11-84.17) is related to the carbonate
massifs of the southern Apennines (e.g., Mt. Matese and Mt. Alburni) and in the area from Sapri to Mt.
Cervati where Terra Rossa soils (e.g., Haplic Luvisols) with evidence for bauxite mineralisation can be
found (Fig. 5C). The high dominance can also be observed east of the Calore River where siliciclastic
rocks with shaley facies are present (e.g., Crete Nere Fm.) (Fig. 5C). However, these areas are
characterised by very low SCCI values (<1.01) that typically signify there are no sources of
contamination (Fig. 7C). Cicchella et al. (2005) and Albanese et al. (2007) suggested that lithology (e.g.,
siliciclastic rocks) can play an important role in controlling the accumulation of these elements.
However, high spatial abundance zones (> 58.11) were also found around large urbanised areas (e.g.,

Naples), industrial zones (e.g., Solofra) and at the mouths of the Sele and Volturno Rivers (Fig. 5C).
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The highest SCCI values (1.29-1.82) reveal that these areas are highly contaminated by elements of
Group B (Fig. 6C). These areas are characterised by high industrial activity (e.g., tannery industry in
Solofra Basin: Cr and Ni), intensive agricultural activity (e.g., Sarno River Basin: Cd, Co and Cr) and
heavy vehicle traffic (Cd). Extensive cultivation occurs along alluvial plains that border large rivers, but
in the case of the Volturno River Plain, the role of co-precipitation induced by Fe- and Mn-oxy-

hydroxides in soils of alluvial origin cannot be ruled out (Ducci et al., 2017).
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elements (Cr, Ni, Co and Cd). (D) The SCCI map of the anthropogenic elements (Pb, Sb, Sn and Zn). The SCCI
was calculated using Eq. (2). The topographic names indicated by 1-16 are the same as in Fig. 3A.
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4.3.4. Anthropogenic Compositional Abundance Index Map

Finally, we analysed the spatial abundance of elements that clearly have an anthropogenic origin
(Group A: Pb, Sb, Sn and Zn). The Anthropogenic Compositional Abundance Index map unveils the
highest spatial dominance (56.1-83.05) around highly urbanised areas like Naples and Salerno and in
areas with extensive agricultural and industrial activity such as the Sarno River Basin and Solofra
industrial district, respectively (Fig. 5D). The highest levels of contamination (SCCI: 1.58-1.88) occur
around large metropolitan areas where the geometric means of the 15 PTEs can be twice as high as the
counterpart baseline values (Fig. 6D). The primary role of the anthropogenic sources of Pb and Zn in
this area was also described by Petrik et al (2018a). Some sites around Sapri have moderately high
SCCl values (1.15-1.27), which likely reflect contributions from heavy traffic in the urbanised centre (Fig.
6D).

However, the geogenic contribution of pyroclastics from volcanic centres should also be considered as a
source since elements of Group A (Pb, Sb, Sn and Zn) are also enriched from volcanic processes
(Peccerillo, 2005).

The low dominance of the Anthropogenic Compositional Abundance Index (<19.48) was found in the
eastern and southwestern parts of the Campania Region away from highly urbanised and industrial
areas (Fig. 6D). These areas have very low SCCI values associated with Group A (<1.06) and therefore

indicate that there is no anthropogenic contamination (Fig. 6D).

5. Conclusions

This study focuses on providing a better understanding of the compositional behaviour and relative
structure of the 15 PTEs in the Campania Region, which is considered to be a highly contaminated
region in ltaly. Special emphasis was put on the relative abundance and ratios of specific
subcompositions (balances) of PTEs by mapping spatial patterns and making profiles to reveal spatial
variability.

Preliminary steps are provided for analysing the spatial abundance of PTEs by applying a compositional
abundance index. In addition, a new soil contamination compositional index was elaborated to quantify
the contamination of topsoil by the 15 PTEs and subgroups.

The high spatial abundance of the 15 PTEs is related to highly urbanised (Naples and Salerno), highly
industrial (Solofra) and intensive agricultural areas (Sarno River Basin), where the anthropogenic
subgroup (Pb, Sb, Sn and Zn) has a high dominance and the high SCCI values indicate that
contamination is from anthropogenic sources. The high spatial dominance of the volcanic rock subgroup
(As, Be, Se, Tl and V) in the same area is certainly related to geogenic factors associated with the

presence of pyroclastic deposits. Although the high spatial abundances of Group B elements (Cd, Cr,
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Co and Ni) are related to Terra Rossa soils and shaley facies of siliciclastic rocks of the southern
Apennines, these elements can also reach high abundances and reflect contamination (i.e. high SCCI
values) in urbanised (e.g., traffic) and industrialised areas (e.g., tanneries, alloy manufacturing). Other
high spatial abundances of the 15 PTEs with little or no contamination (i.e. very low SCCI values) are
associated with carbonate massifs that reflect a mixture of geogenic factors (weathering, advanced
pedogenic processes, adsorption and co-precipitation with Fe-/Mn-oxy-hydroxides, presence of
pyroclastic deposits) that might all be responsible for PTE accumulation.

The lowest spatial dominance of the 15 PTEs occurs in the north-eastern and southwestern Siliciclastic
zones of the Campania Region where urbanisation and industrial activity is minimal and therefore
contamination by any source can be excluded.

A future goal is to improve the Compositional Abundance Index and the Soil Contamination
Compositional Index by giving weights to the PTEs based on the bioavailability and toxicity levels of

each element.
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Source patterns of Zn, Pb, Cr and Ni potentially toxic elements (PTEs)
through a compositional discrimination analysis: A case study on
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Source patterns of Zn, Pb, Cr and Ni potentially toxic elements (PTEs) through a
compositional discrimination analysis: A case study on the Campanian topsoil
data

Abstract

One of the main objectives of environmental geochemistry is to reveal the source and spatial patterns of
different inorganic and organic elements/compounds with special emphasize on potentially toxic
elements. In the last couple of decades, environmental geochemists mainly focused on the identification
and separation of geochemical anomalies from background/baseline values of potentially toxic heavy
metals and the estimation of their ecological and human health risks. However, the main concern with
previously published papers on this issue is that the majority of them simply neglected the compositional
nature of geochemical data; hence results became spurious and biased and can be interpreted with
reservations. Our goal is to identify, interpret and discriminate the source patterns of 4 potentially toxic
elements in the Campania Region (ltaly) emphasising on their ratios and spatial abundance using
multivariate compositional data analysis. This study contributes to understand the compositional
behaviour and relative proportion of 4 potentially toxic elements whose precise contamination sources
have been unclear before. A workflow of compositional data analysis including a new discrimination
index has been elaborated to identify their possible sources of contamination and enrichment. The
investigated data set includes 18 elements derived from 3669 topsoil samples, collected at an average
sampling density of 1 site per 3.2 km2. First, robust biplots and factor analysis were performed to get an
overview of elemental associations and reduce the dimensionality of the data set. They revealed that
the 4 PTEs belong to different groups. The multivariate regression analysis using alr-transformed
(additive logratio) data proved the strong linear relationship between Fe, Mn (independent) and each
investigated PTE (dependent), but also unveiled deviation trends in case of Zn and Pb. Based on the
multivariate regression result, a sequential binary partition was performed by means of 6 variables (the
4 PTEs, Fe, and Mn) to obtain balances. Balances are ilr-coordinates (isometric-logratio) which can be
interpreted as ratios of specific groups of elements. They were used to generate interpolated maps by
using multifractal method to see spatial patterns and proportions of elemental associations. A new index
has been elaborated based on the bivariate regression of balances and their standardised residuals,
which was particularly useful to identify and separate the sources of anthropogenic contamination and
geogenic enrichment of respective elemental associations. The large urban and industrial areas (e.g.
Naples, Salerno) along the coastline are mainly contaminated by Pb and Zn due to heavy traffic and
alloy production. Some Cr and Ni contamination was discerned in the Sarno Basin where the Solofra

industrial district is likely to be the principal source through releases from tannery industry. The large
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volcanic complexes (e.g. Mt. Somma-Vesuvius, Phlegraean Fields, Mt. Roccamonfina) are all
characterised by geogenic enrichment of Zn and Pb. In contrast, Cr and Ni-geogenic enrichment is
mainly related to the siliciclastic deposits.

1. Introduction
Geochemical surveys aim to enhance mineralisation and contamination through exploration and
environmental geochemistry, respectively. For that, various geostatistical computations have been used
to identify source patterns of different elements related to underlying geological features and/or
anthropogenic activities (Cheng et al., 1994; Cheng, 1999; Lima et al., 2003a; Reimann and De Caritat,
2005a). Graphical and statistical methods (e.g. classification using boxplots or cumulative probability
plots) have been elaborated to study the elemental distribution and identify univariate outliers (Tennant
and White, 1959; Sinclair, 1976, 1983; Kirzl, 1988; Reimann et al., 2008).
The detection of multivariate outliers using certain cut-off values on the Mahalanobis distance and
observed covariance ratio were also successfully applied on compositional data (Bollen, 1987;
Roosseeuw and Van Zomeren, 1990; Filzmoser et al., 2012; Buccianti et al., 2015).
Background/anomaly separation by using various fractal methods (e.g. Concentration-Area) was given
particular attention in mineral exploration, environmental health-risk analysis and regional topsoil studies
(Cheng et al., 1994; Cheng, 1999; Agterberg, 2001; Lima et al., 2003a; Fabian et al., 2014; Albanese et
al., 2015; Zuo et al., 2015). In addition, the question of anthropogenic or geogenic origin has always
been in the interest of investigations. Several indices have been invented to separate anthropogenic
contamination from geogenic background values like Enrichment Factor (EF, Chester and Stoner, 1973)
or Geoaccumulation Index (Mdiller, 1979). These indices were critically reviewed by Reimann and de
Caritat (2005) claiming that their values vary and depend on the different parent rock materials and
chosen reference media as well as reference elements. In addition, these indices do not take into
account the different biogeochemical processes which may have remarkable impact on elemental
enrichment/contamination (Reimann and de Caritat, 2005). Finally, geochemical data are inherently
compositional data and indices based on the absolute values of elements disregard the compositional
principles like scaling invariance and subcompositional coherence (Pawlowsky-Glahn and Buccianti,
2011).
In this study, the main objective is to identify, interpret and map the source patterns of Zn, Pb, Cr and Ni
potentially toxic elements (PTEs) on a high-density Campanian topsoil data using multivariate
compositional data analysis. A new compositional discrimination index has also been elaborated taking
into account the compositional nature of geochemical data to better understand and distinguish the

precise contamination/ enrichment sources of the 4 PTEs which have been unclear before.

67



2. Methods
A workflow of compositional data analysis has been elaborated to obtain additional information to

discriminate the sources of the 4 PTEs in the study area (Fig. 1).

DATA

(18 variables, 3669 samples)

Robust Biplot Analysis
(natural grouping)

Elemental
associations
and their origins

Factor Analysis Factor loadings, Multivariate Regression Regression plots,

(correlation structure)” “\Factor score maps Analysis correlation coeff.
(F1-F4) (alr-coordinates of 6 variables)

A

lIr (balance)
calculation
(Zn,Pb,Ni,Cr,Fe,Mn)

Mapping and
classification of
ilr1-ilr5 (z1-25) Bivariate Regression " Regression and ™ standardised residuals |Discrimination map
balance maps Analysis i residual plots of the 4 PTEs
(ilr-1 and ilr-2 coordinates)

Fig. 1. The flowchart of the compositional discrimination analysis.

To better visualize the element distributions and quantify possible natural or anthropogenic impact,
robust compositional biplots were generated. The section 2.1 fully describes compositional biplots and
their practical usage.

The number of all measured elements (53) was reduced to 18 (Table 1) based on 3 main criteria (see
section 2.1). Based on such criteria, in this paper, we present biplots with the reduced number of
variables (18, Table 1) used as inputs for factor analysis.

Factor analysis (FA) was the multivariate statistical tool to explain the correlation structure of the
variables through few numbers of factors (Reimann et al., 2002). Furthermore, FA can be successfully
used to reveal the elements sources related to their main hypothetical origins.

To minimize or eliminate the presence of outliers and spurious correlation (Pawlowsky-Glahn and
Buccianti, 2011), isometric logratio transformation (ilr) was applied on raw-data prior to multivariate

analysis (Filzmoser et al., 2009b).
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Table 1. Descriptive statistics of the 18 elements (mg/kg) using 3669 topsoil samples from the Campania Region,
ltaly. Q1 and Q3 indicate the 1st and 3rd quartiles, respectively.

Variables Minimum Q1 Mean Median Q3 Maximum Std. Deviation Skewness  Kurtosis
Cu 2.51 32.28 109.32 62.24 12825  2394.33 156.83 5.49 44.56
Pb 3.12 36.86 73.85 5417 7852  2052.18 91.72 7.71 100.16
Zn 114 69.70 119.30 91 12795  3210.60 118.46 9.23 164.68
Ni 0.5 10.00 16.23 14.80 18.30 100.90 10.98 242 9.97
Co 0.5 6.90 10.56 10.30 13.50 79 5.02 1.63 12.39
Mn 77 650 863 779 972 7975 443.38 5.44 55.78
Fe 1600 19500 25031 25100 30700 154600 8012.21 1.19 18.26
As 0.6 8.40 12.57 12.10 15.30 163.80 7.35 6.06 87.84
Th 0.3 8.10 12.84 12.40 16.30 60 6.74 1.13 347
Ca 800 12600 35495 22300 43500 295200 36675.93 2.38 7.15
P 50 725 1641 1250 2330 16620 1250.29 2.20 12.13
La 0.9 31.30 42.02 41.50 51.50 162.3 18.26 0.73 246
Cr 0.25 9.20 17.63 14 20.60 808.40 26.16 16.77 386.10
Mg 700 3800 7347 5800 8100 104600 7479.31 5.06 35.80
Ti 5 750 1159 1240 1610 3270 618.70 -0.23 -0.65
Al 2100 26700 40584 41600 54050 94700 17036.21 0.01 -0.75
Na 20 690 3667 2600 5845 29490 3587.45 1.23 1.68
K 400 4700 14008 9500 18500 68200 12472.37 1.39 1.21

In order to facilitate the interpretation of results, varimax rotation was implemented, since it is an
orthogonal rotation that minimises the number of variables that have high loadings on each factor,
simplifying the transformed data matrix and assisting interpretation (Reimann et al., 2002). R-mode
factor analysis was performed, and, the different factors obtained were studied and interpreted in
accordance with their presumed, i.e. geogenic, anthropogenic or mixed (Tables 2, 3).

GeoDAS™ was used to produce interpolated geochemical maps of the normalised factor scores by
means of the multifractal inverse distance weighted (MIDW) algorithm (Cheng et al., 1994; Lima et al.,
2003). More detailed description of the method and their practical usage, one can find several
publications (Cheng et al., 1994, 2000; Lima et al., 2003a, 2005; Albanese et al., 2007, 2015; Zuo et al.,
2015; Zuo and Wang, 2016; Minolfi et al., 2018a, 2018b; Parsa et al., 2017; Rezza et al., 2018).

The concentration—area (C-A) fractal plot (Cheng et al., 1994, 2000; Cheng, 1999) was used to classify
the interpolated factor score maps and capture the different spatial patterns (Figs. 4, 5). Computations
(e.g. log-ratio transformations, regressions, and factor analysis) and graphical representations were
implemented by the open source statistical software of R and CoDaPack (Comas-Cufi and Thid-

Henestrosa, 2011).

69




2.1. Compositional discrimination analysis
2.1.1. Multivariate regression analysis

Based on elemental associations on robust biplots, multivariate regression analyses were performed
using 6 variables (Zn, Pb, Cr, Ni, Fe, and Mn). Iron and Mn were involved as independent variables
because both of them and especially their secondary oxy-hydroxides are susceptible of adsorbing Ni,
Cr, Zn and Pb in soils (Salminen et al., 2005; Kabata-Pendias, 2011; Reimann et al., 2014). Additive
log-ratio (alr) transformation was applied on the 6 variables using Ti as a common divisor, as it is one of
the most stable and less mobile elements in soils (Kabata-Pendias, 2011). Additive log-ratio was chosen
because it is not affected by the singularity problem in regression and correlation calculation

(Aitchison, 1986; Pawlowsky-Glahn et al., 2015a), and it enabled us to reveal the proportional changes

for each variable. The alr-transformation is based on the following equation:

y = alr(x) = [In (%),ln (%), ..In (xz:)] (1)

where x'-xP-1are the D-1 variables (all variables except the common divisor element) and xD is the
common divisor element (Aitchison, 1986).

In order to reduce the levering effects of outliers on the regression hyperplane, the least trimmed
squares (LTS) fitting method was selected because it is highly robust and a fast algorithm for its
computation is available (Roosseeuw and Van Driessen, 2002). In the LTS method the sum of some
proportion of the smallest squared residuals is minimised. The proportion may vary from 50 to 100%,
with 50% providing maximum protection against outliers. We used the compromise of 75% of the data.
t-Test statistics and its related P-values were calculated at the 95% confidence level to test whether
both of the independent variables (Fe/Ti and Mn/Ti) significantly contributed to the regression model or
one of them could be dropped. The null hypothesis is that the corresponding model parameter equals 0,
based on the extra sums of squares attributable to each variable if it is entered into the model last. F-
test statistics and its P values were also calculated to analyse variance and to test whether significant

relationship existed between each dependent (Zn/Ti, Pb/Ti, Cr/Ti and Ni/Ti) and independent variable.

2.1.2. Calculation and mapping of balances
Based on the multivariate regression analysis, sequential binary partition was implemented using the
same 6 variables (Zn, Pb, Cr, Ni, Fe and Mn) by dividing them into specific groups of non-overlapping
elements. Balances are particular ilr-coordinates (isometric-logratio) having orthonormal bases which
can be interpreted in the D-1 (D: dimension) real space as ratios of elemental associations (Egozcue et

al., 2003). Balances can be calculated using the following formula:
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where the products I+ and M- only include parts coded with + and -, and r and s are the numbers of
positive and negative signs (parts) in the i-th order partition, respectively (Egozcue and Pawlowsky-
Glahn, 2005). Table 4 shows the sequential binary partitions of the calculated 5 balances (z1-z5).
The calculated 5 balances (z1-z5) have been normalised by using the linear min-max normalisation
method (from 1 to 10), prior to the multifractal interpolation. The interpolated balance maps were
classified based on the CA (Concentration-Area) fractal method (Cheng et al., 1994; Cheng, 1999) to
display the spatial patterns and the proportional changes of elemental associations. In this study we
focus and present the first 4 balance maps (z1-z4 or ilr1-ilr4) because these depict the spatial
proportion of the investigated PTEs.

2.1.3. Bivariate regression on specific balances and their residual map
Finally, by taking into consideration the factor score and balance maps, and the linear relationship of the
4 PTEs with Fe and Mn, a bivariate regression analysis was performed using normalised ilr-2
(independent) and ilr-1 (dependent) variables. The least trimmed squares (LTS) fitting method was also
selected here because it is highly robust and resistant against outliers (Roosseeuw and Van Driessen,
2002).
The obtained standardised residuals (residuals divided by standard error) were plotted against ilr-2
coordinates. We were particularly interested in large positive and negative standardised residuals which
may indicate different sources of contamination or enrichment. The residuals plot was divided into
several parts based on the classification of the ilr-2 and the residuals by means of Tukey's box-and-
whiskers plot. The areas below the lower quartile (Q1) and above the upper quartile (Q3) of the
standardised variables were called geogenic enrichment and anthropogenic contamination, respectively.
These areas were further subdivided based on the lower and upper quartiles of the ilr-2 coordinates
which indicate the limits of Cr-Ni and Zn-Pb enrichment or contamination, respectively.
The standardised residuals were interpolated by using the multifractal method and classified by means
of the C-A plot (Concentration-Area) to reveal their spatial patterns. The residual map was overlain by
those sampling points whose ilr-2 and standardised residual values were beyond or lower than their
respective Q1 and Q3. In this way, we could see exactly which elemental associations a contamination

or an enrichment is related to.
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3. Results and discussion
3.1. Covariance and correlations between variables

Covariance and correlations between variables
The robust biplots explain 63.53% (PC1-PC2) and 57.84% (PC1-PC3) variability of the investigated 18
elements. They reveal several elemental associations related to the underlying geology and
anthropogenic activities.
In Fig. 2A, Al-Ti-Th, Fe, Mn, As, La, and Co elemental association (A1) is characterised by the vicinity of
their vertices and their rays point in the same direction. This association is likely to have a mixture of
geogenic origin. Within A1, Al, Ti and Th vertices are superimposed among which Th has the highest
vector length. In fact, A1 might be divided in two sub-groups, namely A1-1 (Al-Ti-Th), which is possibly
related to pyroclastic deposits and A1-2 (Fe, Mn, Co, As, La), which is probably tied to the coprecipitation
of Fe-, Mn-oxy-hydroxides in siliciclastic deposits (Buccianti et al., 2015; Zuzolo et al., 2017).
Sodium and K variables form clearly another association (A2) because their vertices are located close to
each other and they point in the same direction. Both variables display high communalities (the length of
the ray). The A2 may be associated with topsoils underlain by potassic and ultrapotassic rocks.
Copper and P elements belong to the A3 because their vertices overlap each other. Furthermore, A2
and A3 associations are geometrically symmetric with respect to the Mg vector meaning that A3

enhances a mixed behaviour of Cu and P which is likely related to volcanic materials and phosphate

fertilisers.
-40 -20 0 20 -40 -20 0 20 40
1 1 1 1 1 1 1 1 1
g -2
wn S ]
O- — L ©
= ]
g
& -
s : &
Q S
3 o &S
XS4 Lo R
& B o
e NS o
g g
28 3 S
2 o -] o
i o | ]
3 33 '
o a9
o 3
1A - B N
T T T T T T T T T T T
-0.10 -0.05 0.00 0.05 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
PC1-robust, 45.32% exp.var. PC1-robust, 45.32% exp.var.

Fig. 2. Robust biplots for the first and second principal components (A) and for the first and third principal
components (B) based on the 18 investigated elements.
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Calcium and Mg vectors are symmetric around the A3 and form a separate group of A4. In fact, these
two elements are dominants in carbonate rocks.

Zinc, Pb, Ni and Cr variables form another association (A5); their vertices lay closer to each other and
point to the same direction. They may be related to anthropogenic sources like vehicular emission and
industrial activities. However, Fig. 2B clearly shows the discrimination of the A5, where Pb and Zn
vertices remain close to each other, but Ni and Cr changed their position and joined the elemental
association of the A1. This could prove the affinity of Ni-Cr to the coprecipitation of Fe-, Mn-oxy-
hydroxides in siliciclastic material. Compositional factor analysis was used to discern the correlations
and interrelationships between variables, and their possible geochemical source patterns in the
Campanian topsoils.

The total variance of the 18 elements is 77.26% in the four-factor model, which was chosen based on
the break-point on the scree-plot of all factors. The 4 factors, named F1, F2, F3 and F4, account for
32.26%, 26.14%, 11.57% and 7.30% variability, respectively (Table 2).

Table 2. Varimax-rotated factors of logratio transformed (ilr) data; bold entries: loading values over absolute value

of 0.5.
Variables Factors Communalities

F1 F2 F3 F4

Cu -0.12 -0.77 0.23 -0.14 0.67

Pb -0.28 0.10 0.09 -0.84 0.79

Zn 0.13 -0.21 -0.03 -0.83 0.75

Ni 0.90 -0.13 -0.28 0.09 0.91

Co 0.88 -0.10 0.01 0.37 0.92

Mn 0.69 0.41 0.04 0.05 0.65

Fe 0.79 0.31 0.20 0.27 0.83

As 0.01 0.72 0.25 -0.11 0.60

Th -0.08 0.72 0.50 0.25 0.84

Ca 0.17 -0.17 -0.87 -0.06 0.83

P -0.22 -0.72 0.00 0.03 0.57

La -0.16 0.81 0.37 0.08 0.82

Cr 0.80 -0.08 -0.32 -0.20 0.78

Mg 0.20 -0.03 -0.82 0.14 0.73

Ti -0.72 0.38 0.35 0.06 0.79

Al -0.01 0.51 0.53 0.52 0.81

Na -0.86 -0.24 0.17 0.14 0.84

K -0.62 -0.46 0.30 0.50 0.94
Eigenvalues 5.81 4.7 2.08 1.31
Total variance in % 32.26 26.14 11.57 7.30

Cum. of total variance (%) | 32.26 58.40 69.97  77.26 73




Table 3. Explanation of the four-factor model extracted from the (ilr) logratio clr back-transformed data, which

explains 77.26% of total variance.

Factors

% of variance explained

Association of variables

Interpretation

F1

32.26

(1) Ni, Co, Cr, Fe, Mn

(2) NaTi K

1. Pedogenic processes
in flysch materials, with
adsorption and co-
precipitation of Fe and
Mn oxy-hydroxides in
oxidizing environment
(Fig. 3A)

2. Potassic and
ultrapotassic rocks and
volcano-sedimentary
deposits (Fig. 3A)

F2

26.14

(1) La, As, Th, A

(2) Cu,P

1. Pyroclastics rocks of
the Mt. Roccamonfina
volcano with high levels
of incompatible
elements (Fig. 3B)

2. Agricultural practices
using phosphates
fertilisers (Fig. 3B)

F3

11.57

(1) Al Th

(2) Ca, Mg

1. Pyroclastics deposits
related to Mt.
Roccamonfina (Fig. 4A)

2. reflects weathering
processes of limestone
and dolostone (Fig. 4A)

F4

7.30

(1) Al K

(2) Pb,Zn

1. Potassic pyroclastics
composition of the Mt.
Somma-Vesuvius (Fig.
4B)

2. Anthropogenic
sources such high rate
of fossil fuel
combustion, industrial
and vehicular emissions
release (Fig. 4B
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Variables with loadings over the absolute value of 0.5 have been considered to describe the main
composition of each factor. All variables hold communalities over 0.5 (50% of variability) meaning that
the 4 factor models capture quite well the elemental interrelationships and their possible geogenic
and/or anthropogenic sources (Table 3). The 18 elements of the four-factor model were separated by
positive and negative loadings and sorted in descending order:

F1: Ni, Co, Cr, Fe, Mn, - (Na, Ti, K)

F2: La, As, Th, Al, - (Cu, P)

F3: Al, Th, - (Ca, Mg)

F4: Al, K, - (Pb, Zn)

The Fig. 3A shows interpolated map of factor scores (F1), ranging from -1.73 to 5.09. High factor
scores (ranging from 2.88 to 5.09) are mapped in the eastern and south-western parts of the study area
where siliciclastic deposits prevail (Fig. 3A). Pedogenic processes in flysch materials (fine-size) are
mostly characterised by adsorption and coprecipitation of Co, Cr and Ni with Fe and Mn oxy-hydroxides
in oxidizing environment (Postma, 1985). Low factor scores (ranging from -1.73 to -0.75) are revealed
close to large volcanic complexes like the Phlegraean Fields, Mt. Somma-Vesuvius and Mt.

Roccamonfina.

Factor 1 Factor 2

Ni, Co, Cr, Fe, Mn, - (Na, Ti, K) La, As, Th, Al, - (Cu, P)
B 173075 I 262--143
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Fig. 3. Interpolated factor score maps of the Factor 1 (A) and Factor 2 (B).
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Negative scores are given by the antithetic elemental association including Ti, Na, K. These elements
are likely related to the potassic and ultrapotassic rocks and volcano-sedimentary deposits from major
sector collapse of volcanoes in the survey area (Scheib et al., 2014; De Vivo et al., 2016).

High factor scores of the F2 range from 1.73 to 2.75 and are related to the positive correlation between
Al, La, As, and Th in soils of the Mt. Roccamonfina and surroundings (Fig. 3B). Pyroclastic rocks of the
Mt. Roccamonfina volcano are characterised by high levels of incompatible trace elements with an
orogenic signature having troughs at Ba, Ta, Nb, and Ti, and peaks at Cs, K, Th, U, and Pb (Conticelli et
al., 2009). Low factor scores (ranging from -2.62 to -1.43) can be observed around the Mt. Somma-
Vesuvius, Benevento (Vitaliano municipality), and in the Mt. Cervati. Large agricultural fields like
vineyards and orchards are located in these areas. Copper and P are likely related to agricultural
practices using phosphate fertilisers (Thiombane et al., 2018a).

The F3 factor score map (Fig. 4A) shows (particularly for Al and Th elemental association) elevated
values (ranging from 1.26 to 2.39) close to the Mt. Roccamonfina. The Mt. Roccamonfina volcano is
characterised by pyroclastic rocks with high level of trace elements such Th, U, and La (Conticelli et al.,
2009). But relatively high factor scores (ranging from 0.51 to 1.26) can be observed around the
Phlegraean fields and the Mt. Somma-Vesuvius, and along the Apennines which were related to the
occurrences of Campanian Ignimbrites (De Vivo et al., 2010). In contrast, low factor scores (Ca and Mg
elements) are mapped exactly in correspondence with the three large river plains of the Campania
Region, namely Volturno, Sele and Telesina. Furthermore, these areas are well drained by rivers and
tributaries which spring from the carbonate rocks of the Apennine chain. Indeed, Ca and Mg in these
areas are mostly associated with the weathering processes of limestone and dolostone (Peccerillo,
2005; Albanese et al., 2007).

The F4 score map (Fig. 4B) shows high positive values (ranging from 1.29 to 2.77) around the Mt.
Somma-Vesuvius, where Al and K are the most congruent elements with the potassic pyroclastics
composition (Peccerillo, 2001; De Vivo et al., 2010). Low factor scores (particularly Pb and Zn elemental
association) are mapped exclusively on topsoils of the most urbanised areas (Naples, Salerno and
Castelvolturno) of the study area. Lead and Zn may be tied to anthropogenic sources such high rate of

fossil fuel combustion, industrial and vehicular emissions release.
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Fig. 4. Interpolated factor score maps of the Factor 3 (A) and Factor 4 (B).

3.2. Compositional discrimination analysis
In this session, we present the results of compositional data analysis used to discriminate the main

sources of the investigated potentially toxic elements (Zn, Pb, Cr and Ni).

3.21. Multivariate regression analysis
Multivariate regression analysis was implemented by using the alr-transformed coordinates of 6
elements (Zn, Pb, Cr, Ni, Fe and Mn) in order to examine their relationships and correlations (Fig. 5).
The multivariate regression analysis revealed strong positive correlation (R2 > 54.53%) and statistically
significant (F-test statistics, at 95% confidence level) linear relationship between each dependent (Zn/Ti,
Pb/Ti, Cr/Ti, Ni/Ti) and independent (Fe/Ti, Mn/Ti) alr-coordinates (Fig. 5). Based on the t-test statistics
and its associated P-values at the 95% confidence level, both of the independent variables significantly

contribute to the predicted model results, hence neither of them can be dropped.
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Fig. 5. Multivariate regression analysis of the alr-transformed Ni, Cr, Zn and Pb (dependent variable) against Fe,
Mn (independent variables). Note the good correspondence and strong linear relationships between predicted
and observed values. The high positive correlation (R2) decreases from Ni to Pb. In addition, the yellow ellipses
at Zn and Pb mark deviation tails from linearity suggesting different processes.

It should be noticed that the positive correlation decreased continuously from Ni/Ti (R2: 91.96%), Cr/Ti
(84.82%) to Zn/Ti (75.34%) and Pb/Ti (54.53%) (Fig. 5). In addition, interesting deviation tails from the
linear trends were discerned in case of Zn/Ti and Pb/Ti which suggest different processes (Figs. 5C, D).
The deviations can be observed at low alr-Fe/Ti and alr-Mn/Ti which may indicate other sources

(anthropogenic?) of Zn and Pb besides the accumulation of Fe-, and Mn-oxy- hydroxides.

3.2.2. Balance (ilr) maps

Based on the multivariate regression analysis, the same 6 elements (Zn, Pb, Cr, Ni, Fe and Mn) have

been chosen to perform sequential binary partition and obtain balances (specific ilr-coordinates) (Table
4).
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Table 4. Sequential binary partition table of the 6 investigated variables and the obtained balances (z1-z5). Parts
coded with + and - are the elemental associations involved in the calculation of the i-th order partition,

respectively.

Zn Pb Cr Ni Fe Mn
z1 (ilr-1) + + + + - -
z2 (ilr-2) + + - -
z3 (ilr-3) + -
z4 (ilr-4) + -
z5 (ilr-5) + -

3.2.3. lIr-1 map (ZnPbCrNi/FeMn)
The first balance (ilr1) map reveals higher proportion of the PTEs around large urban and industrial
areas (e.g. Naples, Salerno, and Castelvolturno). These cities are located all along the coastline where

the highest population density and the majority of industrial settlements and traffic are concentrated

(Fig. 6A).
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Fig. 6. (A) The interpolated ilr-1 map. Note the higher proportion of the PTEs (with red colour) around Naples and
Salerno. (B) The interpolated ilr-2 map. The higher spatial abundance of Cr and Ni (with blue colour) is clearly
related to the eastern and southern siliciclastic zones.

In contrast, the higher abundance of Fe and Mn can be observed close to large volcanic edifices (e.g.
Mt. Roccamonfina, Mt. Somma-Vesuvius) and their surroundings. Some high Fe and Mn proportion
patches are also displayed in the eastern siliciclastic zone indicating that the behaviour and

accumulation of these elements are mainly influenced by the underlying bedrocks (Fig. 6A).
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3.2.4. lIr-2 map (ZnPb/CrNi)
The second balance map is based on the subdivision of PTEs taking into consideration their separate
associations on the robust biplot (PC1-PC3) and their factor loadings (Fig. 2, Table 2). The higher
proportion of Zn and Pb is associated with urban and industrial areas (e.g. Naples and Salerno) but also
reaches higher abundance close to large volcanic complexes like Phlegraean Fields and Ischia (Fig.
6B). In contrast, the higher proportion of Cr and Ni can be observed exclusively in the eastern and
southern part of the study area, far away from most urbanised areas (Fig. 6B). These elements have
higher abundance in topsoils over siliciclastic deposits (e.g. flysch sediments) in the Apennine Mts;
hence they are much related to specific lithology (e.g. flysch, claystone) and related pedogenic
processes (Figs. 1A, 6B). According to Buccianti et al. (2015), the Ni and Cr abundance in Campania is
highly influenced by dispersion mechanisms that characterize sediment material particularly flysch
deposits. It is interesting to see the NW-SE trending edge in the middle of the study area which
separates the two different proportion zones and coincides roughly with the boundary of siliciclastic and

carbonate outcrops (Fig. 6B).

3.2.5. lIr-3 map (Zn/Pb)
The third balance map is based on the ratio between Zn and Pb and sheds light on their spatial
abundance (Fig. 7A). The map unveils that the higher Zn proportion zones are mainly related to
underlying siliciclastic deposits in the eastern and southern part of the study area, far away from
urbanised regions (Fig. 7A). According to Minolfi et al. (2018b), the behaviour and accumulation of Zn is
mainly influenced by the underlying bedrocks in the Campania Region. Buccianti et al. (2015) revealed
that Zn has one the lowest clr-variances (central logratio) meaning that it maintains similar abundance in

the Campanian topsoils.
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Fig. 7. (A) The interpolated ilr-3 map. Note the higher proportion of Zn (with red colour) in the eastern and
southern siliciclastic zones. Pb proportion is the highest around Naples. (B) The interpolated ilr-4 map. The higher
spatial abundance of Ni is related to the Mt. Somma Vesuvius and the eastern siliciclastic zone. The higher Cr
proportion can be observed around Solofra, for example.

The higher Pb proportion zones are located in the urbanised area of Naples and some parts of Ischia
and Sorrento Peninsula where they are tied to intensive traffic (Fig. 7A). The highest concentration of Pb
(up to 425 mg/kg) in stream sediment was also described from Naples and that was explained by heavy
traffic and human activities (Lima et al., 2003a; De Vivo et al., 2016; Minolfi et al., 2018b). However, the
higher Pb proportion zone can also be revealed around Mt. Roccamonfina, where the average Pb
concentration from phonolite and phonotheprite was 129 mg/kg (Peccerillo, 2005). This concentration is
two times higher than the counterpart of Campanian volcanic rocks (64 mg/kg) (Paone et al., 2001);
hence the Pb enrichment in the Roccamonfina area is more likely related to the underlying volcanic
rocks.
3.2.6. llr-4 map (Cr/Ni)

The fourth balance map demonstrates the relative abundance of Cr and Ni and their spatial distribution
(Fig. 7B). The map shows that their proportion is similar in the vast majority of the study area (ilr-4:
-0.2-0.25). One of the higher Cr proportion areas is related to the Sarno Basin (e.g. Solofra district)
where several factories (e.g. tannery industry) operate contributing to the abundance of Cr (Fig. 7B).
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Some high Cr proportion patches are observed around the Mt. Roccamonfina and above some
carbonate massifs (e.g. Mt. Matese) where the most advanced pedogenetic processes (e.g. rubification,
eluviation) were demonstrated (Petrik et al., 2018a). The trivalent chromium (Cr3+) behaves much like
Al3+ and Fe3+ and tends to accumulates with secondary oxy-hydroxides in matured soils especially
under alkaline environment (Salminen et al., 2005; Reimann et al., 2014).

Nickel reaches higher proportion compared to Cr in the eastern part of the study area in topsoils over
claystone and siltstone (Fig. 7B). The lowest mobility and variance of Ni concentrations were described
here by Petrik et al. (2017). The higher abundance of Ni close to the Mt. Somma-Vesuvius may be

related to underlying volcanic rocks.

3.2.7. Bivariate regression analysis and residual map
Based on the factor score and balance maps and the strong positive correlation (R2: 54.53-91.96%) of
the 4 PTEs with Fe and Mn, we performed bivariate regression analysis using the normalised ilr-2
(independent) and ilr-1 (dependent) variables to discriminate and map the anthropogenic and geogenic
parts of the contamination (Fig. 8).
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Fig. 8. (A) Bivariate regression analysis between normalised ilr-2 (independent) and ilr-1 (dependent) variables.
(B) Standardised residuals against normalised ilr-2. The plot was divided into more parts based on the
classification of ilr-2 and residuals by means of Tukey's box-and-whiskers plot. Areas outside of lower (Q1) and
upper quartiles (Q3) belong to geogenic enrichment and anthropogenic contamination of different elemental
associations.

We were particularly interested in standardised residuals which were plotted against normalised ilr-2
coordinates (Fig. 8B). The large positive (> 1.55) standardised residuals reveal low Fe/Mn proportion
(ilr1), hence mainly indicating anthropogenic contamination. In contrast, large negative (<-1.04)
standardised residuals (high Fe/Mn proportion) represent geogenic contamination (Fig. 8B).

The standardised residuals of the bivariate regression were used to make residual map which was

classified by means of the C-A (Concentration-Area) plot (Fig. 9). The residual map was overlain by
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those sampling points which are related to different sources of contamination or enrichment based on
the standardised residuals plot (Figs. 8B, 9). The large positive residuals (> 1.55, with red colour) all
indicate anthropogenic contamination of the 4 PTEs (Figs. 8B, 9). The densely populated, large urban
and industrial areas along the coastline (e.g. Naples, Salerno and Castelvolturno) are all displayed as
highly contaminated regions mainly due to the heavy traffic (Pb anomaly) and various heavy industries
(e.g. production of alloys: Zn). Some scattered, high contamination patches in the Sarno Basin are likely

related to intensive agriculture using phosphate fertilisers (Zn, Cr, Ni anomaly).

1: Mt. Roccamonfina 7: Sarno Basin

2: Castelvolturno 8: Sorrentina Peninsula

3: Naples 9: Salerno N
4: Phlegraean Field 10: Sapri

5: Ischia 11: Benevento

6: Mt. Somma.Vesuvius 12: Solofra

Residuals (ilr2 ~ ilr1)
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Fig. 9. Classified standardised residual map indicating the contamination and enrichment areas. The map is
overlain by those sampling points which are related to anthropogenic contamination or geogenic enrichment of
the respective 4 PTEs.
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Contamination in the Solofra industrial district is linked to traffic emission (Pb), alloy production (Zn and
Ni) and tannery (Cr and Ni) industries (Fig. 9). The southern urbanised region around Sapri is also
displayed as contaminated area, which was associated with large urban areas (Pb) and smelting
industries (Cr, Ni) (Thiombane et al., 2018a).

In contrast, the large negative residuals (<-1.04 with dark blue) indicate the geogenic source of the four
investigated PTEs. The large volcanic complexes (e.g. Mt. Somma-Vesuvius, Phlegraean Fields, Mt.
Roccamonfina) are all characterised by negative residuals demonstrating the main influence of
underlying geology (e.g. different volcanic rocks) on the proportion of Zn and Pb (Fig. 9). Some negative
residuals can be discerned in the eastern part of the study area where the anomaly of Cr and Ni may be
influenced not only by the presence of Fe-, and Mn-oxy-hydroxide but also the organic matter and clay
content (Fig. 9). According to Buccianti et al. (2015), the Ni and Cr distribution are strongly dependent

on the various lithology (e.g. clay content) and grain size of the siliciclastic zone in the Apennine Mts.

4. Conclusion

This study demonstrates a comprehensive discrimination analysis carried out on 4 PTEs (Zn, Pb, Cr
and Ni) of the Campanian high-density topsoil data set. A workflow of compositional data analysis was
implemented ranging from robust biplot and factor score maps to multivariate and bivariate regression
analyses to discriminate the possible sources of contamination/enrichment.

The study represents a new discrimination index based on standardised residuals of the bivariate
regression of the ilr-2 against ilr-1 coordinates which enabled us to identify and separate the
anthropogenic contamination from the geogenic enrichment of the respective 4 PTEs. The large urban
and industrial areas (e.g. Naples, Salerno) along the coastline are mainly contaminated by Pb and Zn
due to heavy traffic and alloy production. Some Cr and Ni contamination was discerned in the Sarno
Basin due to the release of waste rich in Cr-Ni deriving from tannery industries (e.g. Solofra). The large
volcanic complexes (e.g. Mt. Somma-Vesuvius, Mt. Roccamonfina) are all characterised by geogenic
enrichment of Zn and Pb. In contrast, Cr and Ni-enrichment is mainly related to the siliciclastic deposits
where their proportion is not only influenced by Fe and Mn but also organic matter, clay content and

dispersion mechanism.
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Exploratory analysis of multi-element geochemical patterns in soil from the Sarno
River Basin (Campania region, southern ltaly) through compositional data analysis
(CODA)

Abstract
The Sarno River Basin (south-west Italy), nestled between the Somma-Vesuvius volcanic complex and
the limestone formations of the Campania—Apennine Chain, is one of the most polluted river basins in
Europe due to widespread industrialization and intensive agriculture. Water from the Sarno River, which
is heavily contaminated by the discharge of human and industrial wastes, is partially used for irrigation
on the agricultural fields surrounding it. We apply compositional data analysis to 319 soil samples,
collected during two field campaigns along the river course and throughout the basin, to determine the
concentration and possible origin (anthropogenic and/or geogenic) of the elemental anomalies, including
potentially toxic elements (PTEs).
The concentrations of 53 elements were determined using ICP-MS and, subsequently, log-transformed.
Using hierarchical clustering, clr-biplot and a principal factor analysis, the variability and the correlations
between a subset of extracted variables (26 elements) were identified. Factor score interpolated maps
were then generated using both lognormal data (NDR) and clr-transformed data to better visualize the
distribution and potential sources of the patterns in the Sarno Basin.
The underlying geology substrata appear to be associated with raised levels of Na, K, P, Rb, Ba, V, Co,
B, Zr, and Li, due to the presence of pyroclastic rocks from Mt. Somma-Vesuvius. Similarly, elevated
Pb, Zn, Cd, and Hg concentrations are most likely related to the geological and anthropogenic sources,
the underlying volcanic rocks, and contamination from fossil fuel combustion associated with nearby
urban centers. Interpolated factor score maps and the clr-biplot show a clear correlation between Ni and
Cr in samples taken along the Sarno River, and Ca and Mg near the Solofra district. After considering
nearby anthropogenic sources, the Ni and Cr are PTEs most likely originating from the Solofra tannery
industry, while Ca and Mg correlate to the underlying limestone-rich soils of the area.
This study shows the applicability of the log-ratio transformations to these studies, as they clearly show
relationships and dependencies between elements which can be lost when univariate and classical
multivariate analyses are employed on raw and lognormal data.

1. Introduction
Environmental geochemistry investigates the impact of natural geochemical processes and
anthropogenic activities on natural systems (e.g., rivers, lakes, soils, or forests), and on human health.
These activities may lead to issues of ongoing anthropogenic global environmental change such as acid

rain, ocean acidification, toxic metal pollution, or water contamination, and may result in contamination
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of an area by potentially toxic elements (PTEs). A useful tool in determining the level and distribution of
PTE contamination, and thereby identify areas where there may be a risk to the local ecology and to
humans, is an environmental risk assessment (Aral, 2010; Health Canada, 2010a, 2010b; DEFRA,
2011).

The Sarno Basin, considered to be one of the most polluted areas of Europe, is contaminated by PTEs
from both anthropogenic sources including several different industries (Arienzo et al., 2001; Cicchella et
al., 2014), as well as from the underlying geological substrata. Statistical studies may be employed to
define the characteristics of the PTEs in the Sarno Basin, including the definition of the background
concentrations of these elements, the relationships between different chemical elements, and, in some
cases, the determination of the extent of anthropogenic effects on the contamination status of the PTEs
in the basin. It is understood that classical statistical methods based on Euclidean distance, and
particularly those based on covariance structure, are not applicable to geochemical concentrations
(Aitchison, 1986). This is mainly due to the positive character of geochemical data, and to the fact that
they carry only information about the relative abundance of each individual component. To treat these
compositional data using multivariate analysis, we must assume that the sample space is RP, which can
properly reconcile the correlation between elements. This was first recognized by Pearson (1897), who
introduced the concept of spurious correlation for coefficients computed from raw compositions, which
has since been studied by many authors, in particular by Chayes (1960), who tried to relate these
issues to the singularity of the covariance matrix. Aitchison (1986) was the first to put forward a
comprehensive alternative approach to classical statistics in order to avoid this problem, defining a new
distance more suitable to compare compositions than the Euclidean distance. The most common
approach to deal with concentration variables is now the use of log-ratio transformation (Aitchison,
1986; Aitchison et al., 2000; Aitchison and Egozcue, 2005) to express the compositions in terms of log-
ratio coordinates. Three major transformations have been developed: additive log-ratio (alr), centered
log-ratio (clr), both by Aitchison (1986), and the isometric log-ratio (ilr) by Egozcue et al. (2003). This
study uses the clr-transformation method, as the clr-coordinates are most appropriate to interpret the
distances between elements (Palarea-Albaladejo et al., 2012; Thiombane et al., 2018a), and to perform
a dimensionality reduction through use of a biplot (Aitchison and Greenacre, 2002). Clr transformation
was applied to the data in conjunction with clr-biplot compositional statistical transformation and Factor
Analysis (FA), to distinguish the origin of the pollution in the Sarno River Basin. The main objectives of
this multivariate investigation were:

e to determine the geochemical anomalies and sources of element patterns in the Sarno Basin.

e to distinguish the main vector and element associations into the environment.
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e to use log transformation methods (lognormal and clr log-transformation) on the data to
distinguish the potential anthropogenic or geogenic origin of the PTEs in the basin by applying
clr-biplot and FA.

e to assess how the main lithological chemistry and human activities affect the Sarno Basin by
using interpolated factors scores maps.

To facilitate better interpretation of the distribution patterns and the correlation between elements, the
results of the clr transformed data were compared with the classical log transformed data by means of

interpolated maps with ArcGIS software. Log-ratio transformations and clr-biplot were made using
CoDaPack software (Comas-Cufi and Thi6-Henestrosa, 2011), whereas the R Software was used to

determine the correlation matrix and perform the FA.

2. Study area
Covering an area of 500 km?, the Sarno River Basin is located in the Campania Region (southern Italy).
The basin is bounded by the pyroclastic deposits of the Somma-Vesuvius volcanic complex to the
northwest, the Tyrrhenian Sea to the west, the Picentini and Sarno Mountains to the east, and by Lattari
Mountains and Sorrento Peninsula limestone reliefs to the south-west (Fig. 1A). Carbonate rocks
belonging to the Campano—-Lucanian and Abruzzese—Campanian carbonate platforms crop out in the
Sarno River Basin including limestone outcrops around the Sarno and Lattari Mountains, Triassic
dolomite, Lower Jurassic—Cretaceous limestone and dolomite limestone, and fractured and karstified
Cretaceous limestone (De Pippo et al., 2006). Volcanic tuff, lapilli, and ash deposits from activity of the
Somma-Vesuvius volcanic complex generally cover the calcareous-dolomitic rock of the Sarno
Mountains (Fig. 1A). It is generally understood that the main soil characteristics of the study area are the
result of geological phenomena (weathering, soil erosion) of the lithological substrate in and surrounding

the Sarno Basin.
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Fig. 1. The Sarno River Basin; (A) Simplified geological map of the Sarno Basin; (B) Map of land use and
industrial activities.

The Sarno River flows approximately 24 km through the basin, and is considered the most polluted river
in Europe (Adamo et al., 2008; Albanese et al., 2013). Untreated domestic and agricultural effluent and
solid and liquid industrial wastes are discharged directly into the river. It springs from the slopes of Mt.
Sarno near the eponymous town, and empties into the Gulf of Naples (Tyrrhenian Sea) near Rovigliano
Rock, between Castellammare di Stabia and Torre Annunziata (Arienzo et al., 2001). The river system
traverses the Campanian provinces of Salerno, Avellino, and Naples, and collects water from the
Solofrana and Cavaiola tributaries, as well as discharge from the municipalities of Montoro, Scafati and
Mercato San Severino.

The population of the Saro Basin is approximately 1,400,520 inhabitants, with an urban average
density of about 1859 inhabitants per km? and a peak density along the coastal and some inland areas
of over 2200 inhabitants per km2 (ISTAT, 2013). The Sarno Basin is highly industrialized with >160

tanneries located mostly in the Solofra area (Arienzo et al., 2001), canneries distributed along the length
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of the river, and the industrial area of Castellamare containing the Novartis pharmaceutical factories,
and medium-scale industrial facilities producing paints, ceramics, and packaging food (Fig. 1B). The
situation is aggravated by pervasive discharge of untreated agricultural and industrial waste directly into
the river. The Sarno Valley is also home to very intensive agricultural activities, consisting mainly of
tomato field horticulture in San Marzano, extensive orchards between Pompeii and Scafati, vineyards in
the Boscoreale area, and chestnuts, greenhouse horticulture, floriculture, and crop production

throughout the basin.

3. Materials and methods

3.1. Soil sampling and preparation
Soil sampling was carried out during two campaigns. During the first (known as the SAR-SAR
campaign), topsoil samples were collected from a depth of 0-20 cm from the surface, at 36 sampling
points of irrigated and flood-plain soil on average every 0.8 km along the main course of both the Sarno
and Solofrana rivers in 2010. The second campaign (known as the SAR-SOB campaign) collected 283
soil samples from throughout the Sarno River Basin, with an average sampling density of approximately
one sample per 2 km2. In total, 319 samples were collected during the two campaigns (Fig. 2), following

internationally recognized sampling methods (Plant et al., 1996; Salminen et al., 1998).
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Fig. 2. Map of the study area with the location of soils sampling sites: SAR-SAR represents samples sites in
along the length of the Sarno River; SAR-SOB samples sites are distributed across the Sarno Basin.

Each soil sample was collected as composites from five pits within an area of 100m2, and consisted of

approximately 3 kg of soil, collected between 0 and 20 cm below the surface, stored in inert plastic
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bags. All samples were air-dried to prevent the volatilization of Hg, and sieved to collect 30 g of the

<2mm fraction for chemical analysis.

3.2. Chemical analysis
Analyses were carried out at Acme Analytical Laboratories Ltd (now Bureau Veritas, Vancouver,
Canada), an ISO 9002 accredited laboratory, within a 20 day time frame from when the samples were
received, to the final delivery of analytical results. The samples were analyzed after an aqua regia
extraction, by a combination of inductively coupled plasma atomic emission (ICP-AES) and inductively
coupled plasma mass spectrometry (ICP/MS). The analytical procedures are highlighted in the section
2.1, where with the same protocol has been developed. Table 1 shows the results of the 40 considered

elements.
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Table 1. Detection limits, accuracy and precision of the applied analytical method.

Element Unit detection limit accuracy A(%) Precision (%)
Al % 0.01 0.4 1.2
Ca % 0.01 2.5 1.2
Fe % 0.01 0.7 1.8
K % 0.01 2.5 3.8
Mg % 0.01 1.5 1.4
Na % 0.001 3.3 2.7
P % 0.001 1.2 3.8
S % 0.02 19.4 11.5
Ti % 0.001 25 5.7
Ag mgKg-! 0.002 6.5 10.9
As mgKg’ 0.1 1.3 2.2
Au mgKg"’ 0.0002 8.2 219
B mgKg’ 1 04 8.2
Ba mgKg-*! 0.5 0.3 1.7
Be mgKg-! 0.1 0.7 2.3
Bi mgKg-" 0.02 1.2 3.5
Cd mgKg™’ 0.01 1.4 5.1
Co mgKg"" 0.1 2.3 3.2
Cr mgKg’ 0.5 2.5 1.2
Cu mgKg’ 0.01 1.6 3.7
Ga mgKg’ 0.1 3.3 4.2
Hg mgKg"" 0.005 24 6.3
La mgKg-"! 0.5 3.5 2.9
Mn mgKg-! 1 1.5 29
Mo mgKg’ 0.01 1.4 1.1
Ni mgKg-" 0.1 0.8 2.7
Pb mgKg-"! 0.01 1.4 1.8
Sb mgKg-! 0.02 1.3 2.3
Sc mgKg’ 0.1 0.8 4.4
Se mgKg’ 0.1 0.9 22
Sn mgKg-" 0.1 0.5 3.4
Sr mgKg-! 0.5 4.3 2.5
Te mgKg"’ 0.02 3.9 6.4
Th mgKg’ 0.1 4.1 3.1
Tl mgKg-" 0.02 2.2 4.1
U mgKg’ 0.1 1.6 3.7
V mgKg’ 2 2.3 3.2
W mgKg"’ 0.2 3.7 5.1
Zn mgKg’ 0.1 1.8 2.2
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3.3. Statistics and compositional data analysis (CoDA)
A composition is defined as a sample space of the regular unit D simplex, SP, that is a vector of D
positive components summing up to a given constant k, set typically equal to 1 (proportions), 100
(percentages), or 106 (ppm) by closure. It relates parts of some whole that carry relative information
(ratios of components) whose sample space is the simplex.
By analogy to the lognormal approach, Aitchison (1986) projected the sample space of compositional
data, the D-part simplex SP, to real space, RP-' or RP, using log-ratio transformations. Descriptions of
the properties and processes of these transformations can be found in Pawlowsky-Glahn et al. (2015b).
3.3.1. The centered log-transformed data (clr)

The clr transformation for a composition x=[x1, X2, ...Xp] € SP is the transformed data y € RD with:

= (L e X
y=clr(x) = (Ing(x), Ing(x),...,lng(x)) (1

That is, each component is represented as a log-ratio of a central value by using the geometric mean of
the composition x, g(x)=[x1'x2"...-xp]"P. The clr-transformed coordinates are always dependent on the
geometric mean, so cannot be simply interpreted independently of other elements. Thus, just as in
individual components, any single component of the clr-transformation will be associated with the “total”,
or, the set of all considered components (Pawlowsky-Glahn et al., 2015a). The main advantages of the
clr coefficients are: 1) the clr coefficients translate perturbation and powering of compositions into
ordinary sum and multiplication by a scalar of vectors of clr coefficients; and 2) classical Euclidean
distance between vectors of clr coefficients is equal to the Aitchison distance of their corresponding
compositions (Egozcue and Pawlowsky-Glahn, 2006). These two properties make the clr coefficients
extremely useful. The Aitchison distance and the other metric properties including the scale invariance,
permutation invariance, and sub-compositional coherence may be effectively related by the use of clr
coordinates. Further discussion can be found in Barceld-Vidal and Martin-Fernandez (2016). The main
disadvantage of the clr transformation is that the clr covariance matrix is singular. Despite this
complication, the relationship between the chemical elements can be freely analyzed using the clr-biplot
(Aitchison and Greenacre, 2002), and it is for this reason that clr coordinates were used in our analysis
and statistical computations.

One of the best methods to display the variable associations and their main behaviour in multivariate
analysis is by using a dendrogram arising from hierarchical clustering. Therefore a hierarchical cluster

was built based on lognormal data and clr logratio transformation (Fig. 3) to better visualize several
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clear variable associations that can be explained from knowledge of their geochemical behaviour, or

nearby anthropogenic processes in the survey area.

3.3.2. Clr-biplot
The most common graph to portray the relationship between variables is the biplot (Gabriel, 1971;
Kempton, 1984). The biplot is a 2D graphical representation based on the singular value decomposition
(Eckart and Young, 1936), where the individuals or sample observations are expressed as dots and the
variables as rays. It permits to relate the correlation and the association between variables, and the
construction of a smooth distribution of elements depending of their characteristics. When the biplot is
used with clr log-transformed data, it facilitates the analysis of all geochemical variables (Aitchison and
Greenacre, 2002; Otero et al., 2005). In addition, the lengths of the rays and the angles between rays
and between links may be interpreted in statistical terms (Pawlowsky-Glahn et al., 2015b). The
coordinates of the samples represented in the clr-biplot are the coordinates of the centered data.
Consequently, the Euclidean distance between two samples in the clr-biplot is an approximation of the
Aitchison distance between the corresponding compositions in the simplex. The squared length of a ray
is proportional to the clr-variance of the corresponding chemical element. The squared length of the link
between two vertices of rays is approximately equal to the variance of the log-ratio of the parts
corresponding to the clr-rays. In this sense, the closer the vertices are, the more proportional the
concentrations of the chemical elements are (Aitchison and Greenacre, 2002). The cosine of the angle
between two links approaches the correlation coefficient between the corresponding simple log-ratios.
Consequently, the orthogonality of the links suggests that there is no correlation of the log-ratios; it is
not possible to estimate the covariance matrix in order to obtain robust counterparts of loadings and

scores for the construction of a robust compositional biplot (Filzmoser and Hron, 2011).

3.3.3. Interpolated factor score maps
The interpolated factor association maps have been obtained using ArcGIS™ 10.2 Spatial Analyst
software, using Inverse distance weighted (IDW) as the interpolation method. This method assumes that
that value of neighbouring observations contribute more to interpolated values of distant observation
even if it ignores the variance of values (Cheng, 2008). A distance of 1.5 km was chosen as the linear-
weighted combination distance between sample points. Moreover, the structural geology, the
environment, and landscape morphologies and characteristics have been taken into account to better
visualize spatial patterns of elements associations into the survey area. The different factors score maps
obtained were studied and interpreted in accordance with their hypothetical origin (geogenic,

anthropogenic or mixed).
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3.4. Factor analysis (FA)

Factor analysis is a statistical method that characterizes different groups of chemical elements with
approximately similar geochemical patterns (Miesch Programs, 1990). Multivariate statistical analysis
was applied to the lognormal of raw data (NRD) and the clr log-transformed data in order to make in
evidence the suitable interrelationships between variables clr log-transformed. One objective of this
study is to determine the relationships between the 26 variables in the 319 samples of this study using
factor analysis. To determine the distribution and the correlation structure of the variables, we employed
multivariate statistical analysis by using the principal factor analysis, which clearly identifies unique
factors that have a completely different behaviour to the majority of all other factors. This method aids
another objective of this study, the determination of the geogenic or/and anthropogenic source of the
variables (Reimann and De Caritat, 2005). To better visualize the correlation between the variables, the
number of elements considered was reduced based on 3 criteria: 1) remove elements which
concentrations are lower than the limit of detection (LOD); 2) choose arbitrary mostly two representative
elements (e.g., Rare Earth Elements; REE), which are geochemically congruent; 3) choose elements
with a communality of extraction higher than 0.5 (50%) and/or a common variances <0.5 (Table 2).

The factor association maps were carried out using lognormal data and the clr log-transformation.
Details of the 26 elements included in the final variables matrix (Ag, As, Au, B, Ba, Ca, Cd, Co, Cr, Fe,
Hg, K, La, Li, Mg, Na, Ni, P, Pb, Rb, Th, Ti, U, V, Zn, Zr) are shown in Table 2. Based on the
multivariate analysis, four factor associations (F1, F2, F3, and F4) were derived for both the lognormal

data and the clr-transformed data (Table 3).

95



Table 2. Statistical parameters and descriptive statistics of the 26 elements included in the final variables matrix
after varimax orthogonal rotation from soil sediment samples (n=319) of the Sarno River Basin (values presented

in mg/kg).
Variable Unit samples Minimum  Maximum Mean Median Std Deviation Skewness  Kurtosis

Ag mg/kg 319 0.03 0.63 0.14 0.12 0.09 2.55 9.03
As mg/kg 319 5.82 111.50 14.65 13.10 8.21 8.68 93.18
Au mg/kg 319 0.0003 0.21 0.01 0.01 0.02 7.98 91.35
B malkg 319 05.00 46.00 21.86 22.00 743 0.19 -0.34
Ba mglkg 319 294.50 1034.90 645.50 643.00 155.25 0.08 -0.51
Ca mg/kg 319 4300.00 127700.00  38739.00 31500.00 23874.00 1.39 1.85
Cd malkg 319 0.15 11.06 0.62 0.54 0.82 11.26 134.48
Co mg/kg 319 06.00 16.60 12.14 12.30 219 -0.31 -0.33
Cr ma/kg 319 5.30 808.40 35.96 16.80 76.65 5.99 43.19
Hg mgalkg 319 0.01 0.61 0.09 0.06 0.07 2.77 12.36
K mg/kg 319 4000.00 47600.00  23907.00 23300.00 10705.00 0.02 -1.16
Fe malkg 319 15700.00 41200.00  29865.52 30100.00 4222.02 045 0.25
La mglkg 319 19.70 86.70 46.00 4470 11.37 0.63 0.55
Li ma/kg 319 8.40 45,50 21.09 19.80 7.10 0.85 0.42
Mg mglkg 319 3300.00 46900.00  10317.00 8700 5557.00 2.83 10.48
Na mg/kg 319 460.00 15360.00 6444.00  6640.00 3583.00 -0.04 -1.28
Ni mg/kg 319 8.50 29.40 15.94 15.60 2.91 1.32 3.40
P mglkg 319 460.00 6170.00 2720.00 2680 1129.00 0.32 0.27
Pb mglkg 319 25.41 585.16 71.72 63.47 4113 6.90 76.36
Rb mg/kg 319 51.20 259.40 171.31 174.20 4942 -0.27 -0.91
Th mg/kg 319 3.60 47.80 14.14 13.20 5.27 1.91 7.62
Ti mg/kg 319 620 2670.00 1632.00  1620.00 342.00 0.17 0.26
u malkg 319 1.80 23.70 4.98 4.60 2.16 3.16 19.90
\Y mglkg 319 43.00 131.00 91.06 90.00 17.12 -0.06 -0.32
Zn mg/kg 319 60.50 1115.50 160.47 140.60 93.58 422 34.42
Zr mg/kg 319 7.40 269.80 37.59 28.80 29.12 403 23.64

These factor associations were considered and interpreted in accordance with the presumed origin, or

reason for the variable association, (i.e., geogenic or anthropogenic sources).
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Table 3. Varimax-rotated factor (four-factor model) of 26 variables for 319 soil samples from the Sarno basin;
table shows the rotated component matrix of the lognormal data (left table) and the clr transformed data (right
table). Bold entries: loading values over |0.50].

. Factors Communalities . Factors Communalities
variables Clr (variables)
F1 F2 F3 F4 Initial Extraction F1 F2 F3 F4 Initial Extraction
Ag 0.10 -0.18 0.73 0.32 1.00 0.68 Ag 0.22 -0.71 -0.08 0.22 1.00 0.61
As -0.22 0.36 0.12 0.64 1.00 0.60 As -0.74 0.23 0.26 0.10 1.00 0.67
Au 0.04 -0.07 0.62 0.05 1.00 0.59 Au 0.28 -0.75 -0.03 0.03 1.00 0.65
B 0.77 -0.22 0.22 -0.14 1.00 0.70 B 0.82 -0.06 -0.08 -0.17 1.00 0.72
Ba 0.89 0.23 0.09 -0.05 1.00 0.86 Ba 0.72 0.36 0.36 0.07 1.00 0.79
Ca -0.22 -0.68 0.24 -0.20 1.00 0.61 Ca 0.25 -0.18 -0.86 0.01 1.00 0.83
Cd -0.03 0.03 0.56 -0.03 1.00 0.52 Cd -0.07 -0.64 -0.04 0.17 1.00 0.54
Co 0.79 0.40 -0.11 0.27 1.00 0.87 Co 0.39 0.67 0.30 0.46 1.00 0.90
Cr -0.16 -0.10 0.10 0.83 1.00 0.73 Cr -0.18 -0.27 -0.16 0.72 1.00 0.65
Fe 0.44 0.77 -0.17 0.26 1.00 0.88 Fe -0.14 0.81 0.27 0.37 1.00 0.88
Hg -0.06 -0.19 0.59 0.19 1.00 0.51 Hg -0.15 -0.71 -0.03 -0.08 1.00 0.54
K 0.95 -0.11 0.00 -0.14 1.00 0.94 K 0.95 0.1 0.1 -0.07 1.00 0.94
La -0.33 0.85 -0.08 0.15 1.00 0.87 La -0.74 0.52 0.22 0.04 1.00 0.87
Li -0.58 0.68 -0.13 0.23 1.00 0.87 Li -0.84 0.39 0.01 0.13 1.00 0.86
Mg -0.43 -0.52 -0.01 -0.06 1.00 0.56 Mg -0.10 0.07 -0.87 0.14 1.00 0.79
Na 0.87 -0.17 0.02 -0.20 1.00 0.83 Na 0.92 0.08 0.04 -0.12 1.00 0.87
Ni 0.05 0.13 0.12 0.79 1.00 0.65 Ni -0.20 0.19 -0.20 0.84 1.00 0.83
P 0.73 -0.19 0.39 0.01 1.00 0.72 P 0.79 -0.38 0.06 0.05 1.00 0.77
Pb -0.01 -0.04 0.70 -0.06 1.00 0.50 Pb 0.02 -0.69 0.06 0.02 1.00 0.59
Rb 0.93 0.01 -0.03 -0.11 1.00 0.87 Rb 0.84 0.32 017 -0.07 1.00 0.84
Th -0.28 0.87 -0.15 0.00 1.00 0.86 Th -0.58 0.63 0.29 -0.01 1.00 0.82
Ti 0.19 0.79 -0.26 0.03 1.00 0.72 Ti -0.24 0.79 0.22 0.13 1.00 0.75
U 0.32 0.65 0.16 -0.17 1.00 0.58 U 0.09 0.24 0.72 -0.16 1.00 0.60
Vv 0.81 0.46 -0.16 0.09 1.00 0.89 Vv 0.41 0.74 0.32 0.24 1.00 0.88
Zn 0.31 -0.14 0.64 0.04 1.00 0.52 Zn 0.39 -0.68 -0.07 0.13 1.00 0.63
Zr -0.51 0.73 -0.14 -0.12 1.00 0.83 Zr -0.76 0.56 0.12 -0.06 1.00 0.90
Eigenvalues 7.41 6.15 2.96 1.55 - - Eigenvalues 9.30 6.34 2.24 1.62 - -
% Variance 2851 2367 1139 5.98 - - % Variance 35.76 24.40 8.62 6.22
Cumulative % 28.51 5218 6357 69.54 - - Cumulative % 35.76 60.16 68.77 74.99

4. Results and discussion

4.1. Hierarchical clustering of lognormal versus clr-transformed data
Figure 3 presents a hierarchical clustering of 26 variables lognormal data versus clr log-transformed
data, based on the average linkage between elements method. No clear interrelationships and
associations between groups of variables are visible in the hierarchical clustering on log-transformed
data (Fig. 3, left plot).
The Ca-Mg and Ni-Cr groups are correlated into the same cluster, and in fact, it seems that possible
associations of variables can be simplified or/and reduced using the lognormal data. Performing
hierarchical clustering on clr log-transformed data (Fig. 3, right plot) highlights the correlation between
variables into a Euclidean geometry which clearly identifies the association of groups of elements in
different variables. The variables cluster smoothly based on their most likely geochemical origins or
interactions, such as the association of Ca—Mg arising from rudist limestone and carbonate sediments
between Solofra and Montoro, and the association between Na-K-P-B and U-Ba-Co-V resulting from
pyroclastic rocks of the Mt. Somma-Vesuvius. In addition to the background geology, human activities

affecting the survey area can be identified such as through the element association of Ni-Cr and Pb-
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Zn-Cd-Hg relating to industrial activities such as the famous tanneries of the Solofrana district (source

of Cr and Ni), metal processing operations, and the combustion of petroleum products. It is clear that

the cluster analysis was able to distinguish particular groups and associations of variables, allowing us

to draw conclusions as to their main geogenic and anthropogenic origins in survey area.
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Fig. 3. Dendrograms for lognormal data (left plot) and clr-transformed data
(right plot) of the selected 26 variables.

4.2. Generation of clr-biplot

The clr biplot (Fig. 4) explains almost all Euclidean variability (~70%) using only 26 of the total 52

elements analyzed in the first three Principal Components (PC1, PC2, and PC3, accounting for 35.5%,

22.5%, and 10.2%, respectively). Applying this geostatistical computation to the Sarno database

displays associations between elements that may reflect their sources, whether related to the underlying

geology, or human activity, or a mixture of the two. Following projection into x, y coordinate space (Fig.

4, left plot) we may distinguish five main associations of variables, based on the length of the vertex,

their vicinity to each to another and the position between dots (observations or samples) and rays.
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Fig. 4. Clr-biplot of the Sarno Basin soil samples. The left plot (A) is displayed without the individual sample
observations, while the right plot (B) shows association between variables and the observations.

The Ca-Mg association (A1) shows both variables with high communalities (the length of the vector)
and high correlation coefficient (r=0.76). These two elements are commonly found in the carbonate
rocks of the study area, such as the silico-clastic deposits in the rudist limestone and carbonate
sediment between Solofra and Montoro (see Table 3, F3).

Na—-K-P-B-Rb-Ba association (A2) is dominated by a high communality of the Na variable and the
vicinity of their rays. Within this group, the correlation coefficient between Na and K is higher (r=91),
followed by Na-P (r=0.69), B-P (r=0.67) and P-K (r=0.62). These associations probably reflect the
potassic and ultrapotassic rocks formations that occur throughout the majority of the basin, related to
the lava and pyroclastic volcanic activity of Mt. Somma-Vesuvius. Mercury (Hg) presents a high length
of communality contributing to the (A3) association with Zn, Pb, Cd, Au, and Ag (see F2 of FA table).
This association may be divided in two sub-groups, named Ag-Au (r=0.65) and Zn-Cd-Pb-Hg sub-
associations. This association contains both short vectors (Zn, Cd, and Pb are poorly represented) and
long vectors (Au, Ag, and Hg). This may, in fact, be representative of the effects of both the geogenic
source (volcanic material) and anthropogenic source (the high level of pollution in the basin related
automobile gasoline combustion and industrial activities) (Albanese et al., 2013). As-U-Th-Zr-La-Li
(A4) and Fe-Ti-Co-V (AS5) association vectors display generally the same length of communality, with
the exception of Zr (which is significantly greater: 78.8%). Fe is positively correlated with Ti, V, and Co,
with correlation coefficients of r=0.79, r=0.78, and r=0.65, respectively. In the A4 association, a similar
trend is seen with Th correlating strongly with Zr, La, Li, and U, with correlation coefficients of r=0.87,

r=0.85, r=0.79, and r=0.63, respectively.
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In considering the most likely potential origin of these associations, the A4 association reflects the
pyroclastic material covering hilly and mountain areas surrounding the Sarno River Basin, while A5 is
most likely related to the predominantly magmatic rocks of Mt. Somma-Vesuvius, with their primary
compositions of coexisting Fe-Ti oxides (Cicchella et al., 2014; De Pippo et al., 2006).

Ni and Cr (A6) are modestly correlated (r=0.58), and Cr presents a communality value (84.12%). They
might reflect a mixing of the main anthropogenic industrial activities of the river basin (i.e., the tannery
district of Solofra, metal processing operations, and petroleum combustion).

The blue dots (Fig. 4, right plot) represent the SAR-SOB sampling campaign across the entire basin,
while the green dots represent samples collected along the river during the SAR-SAR campaign. It is of
note that the SAR-SAR samples are generally correlated to the A6 (Ni-Cr) and A1 (Ca-Mg) vertices.
This may suggest that the geochemistry associated with soils in contact with the river, and therefore the
river waters themselves, are affected by wastewater from the local industrial activity such as the use of
Cr to treat animal skins in the aforementioned tannery industry of the Solofra district.

To clarify these hypotheses, another clr-biplot (Fig. 5) was created based on the amalgamation of the 26
variables in six possible associations (clr-amalgAs1, clr-amalgA, clr-amalgAs, clr-amalgAs, clramalgAs,

and clr-amalgAs).
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Fig. 5. Clr-biplot of the Sarno Basin soil samples; (A) The clr biplot of amalgamated variables without individual
sample observations and (B) with the individual samples included. The amalgamation operation reduced the
number of variables based on the initial compositional associations (Fig. 4.). This clarifies the mixed
anthropogenic and geological origin of the variables in the survey area.

The amalgamation operation is frequently used to reduce the number of individual parts in
compositional dataset, but it is a nonlinear operation in the simplex with the geometry based on the

Aitchison geometry (Mateu-Figueras and Daunis i Estadella, 2008). If the D parts of a composition are
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separated into C<D mutually exclusive and exhaustive subsets, and the components of each subset are
added together, the resulting C-part composition is termed an amalgamation (Aitchison, 1986). For
example, from the 6-part composition (x1; X2; X3; X4; Xs; Xs) we may obtain the following 3-part
amalgamation (Am1=x1+x2; Am2=x3+ x4; Am3=x5+x6). Elements are assembled into groups which
may better explain the underlying associations. However, as pointed out in Pawlowsky-Glahn et al.
(2015b, page 52) “amalgamation of parts is problematic when the amalgamated composition is
compared with the original one”. In this work, we use the amalgamation algorithm to clarify the possible
behaviour of the groups of elements and their main associations. Based on this assertion, the clr-biplot
(Fig. 5) was created comprising the amalgamation of the five proposed associations (A1, A2, A3, A4,
and A5) based on the compositional clr-biplot (Fig. 4).

The amalgamation of the 26 elements into five association groups reveals important information. The
clr-amalgA1 (Ca, Mg) and clr-amalgA. (Na, P, K, B, Rb) may be independent of each other since their
rays form 90° angle. This could be due to the different geological substrates of the survey area,
confirming the idea that the A1 and A2 associations represent material derived from different lithologies.
The same scenario is displayed between clr-amalg (A6) and clr-amalg (A2) which their vertex form a
180° angle and in opposite directions. Clr-amalg (A4: As-U-Th-Zr-La-Li) and clr-amalg (A5: Fe-Ti-
Co-V) share closely spaced rays but have differing communalities. This may indicate that they have the
same geolithological sources, but result from different volcanic eruptions of Mt. Somma-Vesuvius.
Based on the geological background occurring within the basin, A4 and A5 are most likely related to
magmatic rocks (pyroclastic rocks) that occur the study area. Nevertheless, we suggest that the
different communalities between the two associations may reveal the influence of sub-surface
geological phenomenon (magmatism, crystallization) and/or external conditions (weathering, erosion) in
the survey area. The high correlation of the Ti-Fe-Co-V association in the study area might be
explained by the co-precipitation and absorption phenomena, due to the presence of Fe and Ti
hydroxides in the soils developed from pyroclastic covers and volcano-sedimentary rocks.

The clr-amagA6 (Ni—Cr), and amagA1 (Ca-Mg) form an almost 90° angle; this may reflect a different
origin, with one (A1) related to the geological sub-strata, and the other (A6) related to anthropogenic
activities. Furthermore, A6 may be independent of the other groupings all together, reinforcing a non-
geological origin, being related to activities of the tannery industries in the survey area (Albanese et al.,
2013). The biplot (Fig. 5, right plot) confirms this interpretation, where the SAR-SAR observations,
samples collected along the Sarno River are clearly associated with the clr-amalgA6 ray (Ni-Cr vertex).
Moreover, the correlation coefficient of the two variables Ni and Cr is r=0.58 (positively correlated). This
information indicates that the Ni—-Cr contamination is associated with the river and/or is related to a

matrix that discharged into the river. It can be confidently attributed to contamination from the tannery
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industries (Solofra and Montoro districts), which discharge their wastes directly into the Sarno river and

are rich in Cr and enriched in Ni.

4.3. Production of interpolated factor association maps
To show the applicability of clr transformation applied to the factor analysis more clearly, two types of
interpolated factor score maps were created, one using the lognormal data (NRD) and the other sing the
clr-transformed data (CLR). This allows comparison between the two types of data, and will highlight the
benefit of using clr-transformed data in showing the distribution of variables in the survey area, and their
possible origin. As described above, the different factors obtained from factor analysis were considered
and interpreted in accordance with their presumed origin (natural, anthropogenic, or mixed source). A
total of 4 factors can be used to account for 69.54% and 74.99% of total cumulative variability in the
NRD, and clr-transformed data, respectively (Table 3). This observation confirms that the clr-
transformed data more clearly reflects the relationships, associations, and information contained in the
original variables. Based on the results of factor analysis, interpolated maps were developed to further
clarify the presumed origin of these elements, using frequency space-method (Figs. 6-9). The
associations of the four-factor model using lognormal data are:
F1:Na, K, P, Rb, Ba, V, Co, B, —(Zr, Li);
F2: Th, La, Fe, Ti, Zr, Li, U, —(Ca, Mg);
F3: Pb, Zn, Cd, Hg, Au, Ag;
F4: As, Ni, Cr.
For comparison, the associations of the others four-factor model using clr-transformed data are:
F1: Na, K, P, Rb, Ba, B, —(Zr, Li, As, Th, La);
F2: Th, La, Ti-Zr, Fe, Co, V, —(Pb, Zn, Cd, Hg, Au, Ag);
F3: U, —(Ca, Mg); and F4: Ni, Cr.
Elements with loadings over |0.5] are considered representative members of each association factor
that results from the chosen factor model, permitting the construction of these interpolated factor
association maps.
Fig. 6 and Table 3 display factor scores of variables in the F1 factors of the NRD and clr-transformed
data range from -2.79 to 1.80, and -3.5 to 2.1, with a percentage of variability of 28.51% and 35.76%,
respectively. The factor map (Fig. 6) shows (particularly for the elements Na, K, and P) elevated factor
scores near the slopes of Mt Somma- Vesuvius, which decreases gradually towards the inner basin.
This may be clearly attributed to the occurrence of igneous units and volcanic soils. These units are

dominated by potassic and ultrapotassic lavas and pyroclastic material, which occupies the north-west
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Sarno Basin. We can therefore assume, that these maps reflect the concentrations of elements in

lithological background of the Sarno Basin due to the pyroclastics rocks of the volcanic soils.
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Fig. 6. Interpolated factor score maps showing the elemental association in soils of the survey area based on
factor analysis results; (upper) factor scores map F1 (Na, K, P, Rb, Ba, V, Co, B,-(Zr, Li)) using lognormal data,
and (lower) factor scores map F1 (Na, K, P, Rb, Ba, B, - (Zr, Li, As, Th, La) using cIr transformed data.

Fig. 7 and Table 3 display factor scores of variables in the F2 factor of the NRD and clr-transformed
data range from -2 to 5.9 and -3.57 to 2.62, with a percentage variability of 23.66% and 24.40%,
respectively. The construction of these two interpolated factor maps clarifies the behaviour of these
elements and their correlations in the basin. In fact, Fig. 7 (upper map) identifies the areas containing
the highest factor scores (ranging from 3.95 to 6.0 NDR F2) in the Solofra and Montoro areas and the
lowest factor scores are mapped at the slope of the Mts. Picentini and Mts. Lattari. This supports the
notion of a lithological background origin to these elements in this area, which is dominated by
silicoclastic deposits of the Solofra and Montoro areas, and limestone and dolostone of the Picentini-
Taburno unit and Lattari Mountains for Ca and Mg association. The factor score map (Fig. 7, lower)
shows the lowest factor scores ranging from -3.57 to -1 and the Pb, Zn, Cd, Hg, Au, and Ag elemental
association correspond to the locations of the most urbanized areas (Castellammare di Stabia, Scafati,
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Montoro, Calvanico, Nocera, and Solofra) in the Sarno basin. The anthropogenic sources of these
variables include the high rates of fossil fuel combustion and vehicle emissions, releasing mostly Pb and

Zn into the air and soil (De Pippo et al., 2006; Rossini and Fernandez, 2007).
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Fig. 7. Interpolated factor score map showing the elemental association in soils of the survey area based on
factor analysis results. Upper figure shows the factor scores map F2 (Th, La, Fe, Ti, Zr, Li, U, - (Ca, Mg)) using
the lognormal data, and the lower one displays factor scores map F2 (Th, La, Ti-Zr,

Fe, Co, V, - (Pb, Zn, Cd, Hg, Au, Ag)) using clr transformed data.

Fig. 8 and Table 3 display factor scores of variables in the F3 factor of the NRD and clr-transformed
data range from -1.52 to 5.73 and -3.19 to 3.58 (Fig. 8), with a percentage variability of 11.39% and
8.62%, respectively. The location of hotspots seen in the upper map of Fig. 8 confirms the likely
anthropogenic sources of the Pb, Zn, Cd, Hg, Au, Ag elemental associations, which correspond to the
location of the main urban centres, while the lower map of Fig. 8 displays the highest factor scores
(ranging from 2.5 to 3.58) coinciding with the silicoclastic deposits surrounding the Solofra and Montoro
district. Fine-sized solid particles with a charged substrate, such as clay minerals, play an important role
in the sorption of trace elements. In fact, U is a highly soluble element and can be easily dissolved,
transported and precipitated within sedimentary deposits by subtle changes in oxidation conditions

reflecting adsorption and co-precipitation phenomena.
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Fig. 8. Factor scores association map in soils of the survey area; (upper) Factor scores map F3 (Pb, Zn, Cd, Hg,
Au, Ag) using lognormal data, and (lower) factor scores map F3 (U, — (Ca, Mg)) using cIr transformed data.

Fig. 9 and Table 3 display factor scores of variables in the F4 factor of the NRD and clr-transformed
data range from 2.48 to 9.85 and 2.09 to 4.05, with a percentage variability of 5.19% and 6.98%,
respectively. The highest factor scores values (> 5) for NRD F4 (Fig. 9, upper) are found near the
Solofra and Montoro districts, while high factor scores (> 2.01) for CLR F4 (Fig. 9, lower) are located
associated with the townships of Solofra, Montoro, Mercato San Severino, Nocera, Scafati, and
Castellammare di Stabia (Fig. 9) districts. In fact, all these areas are crossed by the Sarno River or the
Solofrana tributaries, which are most likely control the movement of these particles through the study
area. The clIr transformed data shows a strong correlation of the Cr and Ni elemental all along the Sarno
River and its tributaries, which the underlying geology cannot account for. Therefore, it is instead more
likely introduced into the environment through anthropogenic activities. Indeed, it is most likely
introduced by the release of wastewater from the tannery district of Solofra. This is supported in the
literature, where the tannery industrial wastewater is considered to be a major source of pollution, due to
presence of chlorophenol and Cr combined with Ni (Tariq et al., 2005). Chromium salts (particularly Cr
sulphate) are the most widely used compounds associated with the tanning of skin, while Ni is released
from additional tanning agents used during the process and metals industrial activities and the

combustion of petroleum products.
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Fig. 9. Interpolated factor score map showing the elemental association in soils of the Sarno River Basin. (Upper)
Factor scores map F4 (As, Ni, Cr) using lognormal data, and (lower) factor scores map F4 (Cr, Ni) using clr
transformed data.

5. Remarks and conclusion
This study has been the first to use clr-transformed data based on Aitchison distance to interpret the
distribution and correlation of multi-elements in the Samo River Basin, instead of conventional
multivariate analysis on raw data (e.g., Albanese et al., 2013; Cicchella et al., 2014).
It shows the applicability of the compositional data analysis, which relates the unique relationships and
dependencies between elements that can be lost when univariate and classical multivariate analyses
are employed on lognormal transformed data. The combination of use clr-transformation data,
hierarchical clustering, principal factor analysis and the construction of interpolated factor score maps
allow us to draw the following conclusions:

e ltis possible to discern that the anomalies seen in the geochemical distribution of elements in
the Sarno Basin have been affected to some degree by both the lithological chemistry (e.g., Pb,
Zn, Cd, and Hg in pyroclastic rocks), and the industrial human activities (e.g., Ni and Cr in the

tanning and metal industry discharges and emissions) using the clr-transformed coordinates
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e The distribution of Ni and Cr (relating to the Ni-Cr association) in the Sarno Basin generally
occurs in soil located along the banks of the Sarno River. This cannot be attributed to the
underlying geology and is most likely a result of the discharge of wastewater into the river from
the tanneries of Solofra. This association is clearer in interpolated factor score maps, using the
cr-transformed data.

e The influence of both geogenic and anthropogenic activities on the elevated elemental
concentrations in the Sarno River Basin can be clearly identified using the interpolated factor
association maps, and results of the clr-biplot using clr-transformed coordinates and after
amalgamating variables.

e In addition, the correlation between variables highlighted by factor analysis methods is a useful
tool in the interpretation and determinations of the spatial distribution of the patterns, taking into
account both their geogenic and anthropogenic sources. Factor association score map NRD F2
in conjunction with CLR F3 (the Ca—Mg association), and factor score map NRD F1 and CLR
F1 (the Na, K, P, Rb, Ba, B, Zr, Li, As, Th, and La associations), clearly show high factor scores
reflecting the dominant underlying lithology occurring throughout the Sarno River Basin.

Future work could be undertaken to further distinguish the proportionality of the mixed behaviour seen in
certain elements (i.e., Pb, Zn, Cd, and Hg), by applying other multivariate statistical tools (such as
robust principal component and discrimination analysis) and/or advanced environmental geochemistry
methods such as the use of biomarkers. This may continue to highlight the environmental conditions in
the Sarno Basin, and provide a framework in which to work to improve the quality of life for resident

population.
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Soil geochemical follow-up in the Cilento World Heritage Park (Campania, Italy)
through exploratory compositional data analysis and C-A fractal model

Abstract

Campania Region (southern Italy) is characterized by several elemental soil anomalies both geogenic
and anthropogenic. Parts of these anomalies occur into the World Heritage Territory known as “National
Park of the Cilento and Vallo di Diano”, where this follow-up study has been carried out. In this paper, a
methodology based on compositional data analysis (CoDA) and factor score C-A fractal model was
applied on geochemical data from the above study in order to identify geochemical signatures
associated anomalies. Eighty-one top soil samples were collected over an area of 98 km2, and analyzed
by ICP-MS after aqua regia digestion. Frequency based method (edaplots, classical and robust
compositional biplot) and frequency space-method (factor score maps) were applied to visualize the
correlation between variables and their main features into the survey areas. The different geochemical
patterns were distinguished by a multivariate analysis combined with Concentration-Area (C-A) fractal
method. Results show that geochemical data should be transformed under a compositional perspective
to avoid artefacts, prior to statistical computations. Indeed, ilr-transformed data show a distinct bimodal
distribution for several elements. This type of distribution appears masked considering raw and
lognormal data. A “robustification” of the variables dataset permits to found a more clear relationship
between variables. Factor score maps based on ilr-transformed variables and C-A plot cut off threshold
displayed different geochemical patterns. In our survey area soil alteration phenomena could mask the
nature of parental rock. The factor scores maps highlight an antithetic behaviour of many elements.
Elements characterized by elevated geochemical mobility, such as Ca and Mg, are negatively correlated
with Chemical Alteration Index values. Instead, Sn, Th, Be, Al are characterized by elevated
geochemical stability; for this reason they are found where high-weathered soils occurs. The presence
of elements such as Co, Cu Fe, Ni, Cr, Zn, K, and Mn is mainly controlled by terrigenous flysch
deposition. As, Pb (exceeding the CSC) and Sb association mainly occur in correspondence of urban

areas and where traffic jams are frequent.

1. Introduction
In the last two decades, geochemical mapping has been recognized as a relevant method both in
mineral exploration and environmental geochemistry. The compositional nature of geochemical data has
long been neglected. These types of data are compositional because they belong to a closed system

(each element is a part of a whole) and they should be treated as such to avoid spurious correlation
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(Pawlowsky-Glahn and Buccianti, 2011a). To treat the compositional geochemical data in univariate or
multivariate analysis, we must move the D-part simplex SP, to real space, RP - ' or RP, using log-ratio
transformations (additive log- ratio (alr), centered log-ratio (clr) and isometric log-ratio (ilr)) that assume
the sample in Aitchison geometry which can properly reconcile the correlation between elements
(Aitchison, 1986; Egozcue et al., 2003; Filzmoser and Hron, 2008; Filzmoser et al., 2009a; Filzmoser et
al., 2009b; Carranza, 2011; Zuo et al., 2013). Different methods have been used for processing
geochemical data and generating spatial distribution interpolated maps from point data. “They belong to
frequency-based and frequency-space-based methods” (Zuo et al., 2013). The frequency-based
methods are based on the analysis of data frequency distributions using univariate and multivariate
tools (Filzmoser et al., 2009a). Among the frequency-space-based methods, fractal and multifractal
analysis (Cheng et al., 1994; Mandelbrot, 1983) have been demonstrated to be a powerful tool for
identifying geochemical anomalies (e.g., Cheng, 1999a, 2007; Cheng et al., 2000c, 2010; Lima et al.,
2003a; Cicchella et al., 2015; Zuo, 2011; Zuo et al., 2015) and separate them from background values.
The anomaly analysis is one of the most discussed issues because it has been helpful to improve the
quality of geochemical interpretation of natural and anthropogenic phenomena (Cicchella et al., 2005).
These exploratory methods of geochemical data have been widespread applied to soil geochemical
data analysis. In this study we propose an exploratory compositional data analysis and concentration-
area (C-A) fractal model applied on factor scores of the element associations obtained by Factor
Analysis to detect the origin of multi-element soil anomalies (geogenic, anthropogenic or mixed). The
latter procedure was applied on data from the soil follow-up geochemical survey in the Cilento - Vallo di

Diano area, stemming from a regional survey study covering the entire Campania region, southern Italy
(Buccianti et al., 2015; De Vivo et al., 2016). Campania region is characterized by several elemental soil
anomalies of both geogenic and anthropogenic sources (Albanese et al., 2007; De Vivo et al., 2016;
Lima et al., 2003a; Zuzolo et al., 2016). Parts of these anomalies occur into the World Heritage Territory
known as “National Park of the Cilento and Vallo di Diano”. Previous regional scale studies on stream
sediments (Albanese et al., 2007) and in soils (De Vivo et al., 2016) showed interesting different
potentially toxic elements anomalies (PTEs). In particular, for soils in different sites occur values
exceeding the contamination thresholds (CSC) established by Italian legislation for soils (Legislative
Decree 152/2006, n.d.). The attention on the Cilento - Vallo di Diano area was also individuated by
Minolfi et al. (2018a) study, which indicated the presence of several PTEs exceeding the CSC. A
geochemical follow-up survey was carried out on the aforementioned area, in order to assess the
distribution pattern of geochemical anomalies and to distinguish the natural sources (geogenic) from the
anthropogenic ones. The main objectives of this study were: (1) to illustrate the importance of

compositional log-transformations in geochemical data for anomaly features assessment; (2) to
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delineate their main sources by multivariate analysis and GIS-based approach; (3) to use robust
compositional data evaluation to assess geogenic or anthropogenic conditions of multi-element
associations when the classical biplot is sensitive to outliers; (4) to prove the usefulness of factor score
maps using C-A fractal model for processing geochemical data and to distinguish different geochemical
distribution patterns. The geochemical data analysis was performed taking account both of the

compositional and their fractal distribution nature.

2. Univariate analysis and compositional biplot
To better visualize the element distributions and their main different sources into the survey area,
univariate and multivariate computations were displayed through edaplots and compositional biplot,
respectively. Edaplot (Exploratory Data Analysis Plot) is a combination of histogram, density plot, on
dimensional scattergram and a boxplot and is considered one of the best statistical tools to display the
data distribution (Reimann et al., 2008). The histogram is able to display unimodal (symmetric
distribution or skewed) or multimodal distribution.
The one-dimensional scattergram itself draws up the data along a straight line while the density plot
traces a variation of the histogram that uses kernel smoothing to plot values; the picks and the form of
the shape allow the interpretation of the data distribution.
Compositional biplot is a powerful statistical tool which displays both samples (observations) and the
variables of a data matrix in terms of the resulting scores and loading (Gabriel, 1971). Thus the scores
represent the structure of the compositional data hold into a Euclidian space based on variance and
covariance matrix; moreover they display the association structure of the dataset where the rays are
define from the center of the plot and the length of vectors are proportional to the amount of explained
variance (communality) of the variables they represent.
The interpretation of the graphic depends on the loading (rays) structures and in more details the
approximate links between rays and samples, the distances between vertexes and their directions
(Otero et al., 2005). The utility of compositional biplots is better described in several papers (Pison et al.,
2003; Maronna et al., 2006; Filzmoser and Hron, 2008; Filzmoser et al., 2009b; Otero et al., 2005; Hron
et al., 2010) related to their use on compositional data elaboration.
Classical compositional biplot (CCB) and Robust Compositional Biplot (RCB) are used to compute the
correlation between variables using compositional raw data and log-transformed data. However the
biplot of raw data is substantially influenced by occurrence of outliers and the fact that it misleads the
compositional nature of the data matrix which can affect the principal components in results

interpretation (Aitchison, 1986; Filzmoser et al., 2009a, 2009b). For these reasons log-transformed data
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are recommended to use in multivariate analysis, in addition to the robust version of compositional

biplot..

3. Concentration-Area fractal model (C-A plot in factor scores maps)

Factor analysis was used to investigate the complex multivariate relationships among variables, which
are not properly put on display by simple correlation analysis. Factor analysis is a multivariate statistical
technique for identifying different groups of chemical elements with approximately similar geochemical
patterns. It extracts the most important information from the data on the concept of communality (for
each variable, communality is defined as the common variance explained by the factors).

Cheng et al. (1994) proposed a concentration-area (C-A) fractal model for geochemical anomaly
separation. From a multifractal point of view, the extreme (anomalous) values may follow a fractal
distribution rather than a normal or lognormal law. The concentration-Area (C-A Plot) fractal method
separates anomalies from background on the basis of concentration values, as well as the spatial and
geometrical properties of geochemical patterns. Point data can be interpolated by multifractal-IDW
(MIDW) interpolation based on GeoDAS software (GeoData Analysis System for Mineral Exploration
and Environmental Assessment) (Cheng, 1999b, 2000a; Lima et al., 2003a). A C-A plot on log-log paper
can be used to establish power-law relationships between the area A(=s) with the concentration values
greater than s and the concentration value s itself. On a log-log paper a fractal curve is calculated and
breakpoints (change in slope of the curve) represent different statistical populations. Several straight-
line segments can be fitted in correspondence of breakpoints to provide a set of cut-off values for
subdividing the concentration scale into discrete classes. These discretizations define different
geochemical population interpretable as specific features of the area.

In this case, C-A fractal method was applied on the elemental association factor scores to highlight

anomalies of different geochemical processes into the survey area.

4. Materials and methods
4.1.Survey area
The study area covers an area of 98 km? in south-west of Italy and settles in the southern part of the
Campania Region. Most of the survey area falls within a World Heritage Territory known as “National
Park of the Cilento and Vallo di Diano”. The geomorphology of the area is predominantly mountainous
and hilly constituted by Cervati Mountain (the highest mountain of Campania region with 1899 m high).
Most of the survey area is drained by Bussento and Mingardo rivers (Fig. 1A) and is mainly
characterized by the presence of natural outlines such as grasslands and persistent woodlands (Fig.
1B).
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Fig. 1. Introductive map: Localization and main geomorphological features of the study area. B Land use, road
map and sampling point location of survey area (Cilento, Southern Italy).

Heterogeneous agricultural areas are mainly concentrated in less steep areas (Cilento plain) with
extensive orchards, vineyards, and chestnuts, greenhouse horticulture, floriculture, and crop production

throughout and around the main urban zones (Buonabitacolo, Sapri). The survey area is crossed by
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different trunk roads and the A3 highway which skirts the area and connects the main urban centers.
Urban environments are limited, discontinuous and concentrated mostly along the coastal side.

The survey area is part of the Southern Apennines fold and thrust belt formed as a result of the
convergence between the Apulian and the European plates since the late Cretaceous (Vitale et al.,
2010). In the soils of Italy, as well as in our survey area, the nature of the parental rock can often be
masked by the effects of climate and vegetation and alteration degree, that play a fundamental role in
determining soil properties and development (Costantini and Dazzi, 2013). For this reason and in line
with the purposes of this study, we propose a land system map in Fig. 2 (mod. from Di Gennaro et al.,
2002). This map highlights areas with typical “patterns” of lithology and morphology; the occurring
patterns are governed by climate, geology and landform which interact over time to influence the
distribution of soils and vegetation.
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Fig. 2. Land system map of the study area (Cilento, southern Italy). Modified from Di Gennaro et al., 2002.

It is possible to observe the predominance of mountainous carbonate reliefs with discontinue pyroclastic
coverings and widespread limestones hills controlled by ash and pumice fallout deposits.

The Quaternary volcanic activity of Vesuvius (100 km NW), Phlegrean Fields (Campi Flegrei) (120 km
NW), Roccamonfina (200 km NW), Mt. Vulture (located east of the Apennine mountain range, about 100

km NE) and Aeolian islands volcanic arc has exerted an influence on the formation of soils in the study
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area, giving a widespread pyroclastic footprint (Buccianti et al., 2015; Scheib et al., 2014). Moreover,

marl-conglomerate, marl-sandstone and alluvial deposits occur in the study area.

4.2. Sampling and sample preparation
During summer 2016, 81 topsoil samples were collected from the study area (98 km2) at an average
sampling density of approximately one sample per 1.2 km2. About 1.5 kg soil samples was collected at a
depth between 5 and 15 cm under the ground surface after the vegetation cover removal, following the
protocol according to the FOREGS sampling procedures (Plant et al., 1996; Salminen et al., 1998).
Each sample is made up from a composite soil material taken from five points over 5 m square and in
every 20 sampling sites a duplicate sample was collected in the same cell to allow the blind control of
the cell sampling variability combined with analytical variability. At each sampling spatial coordinates,
topography, local geology, type and main properties of soils, land use, and any additional detail related
to anthropic activities in the surroundings were recorded. The 81 samples were dried with infra-red
lamps at a temperature below 35 °C, pulverized in a ceramic mortar and then sieved to retain the < 2
mm fraction. The pulps were stored in small plastic bags containing at least 30 g of samples for

chemical analysis.

4.3. Chemical analysis
Analyses were carried out by Mineral Laboratories Bureau Veritas (Vancouver, Canada). Each sample
was digested in aqua regia solution and analyzed by ICPMS (inductively coupled plasma-mass
spectrometry) for 53 elements as required by Italian environmental Law (D. Lgs. 152/2006). The quality
of data was assessed by estimation of accuracy and precision (Table 1).
Precision of the analysis was calculated using in-house replicates, while accuracy was determined using

laboratory's in-house reference material.
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Table 1. Detection limit, accuracy and precision of the applied analytical method (RPD =relative percent
difference; %DL= percentage of samples with concentrations below the detection limit). @ Precision was
calculated as relative percentage difference (%RPD) using the formula: %RPD =[|SV- DV|/ SV + DV /2] x 100),
where SV =the original sample value, DV =the duplicate sample value. ® The laboratory accuracy error was
determined using the formula: Accuracy error= (|X- TV| / TV x100), where X =laboratory's analysis result for the
performance sample (standard) and TV= true value of the performance sample (standard).

. G 0 Precision? Accuracy®
Elements Unit Detection limit (DL) %<DL (% RPD) (%)
Al % 0.01 0 3.1 3.4
Ca % 0.01 0 3.3 4.6
Fe % 0.01 0 22 3.4
K % 0.01 0 1.9 24
Mg % 0.01 0 1.9 3.0
Na % 0 0 14 6.0
P % 0 0 5.9 74
S % 0.02 6 5.2 1.2
Ti % 0 2 34 9.2
As mg/kg 0.1 0 7.8 48
B ma/kg 1 0 20 9.0
Ba mg/kg 0.5 0 10.0 5.3
Be mg/kg 0.1 0 212 18.0
Bi mg/kg 0.02 0 6.7 10.1
Cd ma/kg 0.01 0 74 4.5
Co mg/kg 0.1 0 2.1 1.0
Cr mg/kg 05 0 24 5.6
Cu mg/kg 0.01 0 7.2 43
Ga mg/kg 01 0 58 4.4
La mg/kg 0.5 0 5.7 10.1
Li mglkg 0.1 0 2.1 22
Mn mg/kg 1 0 1.7 6.0
Mo ma/kg 0.01 0 3.1 4.0
Ni mg/kg 0.1 0 3.6 2.1
Pb mglkg 0.01 0 35 5.0
Sb mg/kg 0.02 0 74 7.3
Se mg/kg 01 2 15.2 7.3
Sn mg/kg 01 0 4.2 12.5
Sr mg/kg 05 0 5.1 10.0
Th mglkg 0.1 0 3.5 8.4
Tl mg/kg 0.02 0 1.1 3.0
U mg/kg 0.1 0 13.6 11.9
\Y mg/kg 2 0 45 3.1
W mglkg 0.1 14 3.0 20
Zn ma/kg 0.1 0 5.7 8.1
Ag palkg 2 0 45 249
Au palkg 0.2 2 3.6 17.7
Hg Mglkg 5 0 7.0 4.2
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4.4. Data processing and factor score maps
In this paper, the production of univariate (Edaplots) and multivariate (Compositional biplot) graphics
was implemented by the free and open source statistical software R, one the most used statistical tools
to provide descriptive statistics and graphics to advanced methods (e.g. robust compositional tools).
Two mains open-source packages for R were used for compositional data analysis: “Compositions”
(Van Den Boogaart et al., 2011) and “Robcompositions” (Templ et al., 2011).
The univariate computations (Edaplots) were displayed using the raw data, lognormal data and ilr log
transformed data of As, Pb and Co. The ilr log transformation was applied on data taking into account
the compositional vectors of n parts partitioned into groups of parts presenting a certain affinity
(Egozcue et al., 2003). “It is based on the choice of an orthonormal basis (in the well-known Euclidean
sense) in the hyperplane formed by the cIr transformation.” (Filzmoser and Hron, 2009). The
orthonormal basis were built defining non-overlapping groups through a sequential binary partition
(SBP) of the whole composition (Filzmoser and Hron, 2009; Pawlowsky-Glahn and Egozcue, 2011). The
coordinates which represent an element of the simplex in the orthonormal basis defined by an SBP
represents the balances (Egozcue and Pawlowsky-Glahn, 2005). This computation is shown in Table 2
which contains 18 different elements or parts in the simplex S18, and this information can be expressed
within 17 dimensions in R17 that will form the balances.

Table 2. Sequential binary partitions and resulting balances of 18 elements of the survey areas. Elements are
grouped referring to the hierarchical cluster which takes into account their affinity.

Balance Ca Mg Zn P K Th Sn Al Be As Pb Sb Ni Cr Fe Cu Co Mn

Z, + -

Z, + -

Z3 + + + - -

Z + o+ -

Zs + -

Zs + -

Z; + o+ -

Zg + -

Zy + 0+ o+ - - -
Zyo + o+ -

Zy -

Zip + -
Zy3 + -
Zyy
Zss
AT
Zi7

+ + + +
+ + + +

+ + +
+ o+ +

+

+

+

+

+

'

'

17




In this study, the affinity throughout variables or “partition of elements” was assessed by applying a

hierarchical cluster analysis (Fig. 3) which displays links between parts.

Hierarchical clustering of 18 variables
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Fig. 3. Hierarchical cluster of 18 variables shown as a dendrogram which displays the relationships between
elements and their affinity; this cluster is plotted using the average linkage between variables.

For the multivariate computations, such as robust biplot and factor analysis, it is usefulness to use
balances (Z1, Z2, etc....) loadings and scores in plot because is not straightforward to interpret in sense
of composition. Indeed, the variables can be retraced applying a clr back transformation of the balances
(Z1, Z2, efc....) to their corresponding variables (As, Cu, efc....) in the clr space. This back
transformation doesn't affect the covariance matrix between variables due to the fact that it exists a
linear relationship between variables ilr and clr transformations (Egozcue et al., 2003) and ilr
transformation expresses the clr coordinates in a orthonormal basis (Filzmoser et al., 2009a, 2009b).

To better visualize the correlation between variables and display the main behaviour of these variables
into the survey areas, 18 elements were considered (Table 3).

The reduction of the number of elements is based on 3 main criteria: 1) removal of elements with> 40%
of values below the limit of detection (LOD); 2) choose arbitrary mostly two representative elements
(e.g., Rare Earth Elements; REE), which are geochemically congruent; 3) choose elements with a
communality of extraction higher than 0.5 (50%) and/or a common variances< 0.5 (e.g. Reimann et al.,
2002).

Factor score distribution maps were performed by means of GeoDAS (Cheng, 1999b, 2000a, 2000b)
using Multifractal Inverse Distance Weighted (MIDW) script as an interpolation method (Cheng, 1999b)
and ArcGIS software. Factor scores have been classified using the concentration—area fractal method
(C-A).
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Table 3. Statistical parameters for 18 elements of 81 topsoil samples of the survey area.

Element  Unit NsuaTnt;ﬁ;:f Min Max Mean Median RMS Std Deviation Skewness  Kurtosis
Al mglkg 81 6300.00 69700.00 36541.98 31900.00 40009.77 16394.63 042 -0.92
As ma/kg 81 2.50 65.10 16.09 14.70 19.52 11.12 1.74 457
Be mglkg 81 0.20 7.00 3.25 3.10 3.72 1.83 0.36 -1.09
Ca ma/kg 81 2600.00  288700.00 37007.41 16500.00 61818.42 49825.88 2.81 9.02
Co mglkg 81 290 27.50 14.29 14.20 15.07 483 048 0.58
Cr ma/kg 81 11.50 106.70 41.88 40.20 4529 17.33 1.38 313
Cu mglkg 81 8.80 151.23 38.34 35.34 42.26 17.90 3.59 19.25
Fe ma/kg 81 6200.00 59700.00 32785.19 33100.00 34114.33 9488.44 -0.08 017

K mglkg 81 800.00 5400.00 3439.51 3600.00 3603.19 1080.36 -0.04 -0.83
Mg ma/kg 81 2000.00 63300.00 7439.51 5300.00 10957.92 8095.61 479 27.47
Mn mglkg 81 118.00 2239.00 959.63 916.00 1028.33 371.86 0.67 1.22
Ni mglkg 81 9.40 81.50 3743 37.40 39.45 12.53 0.54 142
P mglkg 81 100.00 2710.00 835.68 790.00 960.17 475.77 1.54 3.29
Pb mglkg 81 9.21 165.10 38.37 40.83 43.49 20.59 2.75 15.72
Sb mglkg 81 017 3.66 1.04 1.01 1.22 0.64 1.33 3N
Sn mglkg 81 0.50 490 2.32 2.20 2.54 1.04 0.44 -0.68
Th mglkg 81 1.10 23.70 8.79 6.70 10.24 5.28 1.01 0.21
Zn mglkg 81 30.80 392.40 103.21 102.50 111.04 41.20 4.20 28.32

This method allows images to be subdivided into components for symbolizing distinct image zones
representing specific features on the ground. Considering that the factor scores values present negative
and zero values which are not “log-transformable”, was applied a min-max normalization by scaling the
original data within a specified range of features (e.g., ranging from 1 to 100). Furthermore, min-max
normalization performs a linear transformation on the original data without changing the geometrical
structure of the simplex (Han and Kamber, 2001).

Suppose that X and Y are the minimum and the maximum values for initial dataset S. Min-max
normalization maps a value for v of S to v’ in the range [y, 9] by computing:

y=0X @G- +u (1)

©(r-x)
where p and drelate the new minimum and maximum of the specified new range, successively.
Specifically, thresholds were determined by a C-A plot, in which the vertical axis represents cumulative
pixel areas A (p), with element concentration values greater than p, and the horizontal axis the

normalized factor scores values (p). Initial factor scores values will be obtained by computing a back-
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transformed of the normalized factor scores data. Breaks between straight-line segments and

corresponding values of p were used to reclassify maps of elemental association factor scores maps.

4.5. Chemical alteration degree
Weathering indices are conventionally used to quantify the extent of weathering within a sample soil and
help to explain processes occurring during pedogenesis. In our survey area, as previously described,
soil alteration phenomena could mask the nature of parental rock. The extent of alteration was
quantified using Chemical Index of Alteration (CIA). This index was proposed by Nesbitt and Young
(1982) and has been extensively applied as a proxy to examine weathering. The CIA index is calculated

as.
Al,05
Alz 03 +Ca0+Na20+K20

CIA = «100  (2)

The calculation of the CIA is a tool to measure the weathering phenomena of the geological feature of a
survey area; it's well stablished certain range of values (percentage) to describe the level of weathering.
In consequence, the raw concentration values are likely the more suitable values for this computation
because the log transformed data (coordinates) present null and negative values which are not useful
rapport of ratio (on denominator) computation. During weathering the proportion of alumina to alkalis
would typically increase in the weathered product and that is a good measure of the degree of
weathering. The CIA values for the soil samples varied in the range 2.85-88.90 (average=62.20),
showing a high variability of the degree of weathering. In general, CIA values under 50 are characteristic
of unweathered soils; 100 correspond to the optimum weathered value. Consequently, soils are
considered weathered when clay minerals (e.g. montmorillonites) dominate, generally in the range of
75-85 (Nesbitt and Young, 1982; Price and Velbel, 2003).

5. Results and discussions
The chemical characterization of the survey area soils shows several PTEs (As, Be, Cd, Co, Cu, Pb, Sn,
Tl, V and Zn) exceeding the contamination thresholds (CSC) established by Italian legislation for soils
(Legislative Decree 152/2006, n.d.). Many of these elemental exceeds are very interesting due their

spatial distribution (Fig. 4).
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Fig. 4. Geochemical map of As, Co and Pb, compiled using multifractal- IDW interpolation method (GeoDAS).
Pixel values have been reclassified by fractal concentration—area (C-A) plot based on the frequency distribution
of pixel values. CSC' =contamination thresholds established by Italian legislation for industrial/commercial use of
soils (Legislative Decree 152/2006). CSC2= contamination thresholds established by Italian legislation for
residential use of soils (Legislative Decree 152/2006).
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For example Be and As concentration are extremely high. Based on previous studies at national scale
(Cicchella et al., 2015), it is clear that such high concentrations represent natural background values of
these elements exceeding the Italian statutory limit for soil on the whole territory of southern and central
ltaly. The Pb spatial distribution seems to be controlled mostly by anthropogenic contributes, showing
the highest concentration values in correspondence of the main urban centers (e.g., Sapri). Also Co
shows concentrations over CSC for residential/recreational use (about 10% of analyzed samples> 20
mg/kg). This type of data analysis does not take into account their compositional nature.

Locally different geochemical contributes could exist. A data analysis CODA-based could be helpful in
the interpretation of the phenomena determining the soil geochemistry of the investigated area.

Fig. 5 displays the data distributions of As, Pb and Co into the survey area through an edaplot

(combination of histogram, density trace, scattergram and boxplot).
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Fig. 5. Edaplots (combination of histogram, density trace, one-dimensional scattergram and Boxplot in just one
display) of the raw data, log-transformed data, and ilr transformed data.

This figure shows three different representations of the data: the original concentrations data (left plots),
the lognormal- transformed data (middle plots), and the ilr-transformed data (right plots). The graphical
data show that the variables do not follow a normal distribution and tend to display a bimodal distribution
clearly fitting in the ilr-transformed data plots. As and Pb clearly show two populations in ilr-transformed
plots. This observation is clearly displayed on the histogram combined with density traces and the one

dimensional scattergram; this might reveal the main activities associated to these elements into the
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survey area. The boxplots show several data points in upper inner fence far away from the center of the
whiskey plotting the raw data; these artefacts tend to disappear or to be highly reduced when log-
transformed and ilr-transformed data are used. In addition, these data points are considered as outliers
and should be identified and modelled to avoid incorrect results. It proves that compositional data
transformation such as ilr transformation solves this problem and moves the composition sample space
to the Euclidean Real space R, which is failed by the classic statistical data transformation.

The compositional biplot (Fig. 6) based on principal component analysis displays the correlation and
relationship between 18 analytical variables in 81 sample points, and the first two principal components
extracted. The principal components are presented in a compositional biplot using raw data (Fig. 6, left

plot) and ilr coordinates clr back-transformed (Fig. 6, right plot).
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Fig. 6. Biplots for first and second principal components of factor analysis for raw data (classical, left plot) and ilr
coordinates clr back-transformed (robust, right plot) of the survey area (Cilento, Southern Italy).

The total variance of initial raw data biplot explains 54.31%, where the first principal component (PC1)
accounts 39.80% and the second principal component (PC2) accounts 14.51% (Fig. 6, left plot),
whereas the robust biplot based on ilr coordinates clr back transformed produces much more suitable
results (Fig. 6, right plot) with PC1 explaining 46.06% and PC2 explaining 19.36% of the compositional
variability.

The classical biplot shows clearly three data (variable) elemental associations, whose observations
(samples) are widely displayed into the graphic, emphasizing the presence of many outliers or artefacts
correlated with Ca and Mg variables. These outliers are widely reduced with the robust compositional
biplot. Nevertheless, the classical biplot displays three features of element associations which may be

related to the typical lithological background of the survey area:
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The Ca and Mg association (A1) presents both variables with high communalities (the length of the ray)
with Ca more representative (87.02% of variability) and variables overlapping one to another. This is
expected due to the fact that they belong to the same source. These two elements characterize the Mt.
Cervati limestones (Trias-Lias), belonging to the Alburno-Cervati-Pollino stratigraphic unity.

Nickel, Fe, Mn, Cr, P, Zn, Cu and Co (A2) form clearly an association, their vertexes laying closer
together and also because they tend toward the same direction. Fe and Mn are the most representative
elements in A2 association due to the fact that the length their rays (variability) dominate in the group.
Zn and P display short vectors which likely characterized poorly presented and seems to be only
partially correlated to the others element of A2 association. However, Fe and Mn prove their
predominance in the geochemical processes of this group and are likely related to the occurrence of
adsorption phenomena. A2 association might be related to the adsorption and coprecipitation effects
operated by Fe and Mn oxides and hydroxides occurring mostly in the sedimentary deposits such as
marl-sandstone, conglomerate and silico-clastic flysch deposits outcropping in the survey areas.

The third group is represented by Th, Sn, Be, K, Sb, Al, As, Pb and Sb association (A3). Al, Be and Th
are elements with the highest variability in this association (A3) due to the fact that the lengths of their
rays are larger. Indeed, it's likely related to the fact that these elements are mostly immobile during
weathering phenomena of the parental rocks and mostly remain in the residual fraction of soil.
Furthermore, this elemental association reflects the influence of pyroclastic deposits from different
eruptions of nearby volcanoes (Roccamonfina, Vesuvius, Phlegrean Fields - De Vivo et al., 2010;
Buccianti et al., 2015; Mt. Vulture and Aeolian islands - Peccerillo, 2005; Scheib et al., 2014) covering
the carbonate (mostly limestone) of the study areas.

The robust PCA biplot “opened” data, displaying better the element associations and reducing the
outliers which might influence the results. The length of the rays is linked to the variability of the ilr
transformed data back transformed in clr space, and not to the variables themselves. The robust biplot
separates the A3 group of the classical biplot in two real associations which emphasize the chemical
structures of the lithological background and the main human activities: Al, Th, Sn and Be association
might be correlated to the pyroclastic deposits, whereas, Sb, Pb and As group might be related to the
main human activities (vehicle emissions). It appears interesting the display of As ray in the two
compositional biplots. In fact the As vertex merges inside the A3 association (controlled by pyroclastic
deposits) of the classical biplot.

Instead, for the robust biplot it separates two main groups and is located between these two latter main
groups: Th, Be and Sn group related clearly to pyroclastics and Pb and Sb group to anthropogenic

sources. This might reflect a mixed contribution: both geogenic and anthropogenic. In addition, the
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robust biplot shows P positioned between Ca and Mg revealing that phosphate is sorbed by calcite as
commonly occurs in carbonate-rich alkaline soils.

Basically the compositional biplot was able to distinguish particular groups of elements, whereas the
factor score maps indicate the incidence of identified associations in each sampled point allowing us to
interpret possible correlations to natural peculiarities of the area (e.g. lithologies) and human activities,
hence making it possible to discriminate geogenic vs anthropogenic sources of different elements.
Moreover, C-A plot computation considers the compositional nature of geochemical data and their
fractal distribution.

Factor analysis was performed on the 18 selected elements (K, Ni, Co, Cr, Fe, Cu, Zn, Sn, Al, Th, Be,
Mn, P, Sb, Pb, Ca, Mg and As), using their ilr transformed data clr back transformed A three-factor
model, accounting for 70.1% of total data variability, has been chosen and the varimax-rotated factors

are reported in Table 4.

Table 4. Varimax-rotated factor (three-factor model) of isometric logratio clr back-transformed variables for 81
topsoil samples from the survey area; bold entries: loading values over |0.50].

Factor loadings

Variables Communalities
1 2 3

Ca 0.07 -0.80 0.04 0.65

Mg 0.35 -0.51 0.35 0.52

n 0.83 -0.18 0.16 0.75

P 0.34 -0.50 0.59 0.68

K 0.70 0.04 0.50 0.69

Th 0.25 0.77 -0.16 0.69

Sn 0.17 0.82 -0.18 0.73

Al 0.24 0.75 0.50 0.82

Be -0.45 0.64 0.23 0.67

As -0.38 0.29 -0.64 0.64

Pb 0.22 0.07 -0.55 0.51

Sb -0.12 -0.25 -0.86 0.82

Ni 0.87 -0.04 0.01 0.75

Cr 0.84 0.19 0.01 0.74

Fe 09 0.32 -0.09 0.93

Cu 0.91 -0.04 0.03 0.82

Co 0.95 0.06 0.06 0.91

Mn 0.69 -0.08 0.16 0.55
Eigenvalues 6.71 3.74 2.16
Total variance in % 37.28 20.8 12.06
Cum. of total Variance 37.28 58.08 70.14

The KMO (Kaiser-Maeyer-Olkin) test is over 0.75, indicating a good adequacy of the proposed model.

Elements with loadings over the value of 0.50 have been considered to describe the main composition
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of each factor. The elements of the associations of the three-factor model, sorted in ascending loading,
are:

e F1:Co, CuFe, Ni, Cr, Zn, K, Mn

e F2:Sn, Th, Al, Be, - (Ca, Mg, P)

e F3:P,AlLK-(Sb, As, Pb)
The factor score distribution maps were classified using the concentration— area (C-A) fractal method
implemented in GeoDAS software.
The F1 elemental association (Co, Cu Fe, Ni, Cr, Zn, K, and Mn) accounts 37.3% of total variance. The
factor scores interpolated map (Fig. 7) highlights that the highest values (ranging from 1.71 to 2.39)
coincide exactly with the silico-clastic deposits dominated by flysch series.
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Fig. 7. Map showing the spatial distribution of the Factor 1 of the logratio transformed data; maps are classified
through C-A plot (shown below).
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Fine size solids with charged substrate such as clay minerals (e.g., smectite/montmorillonite) play an
important role in the sorption of trace elements.

Moreover, enrichment of trace elements highlighted by this association reflects adsorption and co-
precipitation by Fe and Mn oxy-hydroxides in oxidizing environment. The highest F1 factor score values
were found in correspondence of the highest Mn concentrations (up to 1648 mg/kg).

The F2 elemental association [Sn, Th, Al, Be, - (Ca, Mg, P)] accounts a total variability of 20.8% and
distinguishes the two groups of elements antithetically correlated (Sn, Th, Al, Be group versus Ca, Mg
and P association). Highest factor score values (ranging from 1.74 to 2.21) of this association are
located on the slope of the Mt. Cervati (Fig. 8).
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Fig. 8. Map showing the spatial distribution of the Factor 2 of the logratio transformed data; maps are classified
through C-A plot (shown below).
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F2 maps clearly shows that Sn, Th, Be, Al are strongly controlled by presence of widespread
pyroclastics linked to Quaternary volcanic activity of Vesuvius, Phlegrean Fields, Roccamonfina, Mt.
Vulture and Aeolian islands (Peccerillo, 2005; De Vivo et al., 2010; Buccianti et al., 2015; Scheib et al.,
2014) while Mg-Ca-P association reflects both the dominant carbonate lithology (limestones) of the Mt.
Cervati and the carbonate-rich alkaline soils where phosphate is commonly sorbed by calcite. It is
interesting to remark that F2 spatial distribution is well explained by the CAl of analyzed soils (Fig. 9).

During weathering the proportion of alumina to alkalis would typically increase in the weathered product.
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Fig. 9. Spatial distribution of Chemical Alteration Index (CIA). Values< 50 correspond to unweathered soils;> 50
weathered soils (Nesbitt and Young, 1982).

Elements characterized by elevated geochemical mobility, such as Ca and Mg, are negatively correlated
with CIA values. Accordingly Sn, Th, Be, Al, characterized by elevated geochemical stability, are found
where high-weathered soils occurs. This evidence better clarify the antithetic behaviour of elements

describing F2.
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The F3 association P, Al, K - (Sb, As, Pb) displays 12.06% of total variance explained (Fig. 10). The
highest factor score values (ranging from 0.70 to 2.44) indicative of a higher rate of P, Al, and K, are
found mostly in the surrounding mountainous areas, at lower altitude, where soils are impacted by a
number of natural and anthropogenic factors: weathering products from both limestone and pyroclastics
and more densely populated areas. In any case, high factor scores occur in carbonate and clay-rich
alkaline soils that readily incorporate K. limiting its mobility. Potassium may also reflect a contribution
from limestone, as impure carbonate can contain up to 6% of K due to the occurrence of clays in non-
carbonate fraction (Wedeponhl, 1978). Phosphorous, as mentioned earlier is sorbed by calcite.

The antithetic Sb, Pb and As elemental association is strong in correspondence of the most urbanized
areas (Sapri, Buonabitacolo and Tortorella) and the main State roads intersections where traffic jams
are frequent (Fig. 9). Although Sb does not exceed the contamination thresholds established by Italian
legislation for soils (Legislative Decree 152/2006), Pb and As show values above the CSC nearby the
urban area of Sapri. It is very interesting to note that the human footprint is clearly recognizable also in
environmental contexts characterized by a low anthropogenic pressure (the study area mostly falls in a
World Heritage Park).
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6. Remarks and conclusion
The Cilento - Vallo di Diano area (Campania region, Southern Italy) is characterized by several PTEs
exceeding the contamination thresholds (CSC) established by Italian legislation for soils (Legislative
Decree 152/2006).
This study represents a geochemical follow-up of the mentioned area, in order to assess the distribution
pattern and the behaviour of the geochemical anomalies, performing a methodology, which takes into
account both compositionality and fractal distribution of geochemical data.
The ilr normalization moves the compositional data from the sample space to the Euclidean real space
preserving the orthonormal basis. The frequency based methods (univariate) such as Edaplots of raw,
log-transformed and ilr-transformed data were used to depict data distribution; the ilr-transformed
variables show a clear bimodal distribution for As and Pb. This type of distribution tends to disappear
when raw data and log-normal data are plotted. In fact data tend to be normalized when ilr-transformed
data are used (Filzmoser et al., 2009b).
Moreover, the main benefit of ilr-transformation, compared to raw data and log-normal data, is the
enhancement of anomalous multi-element associations reflecting the geogenic, anthropogenic or mixed
contribution affecting the geochemical dataset.
The classical biplot based on raw data shows the main geological feature of the study area identifying
three lithological complexes such as:

(1) a first association (Ca and Mg) reflecting limestones and dolostone occurrence of the Mt.

Cervati;
(2) a second association (Ni, Fe, Mn, Cr, Cu, Zn and Co) reflecting the coprecipitation effect of Mn
and Fe oxides-hydroxides in flysch and arenaceous material of the survey area;

(3) athird association (Th, Sn, and Be) related to the pyroclastic coverings.
The robust PCA based on a robust covariance estimator like the MCD, clearly shows the effect of the
data opening. The variables in robust biplot (ilr coordinates clr back-transformed) are more evenly
distributed across the component space, making easy the recognition of element associations
characteristic of different geochemical (natural, anthropogenic or mixed) processes. This robustification
clearly displays additional phenomena, which affect the natural features of the survey area. In fact, Sb,
Pb and As are well discriminated in the robust biplot and may be related to the influence of
anthropogenic activities (vehicle emission).
The combination of C-A fractal model and factor analysis on log-transformed variables, allow us to
recognize the geological features and the geochemical processes controlling the presence and
distribution of chemical elements. In our survey area soil alteration phenomena could mask the nature of

parental rock. The factor scores maps highlight an antithetic behaviour of many elements. Elements
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characterized by elevated geochemical mobility, such as Ca and Mg, are negatively correlated with CIA
values. Instead, Sn, Th, Be, Al are characterized by elevated geochemical stability; for this reason they
are found where high-weathered soils occurs. In the latter, surprisingly, also high F3 factor scores (with
elements such as P and K) occur likely due to carbonate and clay-rich alkaline soils. The presence of
elements such as Co, Cu Fe, Ni, Cr, Zn, K, Mn is mainly controlled by terrigenous flysch deposition.
Arsenic, Pb (exceeding the CSC) and Sb association mainly occur in correspondence of urban areas
and where traffic jams are frequent. It is very interesting to note how the human footprint (As, Sb Pb) is
clearly recognizable also in environmental contexts characterized by low anthropogenic pressures (the
study area mostly falls in a World Heritage Park).

According to our results and observations, this method demonstrate to be a useful tool to distinguish
different processes controlling the elemental geochemical distribution in our study area, highlighting

additional phenomena which would normally be masked.
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Source patterns and contamination level of polycyclic aromatic hydrocarbons
(PAHSs) in urban and rural areas of Southern Italian soils

Abstract

Polycyclic aromatic hydrocarbons (PAHSs) are a group of persistent organic pollutants. They have been
identified as a type of carcinogenic substance and are relatively widespread in environment media such
as air, water and soils, constituting a significant hazard for human health. In many parts of the world,
PAHs are still found in high concentrations despite improved legislation and monitoring, and it is
therefore vital defining their profiles, and assessing their potential sources. This study focused on a
large region of the south of ltaly, where concentration levels, profiles, possible sources and toxicity
equivalent quantity (TEQ) level of sixteen PAHs were investigated. The survey included soils from five
large regions of the south of Italy: 80 soil samples (0-20 cm top layer) from urban and rural locations
were collected and analysed by gas chromatography-mass spectrometry. Total PAHs and individual
molecular compounds from the US Environmental Protection Agency priority pollutants list were
identified and measured. Results showed that 16 PAHs varied significantly in urban and rural areas, and
different regions presented discordant characteristics. Urban areas presented concentrations ranging
from 7.62 to 755 ng g-1 (mean = 84.85 ng g''), whilst rural areas presented ranges from 1.87 to 11,353
ng g' (mean =333 ng g'). Large urban areas, such as Rome, Naples and Palermo, exhibited high
PAHSs total concentration, but high values were also found in rural areas of Campania region. Different
PAHs molecular ratios were used as diagnostic fingerprinting for source identification:
LWMPAHs/HWMPAHS, Fluo/(Fluo + Pyr), BaA/(BaA + Chr), Ant/(Ant+ Phe) and IcdP/(lcdP + BghiP).
These ratios indicated that PAHs sources in the study area were mainly of pyrogenic origin, i.e. mostly
related to biomass combustion and vehicular emission. On the other hand, values in Sicilian soils
seemed to indicate a petrogenic origin, possibly linked to emissions from crude oil combustion and
refineries present in the region. Finally, results allowed to calculate the toxicity equivalent quantity
(TEQBAP) levels for the various locations sampled, highlighting that the highest values were found in
the Campania region, with 661 and 54.20 ng g, in rural and urban areas, respectively. These findings,
which could be linked to the presence of a large solid waste incinerator plant, but also to well-
documented illegal waste disposal and burning, suggest that exposure to PAH may be posing an

increased risk to human health in some of the studied areas.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are diffuse persistent organic pollutants (POPs) that can be
found in different environmental media, including air, water and soil. They are human carcinogens,
mutagens and are toxic to all living organisms, making them a group of compounds of public concern,
which are becoming increasingly studied and monitored in many areas of the world (IARC 1983; Hwang
et al. 2003; Nadal et al. 2004; Vane et al. 2014). PAHs are primarily formed through the incomplete
combustion of carbon containing fuels such as wood, coal, diesel, fat and tobacco, and most sources of
PAHs are anthropogenic, arising from industrial emissions, solid waste incineration and vehicular
emissions among others (Dong and Lee 2009). Sixteen US Environmental Protection Agency (EPA)
priority PAHs are classified in two main groups of compounds related to the number of aromatic rings:
low molecular weights PAHs (LMWPAHs) with 2-3 aromatic rings (naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene and anthracene) and high molecular weight PAHs (HMWPAHS)
with  4-6 aromatic rings such as fluoranthene, pyrene, benzo[a]anthracene, chrysene,
benzo[b]fluoranthene, benzolk]fluoranthene, benzo[a]-pyrene, indeno[1,2,3-cd]pyrene,
dibenzo[a,h]anthracene, and benzo[g,h,i]perylene. PAHs from a petrogenic source are formed
predominantly with those of low molecular weights, whilst the PAHs from a pyrogenic source generally
have high molecular weights (Soclo et al. 2000). Once formed by the mechanisms of partial combustion,
PAHs can be found in different media. In particular, soil is considered an important media to quantify
PAHs patterns due to its physicochemical properties that allow PAH compounds to be held in soil
matrices (Means et al. 1980). PAHs are slightly or completely insoluble in water, and they are adsorbed
on soil particles, particularly on soil organic matter. Hence, the physical-chemical properties of soils are
responsible for the retention of PAHs in soil matrices. The organic carbon content, the hydrophobicity of
soil organic matter and soil texture were estimated to be the most significant parameters controlling the
environmental availability of PAHs (Albanese et al. 2015a). Furthermore, some studies (Menzie et al.

1992; Nadal et al. 2004) have demonstrated that the amount of human exposure to PAHs through soils
was higher than through air or water. As they exist in different forms with a different degree of toxicity, it
is important to characterise individual PAHs compounds as much as possible. However, given their
number and variety, often their ratios can be a more effective diagnostic tool to identify potential source
patterns and quantify the amount of PAH pollution for a specific area (e.g. Pandey et al. 1999; Yunker et
al. 2002; Hwang et al. 2003). One of the most widespread computations used is that involving the
LMWPAHs/HMWPAHSs ratio introduced by Budzinski et al. (1997) who fixed a value below 1 for
pyrogenic source and above 1 for a petrogenic PAHs fingerprint. Since the introduction of this method,

other authors have developed alternative takes by using individual PAH compounds, in particular low
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and high molecular weight groups, to highlight their main source patterns (Hwang et al. 2003, Yunker et
al. 2002; Tobiszewski and Namies nik 2012). Recent development of analytical techniques has seen an
increase in the number of studies focusing on individual PAHs compounds, and several studies (Zhang
et al. 2006; Albanese et al. 2015a; Islam et al. 2017) have focused on topsoil PAHs occurrence and
concentration, helping to shape and informing government policy for human and ecological safety. For
example, Italian environmental law (D. Lgs. 152/2006) establishes threshold values that regulate the
mitigation of the PAHSs in soil media.

This legislation fixes different PAHs concentration values based on the type of PAHs and the land use
(e.g. residential and industrial areas). Regulations can guide efforts and resources for reclamation and
more detailed monitoring, contextualising interpretations in line with risk-based approaches. However,
much needs to be done to establish baselines and understand the mechanisms of these contaminants’
movement and availability in the environment. In particular, in southern Italy there exist several potential
anthropogenic sources of PAHs such as petroleum exploitation districts, biomass combustion plants,
vehicular emissions and residential wood combustion which can all constitute a source of PAHs
compounds and contribute to their concentrations in soils and other media. These have been only
recently studied, and mainly at a local, small scale, whilst a regional baseline approach has not been
carried out yet.

The present study will focus on the 16 (EPA) PAHs priority compounds to carry out a regional survey in
southern Italy. PAHs will be characterised in soils of several urban and rural locations to assess their
spatial distribution, their potential sources and pathways their level of toxicity.

This study is important because it will constitute the first regional survey carried out in Italy and can be
considered a first stepping stone towards a more detailed and meaningful investigation on potential
sources and levels of PAHs in the region. It is anticipated that this study will contribute to build a
baseline for PAHs characterisations in urban and rural areas of southern Italy. Follow-up studies should
be expected in areas where high PAHs concentration levels (i.e. contamination) were found, with a

larger number and higher density of (soil and air) samples in each affected location.

2. Materials and methods

2.1. Study area
The survey area included five administrative regions (Latium, Campania, Basilicata, Calabria and Sicily)
of the south of Italy. The total area extends to approximately 81,054 km2 with 19.38 million inhabitants,
mostly grouped in urban areas. The overall area is characterised by a principal mountain range, the

Apennine chain, which presents very specific geological and morphological features (Fig. 1a).
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Fig. 1. (A) Simplified Geology of the study area, modified after Doglioni and Flores (1997). (B) Survey area with
samples sites.

The main geological features of the study area are a result of the tectonic and orogenic activities related
to the nearby boundary between the Eurasian and the African Plates. The area is characterised by
active volcanism of different origin, such as that related to the Vesuvius, the Phlegraean Fields, Ischia
island, Pontine Islands and Roccamonfina in the Campania region, and the Etna and Aeolian islands in
the Northeast of Sicily. Such volcanism can be considered a potential (though limited) source of PAHs
during volcanic eruptions (Kozak et al. 2017). From the land use point of view, the study region is
devoted to intensive agriculture activities such vineyards, olive plantations—mostly in hilly areas—citrus
fruits, seasonal crops and greenhouse products (tomatoes, potatoes, aubergines, peppers and peas)
which represent major resources for the local economy (Albanese et al. 2007). In addition to this, large
industrial works are also present in the region, processing raw materials of various origins (e.g.
petroleum plants, biomass and alloy). Some of these industrial activities can be linked to ‘petrogenic’
sources of organic pollutants. Some good examples can be found in: (1) the Priolo and Gela districts
(Sicily), where the largest petroleum field and refinery in Europe can be found (DPCM 1990); (2) Alta
Val d’Agri (Basilicata), which is the location of the largest Italian inland oil field; (3) Crotone (Calabria)
and Milazzo (Sicily), the sites of two very large petroleum refineries. An industrial activity that can be
linked to potential ‘pyrogenic’ sources of organic pollutants is that related to energy (and energy-from

waste) generation, which is widely diffused in the study area. Some good examples can be found in:
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(1) Latium, with the thermal and coal power plants in Civitavecchia and the solid municipal waste
incinerator plant in Frosinone;

(2) in Campania, with various large industrialised areas within the metropolitan area of Naples, and
with the urban solid waste Incinerator plant of Acerra; (3) in Basilicata (Potenza and Melfi) and

Calabria (Gioia Tauro), where other incinerators plants can be found (Fig. 2).

2.2. Description of sampling locations

The sampling campaign took place from early April to end of September 2016, with the aim of taking the
most representative soil samples in urban and rural areas throughout five administrative regions
(Latium, Campania, Basilicata, Calabria and Sicily) of southern Italy (Fig. 2). In each region, the main
urban areas and the nearest rural areas, where most of the land is devoted to agricultural activities,
were selected. The sampling site characterisation and selection was performed using geographical
information systems (GIS) data of the industrial and agricultural activities and land use of the study area
(ISPRA 2014; ISTAT 2016) as well as using satellite images (Google Earth professional, 2016 version).
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Fig. 2. Land use and main industrial activities in the study area. This industrial repertory is based on the
ISPRA (2014) annual report.

2.3. Sample collection and materials
A total of 80 soil samples were collected for polycyclic aromatic hydrocarbons (PAHs) with a nominal
density of 2 samples (in urban and rural areas) in each 2500 km2 (Fig. 1b). The sampling procedure
followed the Geochemical Mapping of Agricultural and Grazing Land Soils (GEMAS) sampling

procedure described by Reimann et al. (2005). All the samples were collected using a stainless steel
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scoop and were kept in labelled glass bottles and directly stored in ice boxes to minimise the losses
caused by volatilisation and initial degradation of the organic compounds (Albanese et al. 2015a). Each
topsoil sample (from 0 to 20 cm) was made by homogenising five subsamples at the corners and the
centre of a 100 m squared, collecting approximately 1.5 kg in total. The homogenised soil samples were
sieved using a < 2 mm mesh sieve after removing stones, detritus and residual roots. Finally, composite
samples were stored at -4 °C in the environmental geochemistry laboratory of the University of Naples
Federico Il (Italy) until instrumental analysis. For each sampling site pH, moisture content and electric
conductivity of the soil were measured. Records of the land use, main industrial works and any other
human activity observed in the proximity of the sampling locations were recorded at each site, where
geographical coordinates were uploaded by global positioning systems (GPS). These attributes would

form the dataset subsequently used for the spatial analysis and representation by GIS.

2.4. Sample preparation and analytical procedures

Samples were analysed for PAHs content at the Key Laboratory of Biogeology and Environmental
Geology of Ministry of Education, China University of Geosciences, Wuhan, China. For this study, the
target analytes were the 16 US EPA priority PAH compounds: naphthalene(Nap), acenaphthylene
(Acy), acenaphthene (Ace), fluorine (Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Fluo),
pyrene  (Pyr), benzo[aJanthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF),
benzolk]fluoranthene ~ (BkF),  benzo[a]-pyrene  (BaP), indeno[1,2,3-cd]pyrene  (IcdP),
dibenzo[a,h]anthracene(DahA), and benzo[g,h,i]perylene (BghiP). Ten grams of soil sample was
weighed and injected with PAH surrogates (naphthalene-d8, acenaphthene-d10, phenanthrened10,
chrysene-d12 and perylene-d12) and Soxhlet extracted with dichloromethane (DCM) for 24h. The
extracts were treated with activated copper granules to remove elemental sulphur, concentrated and
solvent exchanged to n-hexane and further reduced to 2-3 ml by a rotary evaporator (Heidolph 4000,
Germany). A 1:2 (v/v) alumina/silica gel column (450 °C muffle drying for 4 h, both 3% deactivated with
H20 before using) was used to clean up the extracts, and PAHs were eluted with 70 ml of DCM/hexane
(2:3). The eluate was then reduced to 0.2 ml under a gentle stream of nitrogen. A known quantity of
hexamethylbenzene was added as an internal standard for PAHs analysis prior to instrumental
quantitation for the PAHSs.

PAHs were analysed using GC-MS (Agilent 6890 N/5975 MSD) coupled with a HP-5972 mass selective
detector operated in the electron impact mode (70 eV) installed with a DB-5 capillary column (30 m 9
0.25 mm diameter, 0.25 Im film thickness). Helium (99.999%) was used as the GC carrier gas at a
constant flow of 1.5 ml min-1. An 1 pl concentrated sample was injected with splitless mode. The

chromatographic conditions were as follows: injector temperature 270 °C; detector temperature 280 °C;
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oven temperature initially at 60 °C for 5 min, increased to 290 °C at 3 °C min', and held for 40 min.

Chromatographic peaks of samples were identified by mass spectra and retention time.

2.5. Quality control
Procedure types used for quality assurance and quality control (QA/QC) were as follows: method blank
control (procedural blank samples), parallel sample control (duplicate samples), solvent blank control,
and basic matter control (US EPA, 2002). In order to ensure the validity of the analyses during the
experiment, different reagents and procedures were used:
1. One thousand Nanograms (ng) of naphthalene-D8, acenaphthene-D10, phenanthrene-D10,
chrysene-D12, and perylene-D12 were used as recovery surrogates, and 1000 ng hexamethylbenzene
was added in extracts as the internal standard substance. The spiked recoveries of PAHs using
composite standards were 79.9+14.5 % for naphthalene-D8, 74.2+9.4 % for acenaphthene-D10,
91.5£11.6 % for phenanthrene-D10, 87.1+8.5 % for chrysene-D12, and 89.2+11.0 % for perylene-D12,
respectively.
2. An internal standard method was used for quantification: a six-point calibration curve was established
according to the results from the PAH-16 standard reagents with concentration of 10, 5, 2, 1, 0.5, and
0.2 mg.I-1. For PAHSs, the target compounds were identified on the basis of the retention times and
selected quantitative ion.
3. During the pre-treatment, a procedural blank and a parallel sample consisting of all reagents was run
to check for interference and cross contamination in every set of samples (about 16 samples). Only low
concentrations of few target compounds can be detected in procedural blank samples. For more than 96
% of target compounds in parallel samples, the relative error (RE, %) of concentrations are less
than 50 %, which is acceptable for Specification of Multi-purpose Regional Geochemical Survey and
Guidelines for sample analysis of Multi-purpose Regional Geochemical Survey recommended by China
Geological Survey (DD2005-1 and DD2005-3);
4. During the GC-MS analysis period, a solvent blank sample and a PAH-16 standard reagent with
concentration of 5 mg I-1 and 100ug |-1 were injected every day before analysing the soil samples. The
target compounds were not detectable in the solvent blank samples.
5. Multi-injections were used for precision or accuracy. The samples of different concentrations were
injected continually for ten times, and the relative standard deviation was calculated. RSD for all the
target compounds ranged from 3.2 to 7.9 %. The final concentrations of PAHs in all samples were

corrected according to the recovery of the surrogates and the results of blank samples were subtracted.

141



2.6. Statistical computations
Univariate and multivariate analyses were carried out on the 16 PAHs through descriptive statistics and
compositional principal factor analysis modelling, which helped displaying the variation of these
compounds and their main correlations in the survey area. Computations and graphical representations

were implemented by mean of the open source statistical software R (Templ et al. 2011).

2.7.Source apportionment

2.7.1. PAHs diagnostic ratios
Whilst several PAHs diagnostic ratios are available in the literature, (e.g. Katsoyiannis et al. 2007,
Ravindra et al. 2008), in this study, four specific PAH molecular ratios were used for the identification of
PAHSs pollution sources: LMWPAHs/HMWPAHS, Fluo/(Fluo + Pyr), IcdP/(lcdP + BghiP) and BaA/(BaA +
Chr) (Figs. 5, 6; Table 1).

Table 1. Compilation of PAH ratios and molecular markers for source diagnosis.

Compounds, compounds ratios Values, ranges Sources References
LMWPAHs/HMWPAHs <1 Pyrogenic combustion Budzinski et al., (1997)
=1 Petrogenic source Budzinski et al. (1997)
<0.40 Petroleum/petrogenic source Yunker et al. (2002)
Fluo/(Fluo + Pyr) 04-05 Fossil fuel combustion Yunker et al. (2002)
>0.5 Biomass and coal combustion Yunker et al. (2002)
<0.20 Petroleum/petrogenic source Yunker et al. (2002)
BaA(BaA+Chr) 0.2-0.35 Coal combustion Yunker et al. (2002)
>0.35 Traffic emission Yunker et al. (2002)
<0.20 Petrogenic source Tobiszewski and Namiesnik (2012)
IcdP/(IcdP+ BghiP) 0.20-0.50 Fuel combustion Tobiszewski and Namie$nik (2012)
>0.50 Coal and biomass combustion Tobiszewski and Namiesnik (2012)

In particular, the reasons why these were chosen are that: the rato LMWPAHs/HMWPAHs < 1
corresponds to pyrogenic sources, and > 1 for petrogenic sources (Budzinski et al. 1997); the ratio
Fluo/(Fluo + Pyr) < 0.4 has been shown to indicate petroleum source, between 0.4 and 0.5 implies fossil
fuel combustion, and a ratio > 0.5 is the characteristic of biomass and coal combustion (Yunker et al.
2002). IcdP/(lcdP + BghiP) < 0.2 is an indication of petroleum sources, whilst that between 0.2 and 0.5
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indicates that the PAHs usually derive from petroleum combustion (liquid fossil fuel, vehicle and crude
oil combustion) and IcdP/(IcdP + BghiP) > 0.5 strongly indicates the contribution of coal, grass and
wood combustion (Tobiszewski and Namiesnik 2012). Yunker et al. (2002) implemented the BaA(BaA +
Chr) ratio and the value < 0.2 to mark a petroleum/petrogenic source, whilst that between 0.20 and 0.35

is linked to a combustion and > 0.35 is related to a traffic emission.

2.7.2. Compositional multivariate computation: factor analysis
R-mode factor analysis, a type of multivariate statistics, was chosen to explain the correlation structure
of the 16 EPA PAHs compounds (variables) using a smaller number of factors (Reimann et al. 2002).
This methodology has been shown to successfully correlate the PAHs distribution to their main
hypothetical origins (Albanese et al. 2015a; Islam et al. 2017). To minimise and/or eliminate the
presence of outliers and spurious correlation (Pawlowsky-Glahn and Buccianti 2011), isometric log-
transformed data (ilr) are recommended in this type of multivariate analysis (Filzmoser et al. 2009). In
order to facilitate the interpretation of results, varimax rotation was used, since it is an orthogonal
rotation that minimises the number of variables that have high loadings on each factor, simplifying the
transformed data matrix and assisting interpretation (Reimann et al. 2002). The different factors
obtained were studied and interpreted in accordance with their presumed origin (petrogenic, pyrogenic
or mixed) (Table 4, Fig. 7). The factor score values were mapped at each sample site using GIS
software GeoDAS (Cheng et al. 2001) and ArcGIS (ESRI 2012). GeoDASTM was used to produce
interpolated geochemical maps of the factor scores by means of the multifractal inverse distance
weighted (MIDW) algorithm (Cheng et al. 1994; Lima et al. 2003). MIDW is one of the most widely used
interpolation methods on geochemical data because it preserves high-frequency information, retains
local variability taking into consideration both spatial association and local singularity (Cheng et al. 1994,
2001; Lima et al. 2003). Singularity is an index representing the scaling dependency from multifractal
point of view, which characterises how the statistical behaviour of a spatial variable changes as the
measuring scale changes (Cheng et al. 1994). Spatial association represents a type of statistical
dependency of values at separate locations, and its indexes (e.g. covariance, autocorrelation and
semivariogram) have been used to characterise the local structure and variability of surfaces (Cheng et
al. 1994). During interpolation and mapping of geochemical variables, both spatial association and
scaling are taken into account. Despite the low density, interpolation is still a valid tool at regional level,
as shown, for example, by the production of European geochemical atlases, which have used similar
techniques (Reimann et al.2012; Ottesen et al. 2013; Albanese et al. 2015b). The concentration-area

(C-A) fractal method (Cheng et al. 1994) was applied to set the factor score intervals (Thiombane et al.
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2018) in interpolated surface images generated by the MIDW method, and ArcGIS™ software was used

for the graphical presentation of the results (Figs. 8, 9, 10).

2.8. Characterisation and toxicity assessment of PAHs
For each PAH compound, the toxicity equivalency factor (TEF) was established to allow measuring its
relative carcinogenicity (EPA 1984; Nisbet and Lagoy 1992). Among the 16 EPA PAHSs, seven of them,
including BaA, Chr, BaP, BbF, BkF, IcdP and DahA, present high toxic and carcinogenic effects. In
particular, benzo[a]-pyrene (BaP) is considered as one of the most toxic PAHs and it has been used to
quantify the relative toxicity of others PAHs (Nisbet and Lagoy 1992), also because it is the only
compound with sufficient toxicological data to derive carcinogenic factors among all other potentially
carcinogenic PAHs. The toxicity of soil can be measured using the BaP toxic equivalent quantity

(TEQBaP) (Nadal et al. 2004) for each sampling site using the equation described below:

7
TEQpap = Z TEF X Cpani €Y
i=1

where TEQgap is the toxic equivalent quantity of ithPAH, the TEF of BaA, Chr, BaP, BbF, BkF, IcdP and
DahA corresponds to 0.1, 0.01, 1, 0.1, 0.1, 0.1 and 1, respectively, and Cpani is the concentration of the
ith PAH in the soil.

3. Results and discussions

3.1. Variety PAHs concentrations in the survey area
Table 2 shows the descriptive statistic of the 16 EPA PAHs compounds in soils found on the sample
locations of the studied area.
The total concentration of the 16 PAHs in urban and rural area ranged from 7.62 to 755 ng g with a
mean value of 84.85 ng g, and from 1.87 to 11,353 ng g-! with a mean of 333 ng g, respectively. The
spatial distribution of the P16 PAHs concentrations in the survey areas can be seen in Fig. 3, which

compares urban and rural areas using proportional thematic mapping.
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Table 2. Descriptive statistic of the 16 US EPA PAHs compounds from the survey area.

PAHSs (ng/g)

Naphthalene
Acenaphthylene
Acenaphthene
Fluorene

Phenanthrene
Anthracene
Fluoranthene

Pyrene
Benz[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-c,d]pyrene
Dibenzo[a,h]anthracene
Benzo[g,h,i]perylene

> 16PAHs

Abbreviation

Nap
Acy
Ace
Flo
Phe
Ant
Fluo
Pyr
BaA
Chr
BbF
BkF
BaP
lcdP
DahA
BghiP

DL’

0.013
0.028
0.047
0.009
0.001
0.005
0.003
0.003
0.002
0.004
0.004
0.004
0.001
0.003
0.003
0.001

TEF* | Urban | | Rural |
Min  Mean Median Max Min  Mean Median Max
0.001 0.39 249 2.01 9.83 033 3.2 2.05 2513
0.001 0.08 0.60 020 8.07 0.03 141 0.21 22.78
0.001 004 0.24 0.11 2.40 003 079 0.1 25.20
0.001 0.12 0.61 0.57 1.49 011 1.2 0.53 25.05
0.001 085 6.74 3.34 4732 040 1787 280 570
0.01 0.04 0.77 019 857 001 378 0.14 131
0.001 0.44 1043 1.68 108 013 2522 157 829
0.001 0.40 10.74 1.60 113 0.11 3098 1.61 1,059
01 025 7.27 1.04 93.30 019 26.86 0.98 950
0.01 041 8.58 184 93.15 0.10 33.04 1.85 1,101
0.1 022 15.05 2.75 151 0.07 8658 243 3,055
01 019 5.09 099 51.38 0.05 1938 0.84 633
1 012 1047 1.32 112 0.08 7014 114 2,510
01 004 264 042 3351 0.01 79 0.31 226
1 001 050 015 6.09 0.01 145 0.09 41.23
0.01 011 265 0.71  33.38 0.03 628 044 161
762 8485 1865 755 187 336 1881 11,353

Figure 3a shows high total PAHs values (ranging from 59.52 to 755 ng g) in correspondence with

urban towns such as Rome (755 ng g-*), Naples (715 ng g') and Palermo (303 ng g'). These areas are

also the most densely populated and urbanised cities of the southern Italy. In a recent study, Albanese

al. (2015a) highlighted that the principal source of the PAHs pollutants in the Neapolitan (Campania)

soils is related to pyrogenic combustion (vehicular emission).
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Fig. 3. Dots maps of the 16 PAHs concentration in urban (A) and rural (B) soils.
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When considering the variation of total PAHs in rural areas (Fig. 3b), the highest values ranged from
33.30 to 11,353 ng g and are found mostly in the sampling sites of the Campania (Sarno Basin with
11,353 ng g, Acerra with 917 ng g and Battipaglia with 276 ng g-'), and the Sicily countryside
(Acireale with 74.25 ng g, Trapani with 56.56 ng g-* and Milazzo with 52.45 ng g-'). When compared to
other studies of PAHs in urban and rural soils worldwide, the ranges reported in our study present
similar concentrations ranges, though with some noticeable differences (Table 3). Morillo et al. (2007)
found total PAHs values ranging from 148 to 3410 ng g' in the Turin (ltaly) urban area; these values are
four times greater than those found in urban areas of this survey study. The total 16 PAHs found in
others European urban cities such in Seville (ranging from 89.5 to 4004 ng g'; Morillo et al. 2008),
London (ranging from 400 to 67,000 ng g*; Vane et al. 2014), Glasgow (ranging from 48 to 51,822 ng g
1- Morillo et al. 2007) and Moscow (208-3880 ng g-'; Agapkina et al. 2007) are all higher than the values
displayed in the urban areas of this study. Similarly, though at a larger scale, the ranges shown in the
urban areas of Beijing (China) (Tang et al. 2005) and Delhi (India) (Bhupander et al. 2012) went from
219 to 27,825 ng g' and from 81.6 to 45,017 ng g, respectively. On the other hand, the rural areas of
the southern Italy showed higher total concentration of PAHs compared to the values displayed in Hong
Kong (China) (Zhang et al. 2006) and Delhi (Agarwal et al. 2009), ranging from 42.3 to 410 ng g!, and
from 830 to 3880 ng g!, respectively. Many studies revealed that PAHs pollution sources are usually
related to fuel combustion from traffic vehicle which is mostly occurring in urban areas. These studies
are confirmed by the findings on some urban areas of the present study (e.g. high 16 PAHs in urban
areas of Latium, Naples and Palermo).

However, this survey also highlighted some unexpected higher values outside of the urban areas,
perhaps due to the presence of industrial activities such as incinerator plants, oils refineries as well as
and illegal activities (e.g. wood and solid waste burning in the Acerra district and in the Naples wider
metropolitan area). Even though such large industrial activities are actually forbidden in urban areas by
the most recent Italian environmental legislation, their influence on the distribution of PAHs on rural
areas remained, until now, largely unexplored.

These findings are confirmed by the Tukey’s box and- whiskers plots (Fig. 4), which display how all 16
PAHs compounds showed higher concentration values in the rural sampling sites compared to the
urban ones. On the other hand, Flo, Phe, Ant, Fluo, BaA, BbF, BkF, BaP, IcdP, DahA and BghiP, which
are all HMWPAHSs, displayed higher median concentration values in urban areas (Table 2)
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Table 3. Total PAH concentrations (ng g-1 dry weight) in the survey area topsoil compared to those found in other
studies in the recent literature.

Study areas Type of study area > PAHs in soils (ng/g) Authors
Southern Italy Urban areas 7.62-755 this study
Southern Italy Rural areas 1.87 - 11,353 this study
Turin, ltaly Urban areas 148 - 3,410 Morillo et al. (2007)
Hong Kong, China Rural areas 42.3-410 Zhang et al. (2006)
Delhi, India Urban areas 81.6 - 45,017 Bhupander et al. (2012)
Delhi, India Rural areas 830 - 3,880 Agarwal et al. (2009)
Beijing, China Urban areas 219 - 27,825 Tang et al. (2005)
Moscow, Russia Urban areas 208 - 9,604 Agapkina et al. (2007)
Glasgow, UK Urban areas 48 - 51,822 Morillo et al. (2007)
London, UK Urban areas 400 - 67,000 Vane et al. (2014)
Seville, Spain Urban areas 89.5 - 4,004 Morillo et al. (2008)

Since the median is a good, intuitive metric of centrality representing a ‘typical’ or ‘middle’ value

(Reimann et al. 2008), it is reasonable to infer that HMWPAHs are therefore more likely to be related to

those pollution sources that are occurring mostly in urban areas, such as vehicular emission and fuel

combustion, whereas LMWPAHS could be more strongly related to biomass and oil combustion sources

which are more likely to be occurring in rural areas (Chen et al. 2005; Aichner et al. 2007).
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Fig. 4. Tukey's box-and-whiskers plot of individual PAH concentration (ng g-') in the survey area.

3.2. Diagnostic ratios and source apportionment of PAHs compounds

The LMWPAHs/HMWPAHS ratios (Fig. 5) were interpreted in terms of source apportionment. Soils from

rural Sicilian areas displayed a higher mean value compared to those from urban areas, with ratios

ranging from 0.12 to 2.48 (mean value of 1.14) compared to 0.08 to 1.35 (mean value of 0.56). These
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values also indicate that the most likely sources of PAHs in Sicilian rural areas may be related to
‘petrogenic’ emissions. As mentioned earlier, in Sicily there are some of the most important Italian oil
fields and refineries (e.g. Priolo, Gela, Ragusa and Milazzo—Bevilacqua and Braglia 2002). These
industrial activities can give rise to ‘petrogenic’ emissions of PAHs and are found in suburban or nearby

rural areas.
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Fig. 5. LWPAHs/HWPAHSs ratios scatter diagram of each sample site location. The different symbology (dots)
reflects whether the sites were urban or rural nature.

In Calabria, the ratios are ranging from 0.11 to 1.37 (mean value 0.73) and from 0.25 to 1.11 (mean
value 0.80) in urban and rural areas, respectively. In comparison, in Basilicata the ratios are ranging
from 0.49 to 1.11 (mean value 0.59) and from 0.25 to 1.55 (mean value 0.71) in urban and rural areas,
respectively.

From these values, it seems that Calabria displays some similar or slightly higher average values of
LMWPAHs/HMWPAHSs ratios compared to those in Basilicata. A potential explanation is that in Calabria
there may be more sources of LMWPAHSs (petrogenic, e.g. the large Crotone oil refineries) than in
Basilicata. However, the highest measured ratios in Basilicata were found in the urban (ratio = 0.99) and
rural (ratio = 1.55) areas of Viggiano municipality, in proximity of the most important Italian inland
petroleum exploitation (Alta Val d’Agri oil field) (ISPRA 2014).

Campania and Latium presented lower ranges of LMWPAHS/HMWPAHS in urban areas, from 0.08 to
1.02 (mean value of 0.29) and from 0.08 to 0.52 (mean value of 0.27), respectively, and, from 0.08 to
0.14 (mean value of 0.10) and from 0.16 to 0.96 (mean value of 0.42) in rural areas, respectively. Given
that most of the sites (but one) show a LMWPAHs/HMWPAHS ratio < 1, it seems that in these two areas

the most likely sources of PAHs may be related to pyrogenic activities.
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Individual molecular compound ratios were used to evaluate their potential sources (Hwang et al. 2003,
Yunker et al. 2002). Fluo/(Fluo + Pyr) ratios ranged from 0.39 to 0.64, and 0.40 to 0.61 in urban and

rural areas, respectively (Fig. 6a).
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Fig. 6. Cross-plots for the isomeric ratios: (A) IcdP/(IcdP + BghiP) versus Fluo/(Fluo + Pyr) and (B) BaA(BaA +
Chr) ratio against Fluo/(Fluo + Pyr).

When considering sources characterisations ranges, it appeared that none of the sampling sites,
neither urban nor rural areas, presented ratios characteristic of petrogenic sources (ratio < 0.4).
Similarly, very limited sites displayed BaA/(BaA + Chr) ratio below 0.2. On the other hand, about 48.3
and 34.5% of the urban and rural sampling sites, respectively, presented a ratio that could be linked to a
fuel combustion source (ratios from 0.4 to 0.5). This is also backed up by looking at two other diagnostic
ratios: (1) the lcdP/(lcdP + BghiP) ratio, for which the results showed that the majority of the urban
(58.2%) and rural (52.8%) areas fall in the range ( <0.5) characterised by fuel combustion sources; (2)

the BaA/(BaA + Chr) ratio (Fig. 6b), for which results indicated that the majority of the samples sites, in
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urban and rural areas, presented ratios > 0.35, corresponding to the same traffic combustion sources.
Besides, Fluo/(Fluo + Pyr) ratios highlighted that 51.7 and 65.5% of urban and rural areas are displayed
in the plot (ratios above 0.5) where sources of PAHs are more likely to be related to coal and biomass
combustion. These measurements seem to suggest that the most likely sources of PAHs compounds in
the studied areas may be related to fuel (vehicular and biomass) combustion (pyrogenic).
To summarise, by using different molecular diagnostic ratios, it can be highlighted that:

e LHMPAHs/HWMPAHs ratios — dominant pyrogenic sources (r < 0.1)

e [HMPAHs/HWMPAHS ratios — some petrogenic sources (r >1 - Sicily).

e Fluo/(Fluo+Pyr) ratios — no petrogenic source (r < 0.4)

e BaA/(BaA+Chr) ratios — dominant pyrogenic sources (0.4 <r < 0.9)

3.3. Factor score maps for sources pattern
The total variance expressed by the 16 PAHs variables was 73.05% through three-factor models, F1, F2
and F3, accounting for 46.65, 15.05 and 11.35% of the variance, respectively (Table 4). Variables with
loadings > 0.50 were considered to describe the main composition of each factor. All variables hold
communalities > 0.5 (50% of variability), which means that they were all well correlated to one another.
The associations of PAHs compounds for the three-factor models, sorted in descending loading values,
were:

e F1: Fluo, Pyr, BaA, Chr, - (Nap, Acy, Flo)

e F2: BkF, BbF, BaP, - (Nap, Acy, Ace)

e F3:BghiP, DahA, IcdP, - (Ant)
The 16 PAHSs variables were organised in two groups by using the log-transformed data and a varimax
rotation in the factor analysis (Table 4), allowing to distinguish between positive and negative
correlations within the three-factor models: G+ = Fluo, Pyr, BaA, Chr, BbF, BkF, BaP, IcdP, DahA and
BghiP (positive correlation) and G2 = Nap, Acy, Flo, Nap, Acy, Ace and Ant (negative correlation).
These compound associations actually matched the main two groups of PAHs, where G1 corresponds
to the high molecular weight PAHs (HMWPAHS) and Gz to the low molecular weight PAHs (LMWPAHS).
In addition to this, each of the three-factor models displayed variables associations which can be used

to further investigate and reveal the potential sources of the 16 PAHs contaminants in the survey area
(Fig. 7).
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Table 4. Varimax-rotated factor (three-factor model) of isometric logratio clr back-transformed variables for 80
topsoil samples from the survey area; bold entries: loading values over |0.50).

Variables Factors Communalities
F1 F2 F3
Nap -0.72 -0.58 -0.03 0.86
Acy -0.51 013  -042 0.51
Ace -0.32 -0.66 -047 0.75
Flo -0.55 -0.74 -0.27 0.93
Phe -0.29 -0.73  -0.27 0.69
Ant 0.10 0.07 -0.74 0.56
Fluo 0.92 -0.08 0.03 0.86
Pyr 0.92 0.27 -0.06 0.92
BaA 0.81 0.41 -0.10 0.83
Chr 0.71 0.30 0.28 0.67
BbF 0.30 0.79 0.21 0.75
BkF -0.13 0.82 -0.05 0.69
BaP 0.44 0.76 -0.02 0.78
lcdP 0.24 0.38 0.69 0.68
DahA -0.19 0.31 0.69 0.61
BghiP 0.25 -0.22 0.73 0.65
Eigenvalues 7464 2408 1.816
Total variance in % 46.652 15.05 11.348
Cum. of total variance (%) | 46.652 61.703 73.051

The F1 association (Fluo, Pyr, BaA, Chr, - (Nap, Acy, Flo)) accounted for the highest total variance

(46.65%) with good adequacy (eigenvalues= 7.46 >1) between the factor and its variables.
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Fig. 7. Flowchart displaying the possible pollution sources of PAHs in the south of Italy throughout factor analysis.
Each factor is characterised by antithetic variables association (marked by - and + symbols) which reveal the
possible sources of PAHs in the survey area.

151



Factor scores distributions were processed in a GIS environment and interpolated to be displayed in
maps to better visualise regional PAHs distribution (Lima et al. 2003; Thiombane et al. 2018). The F1
factor scores interpolated map (Fig. 8) presented the highest values (from 1.13 to 2.77) in and around
the largest urban sites (Rome, Naples and Palermo). These areas are characterised by substantial
vehicular traffic and emission (Spaziani et al. 2008). The lowest factor scores loadings (from - 2.52 to -

0.84) are mostly distributed in and around the rural sites in Basilicata (Val d’Agri oil field, Viggiano

municipality), Calabria and Sicily (near the Priolo, Gela and Ragusa districts).
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Fig. 8. Interpolated factor score map of the factor 1 (F1). Factor score values ranges are created by means of
fractal concentration— area plot (C—A method).

Some of the compounds parts of this factor (Fluo, Pyr, BaA and Chr) are contaminants usually related to
traffic and vehicle exhaust emissions (Sofowote et al. 2008; Li et al. 2012), which are obviously most
likely to occur in urban areas. On the other hand, the other compounds parts of this factor (Nap, Acy
and Flo) are instead usually indicative of spilled-oil-related products at low-temperature combustion
(Yunker et al. 2002; Hwang et al. 2003; Bucheli et al. 2004) and can be associated with similar
‘petrogenic’ sources (e.g. oil combustion from petroleum exploitation industries) in the Basilicata and

Sicily regions.

152



The F2 association (BbF, BkF, BaP, - (Nap, Acy, Ace)) expressed 15.05% of the total variance with an
eigenvalue of 2.41. The F2 factor scores map (Fig. 9) presented the higher factor scores values (from
1.15 to 1.81) mostly distributed in and around the rural sites within the Campania region. In particular,
the highest factor score values (from 1.81 to 2.23) were noted in the Acerra district. This municipality,
which falls within the metropolitan/suburban area of Naples, is characterised by the presence of a large
solid waste incinerator plant, but also by some illegal waste disposal and burning, and illegal practice of
industrial toxic and solid urban waste dumping (Mazza et al. 2015; Marfe and Di Stefano 2016). At the
same time, a number of industrial activities are also present in the nearby rural areas of the Campania
region, where it is also common practice to use biomass resources for the combustion in heating
systems. These results confirmed the findings of other studies which pointed out that BbF, BkF and BaP
compounds were usually associated with biomass combustion (waste and wood combustion) in most

rural areas in the Campania region (Arienzo et al. 2015; Albanese et al. 2015a).
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Fig.9. Interpolated factor score map of the factor 2 (F2). Highest factor scores are correlated with BbF, BKF and
BaP compounds, and are displayed in the metropolitan area of Naples (Campania).

Similarly, Bixiong et al. (2006) suggested BbF and BkF as indicators of coal and wood combustions,
whilst BaP has been used successfully as marker for biomass combustion (Simcik et al. 1999; Fang et

al. 2004). The lower F2 factor scores (from - 2.55 to - 1.0) were found in the same areas where F1 (see
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Fig. 8) displayed its lower factor score values. These areas were identified in Calabria (e.g. nearby
Nucleo Industrial areas, Cosenza), and in areas nearby the oil field in Sicily (Priolo, Ragusa and Gela).
These results support the observation that Nap, Acy and Ace compounds are usually related to oil
combustion from petroleum exploitation industries (Masclet et al. 1987; Budzinski et al. 1997), which are
present both in Basilicata and in Sicily.

Factor 3, contributing to 13.36% of the total variance, is dominated by positively correlated IcdP, DahA
and BghiP and antithetic Ant. The factor score map (Fig. 10) presented high values (from 1.04 to 2.42)
in and around most urban sites such as Naples, Vibo Valentia and Catania, and around the largest oil
refineries in the study area (Milazzo and Val D’Agri). These finding are supported by the fact that IcdP,
DahA and BghiP compounds are usually considered as markers of gasoline engine and crude oil

combustion sources (Khalili et al. 1995; Larsen and Baker 2003).
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Fig. 10. Interpolated factor score map of the third factor (F3). High factor scores values corresponding to IcdP,
DahA and BghiP variables are displayed in Naples, Vibo Valentia, Catania and around the largest oil refineries in
the study area (Milazzo and Val D’Agri).

3.4. Potential soil toxicity
Using Eq. 1, potential toxicity levels of PAHs (in soils) were calculated and reported as TEQgap. Results

highlighted a significant variation of TEQgap values in the five administrative regions studied (Fig. 11).
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Fig. 11. Variation of the BaP toxicity equivalent quantity (TEQBaP) values in the survey area; logarithmic scale is
applied on the Y axis.

TEQgap values in Sicily ranged from 0.49 to 49.29 ng g and from 0.20 to 7.228 ng ¢! in urban and
rural areas with mean values of 5.56 and 2.04 ng g, respectively, indicating that urban soils have
higher TEQgap toxicity levels compared to those in rural areas. Similarly, in Calabria and Latium average
TEQgap values were 3.40 and 23.87 ng g in urban areas, and 1.79 and 2.12 ng g in rural areas,
respectively. The slightly higher mean value displayed by Latium (TEQgap 23.87 ng g') in urban areas
can be associated with the prevalence of HWMPAHs in the TEQ computation. These compounds are
usually related to vehicular emissions, where Rome (Latium region) is the ltalian city with the highest
motorisation rate (ISTAT 2012; ISPRA 2012).

Interestingly, Campania and Basilicata presented instead higher mean TEQgap values in their rural
areas (661 and 2.71 ng g, respectively), whilst the mean TEQgap values for their urban areas were
54.93 and 1.19 ng g, respectively.

Overall, Campania presented the highest toxicity average values in both its urban and rural areas. The
values found in the present study are significant when compared to similar works published worldwide.
In urban areas, variability is greater and depends on size of the city and urban fabric, For example,
TEQsgap values found in Gwangju City (Korea) were 13.23 ng g (Islam et al. 2017), which are
comparable to those found in urban areas of Tarragona (Spain) with 64.0 ng g-' (Nadal et al. 2007) and
the present study, whilst those found in urban soils of a megacity such as Delhi (India) were an order of
magnitude higher (218 ng g* - Agarwal et al. 2009), (Table 5).
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Table 5. Means TEQBaP values in the five studied regions compared to other selected survey studies.

Regions Type of area TEQgap (ng/g) References

Sicily Urban 5.56 this study

Rural 2.04 this study
Calabria Urban 3.40 this study

Rural 1.79 this study
Basilicata Urban 1.19 this study

Rural 2.1 this study
Campania Urban 54.93 this study

Rural 661 this study
Latium Urban 23.87 this study

Rural 2.12 this study
Gwangju City (Korea) Urban 14.30 Islam et al. (2017)
Tarragonain (Spain) Urban 64 Nadal et al. (2007)
Delhi (India) Urban 218 Agarwal et al. (2009)
Rural soils in Norway Rural 14.3 Nam et al. (2008)
Agriculture soils in Poland Agriculture soil 11.9 Maliszewska-Kordybach et al. (2009)
Rural soils in the UK Rural 83.5 Nam et al. (2008)

In rural soils studies, values found in the literature vary from 11.20 ng g-' in agricultural soils in Poland

(Maliszewska-Kordybach et al. 2009), 14.30 ng g! in some soils of Norway (Nam et al. 2008), to values
of 83.12 ng g-* found in rural soils in the UK (Nam et al. 2008) (Table 5). Several studies (Means et al.
1980; Agapkina et al. 2007; Bhupander et al. 2012) revealed that the occurrence of individual PAHs in
soils depends on the land use and the settlement of main PAHs pollution sources. In fact, biomass
burning is considered the major source of PAHSs in rural soils, and urban soils are likely polluted by
release of PAHs from vehicular emission around the heavy traffic roads (Khalili et al. 1995; Morillo et al.
2007; Albanese et al. 2015a). This study unveiled that urban areas of Sicily, Calabria and Latium
displayed higher TEQgap values than in their rural areas, but rural soils of Basilicata and Campania
revealed the contrary. Among all the findings, it is perhaps arguable that the most striking of all is that
related to the metropolitan and rural areas around Naples, characterised by high toxicity levels. These
results are partially confirmed by a more detailed study carried out by Albanese et al. (2015a) and by a
larger study (known as Campania Trasparente - still in progress), with sampling of soils and air matrices

covering the entire regional territory (Qu et al. 2018).
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4. Conclusions

This study carried out a regional survey of urban and rural topsoils (80 samples) in five administrative
regions of the south of ltaly, in an attempt to shed light to the main potential sources and patterns of
pollution for 16 PAHs compounds (US EPA priority compounds).

Measuring molecular PAHs diagnostic ratios allowed to identify and clearly show the main areas of
concern, as well as giving an indication of the most likely sources for the PAHs compounds in the
various regions. Results strongly pointed to the direction of pyrogenic sources (e.g. vehicular emission,
fuels and biomass combustions) for some areas (urban areas of Latium and rural areas of Campania
regions). In particular, these areas were found to have high BAP concentration levels, which in turn
indicated high levels of toxicity equivalent quantity (TEQgar). The highest level of TEQ (661 ng g-') was
found in metropolitan and rural areas of the Campania region, which could be related to the presence of
a large solid waste incinerator plant, illegal waste disposal and burning, and illegal practice of industrial
toxic and solid urban waste dumping (both known in the area).

Results from this study can represent a fundamental step to understand the distribution, sources and
toxicity levels of PAHs in the soils of these regions, giving an impetus to follow up with more detailed
surveys. Given the carcinogenic and mutagenic properties of these contaminants, it is envisaged that
the findings from this study will help initiate an assessment of human health risks from to PAH

exposures in rural and urban areas in this Mediterranean region.
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Status, sources and contamination levels of organochlorine pesticide residues in
urban and agricultural areas: a preliminary review in central-southern ltalian soils

Abstract

Organochlorine pesticides (OCPs) are synthetic chemicals commonly used in agricultural activities to kill
pests and are persistent organic pollutants (POPs). They can be detected in different environmental
media, but soil is considered an important reservoir due to its retention capacity. Many different types of
OCPs exist, which can have different origins and pathways in the environment. It is therefore important
to study their distribution and behaviour in the environment, starting to build a picture of the potential
human health risk in different contexts. This study aimed at investigating the regional distribution,
possible sources and contamination levels of 24 OCP compounds in urban and rural soils from central
and southern Italy. One hundred and forty-eight topsoil samples (0-20 cm top layer) from 78 urban and
70 rural areas in 11 administrative regions were collected and analysed by gas chromatography-
electron capture detector (GC-ECD). Total OCP residues in soils ranged from nd (no detected) to 1043
ng/g with a mean of 29.91 ng/g and from nd to 1914 ng/g with a mean of 60.16 ng/g in urban and rural
area, respectively. Endosulfan was the prevailing OCP in urban areas, followed by DDTs, Drins,
Methoxychlor, HCHs, Chlordane-related compounds and HCB. In rural areas, the order of
concentrations was Drins > DDTs > Methoxychlor > Endosulfans > HCHs > Chlordanes > HCB.
Diagnostic ratios and robust multivariate analyses revealed that DDT in soils could be related to
historical application, whilst (illegal) use of technical DDT or dicofol may still occur in some urban areas.
HCH residues could be related to both historical use and recent application, whilst there was evidence
that modest (yet significant) application of commercial technical HCH may still be happening in urban
areas. Drins and Chlordane compounds appeared to be mostly related to historical application, whilst
Endosulfan presented a complex mix of results, indicating mainly historical origin in rural areas as well
as potential recent applications on urban areas. Contamination levels were quantified by Soil Quality
Index (SoQl), identifying high levels in rural areas of Campania and Apulia, possibly due to the intensive
nature of some agricultural practices in those regions (e.g., vineyards and olive plantations). The results
from this study (which is in progress in the remaining regions of Italy) will provide an invaluable baseline
for OCP distribution in Italy and a powerful argument for follow-up studies in contaminated areas. It is
also hoped that similar studies will eventually constitute enough evidence to push towards an
institutional response for more adequate regulation as well as a full ratification of the Stockholm

Convention.
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1. Introduction
The Stockholm Convention (2005) banned the use of Persistent Organic Pollutants (POPs), with the aim
of protecting human health and the environment. The initial list prepared in 2003 included Aldrin,
Dieldrin, Endrin, Chlordane, Heptachlor, Hexachlorobenzene (HCB) and
Dichlorodiphenyltrichloroethane (DDT).
This list was then expanded with other potential POPs in 2011(Stockholm Convention on Persistent
Organic Pollutants 2011): Hexachlorocyclohexane (HCH, including Lindane), Methoxychlor, and
Endosulfan (Stockholm Convention 2005, 2011). These organic pollutants are considered long-range
transport compounds based on their ubiquity, persistence and bioaccumulation potential in different
environmental media (Weinberg 1998; Szeto and Price 1991; Fang et al. 2017), as well as their high
toxicity to humans and non-target organisms (WHO 2003; Nizzetto et al. 2006; Moeckel et al. 2008; Kim
et al. 2017). They sink in different environmental matrices, such as air, water and soils, and further
accumulate in the food chain (Prapamontol and Stevenson 1991; Suchan et al. 2004; Qu et al. 2016).
Soil continues to be a potential medium of exposure of OCPs, and its biofims and physico-chemical
properties may influence fate and behaviours of OCP metabolites through different degradation
phenomena (Weinberg 1998; WHO 2003).
Since agricultural practices are a very important economic resource for Italy, this makes it the third OCP
user among European Union countries (Eurostat 2014). In Italy, OCPs are used in most agricultural
activities, in forestry as well as ornamental plants in urban garden preservation against insects, fungal or
animal pests. It is well-known that Italy is the only European Union (EU) country that has not ratified the
Stockholm Conventions, though the production and use of Aldrin, Chlordane, Dieldrin, Endrin, DDT,
Heptachlor, HCB and HCH in its territory have been strictly restricted in harmony with several other
regulatory schemes via the Rotterdam Convention in 1998, the European Directive in 2000 (Persistent
organic pollutants amending Directive 79/117/EEC) and the United Nations Economic Commission for
Europe POPs Protocol (UNECE 2010). Moreover, Italian environmental law (D. Lgs. 152/20006)
established guideline threshold values that regulate the mitigation of OCPs in soils. This regulation
guided a recent evaluation of the levels (for DDT) and residues (for HCH) in the Campania plain
(Arienzo et al. 2015; Qu et al. 2016) and in agricultural soils in the province of Latina (Latium)
(Donnarumma et al. 2009). However, this legislation does not involve OCPs such as Endosulfan and
Methoxychlor: these compounds have been associated to both environmental and human health risks
due to concerns that they are carcinogen, teratogen and male reproductive toxicants (PANNA 2008; US
EPA 2007; Silva and Carr 2009; Jayaraj et al. 2016). Whilst recent studies have started to investigate
and define the level of OCPs in Italian soils (e.g., Donnarumma et al. 2009; Arienzo et al. 2015; Qu et al.

2016, 2017), there has been no systematic attempt to evaluate their wider distribution and variations
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across rural and urban areas in Italy. The aim of this study was to begin to establish a regional (and
eventually national) baseline based on a large survey carried out in 11 regions of central and southern
Italy. The main objectives of this study were as follows:

(1) to identify the regional distribution of OCP compounds in ltalian soils;

(2) to evaluate their potential sources by using OCP diagnostic ratios as well as robust compositional
biplot and factor analysis; and

(3) to quantify OCP contamination levels by using Soil Quality index (SoQl) in urban and rural soils.

This study is important because it will represent a fundamental stepping stone to build a long-overdue
national picture of OCP status in Italy. It is envisaged that the results of this study should trigger more
detailed surveys in contaminated areas as well as ad hoc risk-based studies, which in the long term will
constitute a strong-enough argument to cause an adequate institutional response by the ltalian

regulating authorities.

2. Materials and methods
2.1. Study area

The survey area included 4 administrative regions (Latium, Marches, Tuscany, and Umbria) from central

and 7 (Abruzzo, Apulia, Basilicata, Calabria, Campania, Molise, and Sicily) from southern ltaly (Fig. 1).
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Fig. 1. Land use/land cover of the study area (simplified from Corine Land Cover 2012).Urban (red dots) and rural
(blue dots) sampling site locations are displayed.

The total survey area (considering administrative regional boundaries) extended to 157,716 km?2 with
31.26 million of inhabitants, mostly grouped in main urban areas (ISTAT, 2016). Most of the land is used
for agricultural and forestry activities. Agriculture occupies one-fourth of the land available, which
includes cultivation of hilly areas where agriculture results in modifying the natural landscape and
resources through terracing, irrigation, and soil management (Corona et al., 2012; ISTAT, 2013; ISPRA,
2014a). Favourable meteorological conditions, dominated by a Mediterranean climate, allow intensive
agriculture activities such as vineyards and olive plantations - mostly in hilly areas — as well as
greenhouse production (tomatoes, potatoes, aubergines, peppers, peas, and citrus fruits) in coastal
areas in Campania, Apulia, and Sicily (Costantini and Dazzi, 2013). The predominant crops in inland
territory are seasonal ones like wheat, maize, potatoes, rice, and sugar beet. Most of forestry lands are
composed of broad-leaved trees, with conifers and chestnut making up about one-fifth of the total
(ISTAT, 2013).
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Large urban areas such as Rome (Latium), Naples (Campania), Bari (Apulia) and Palermo (Sicily), are
densely populated and surrounded by metropolitan areas where both industrials activities,

manufactories and intensive agriculture occur (ISTAT, 2016).

2.2. Soil sampling procedure and preparation
The sampling campaign took place from early April to end of September 2016, with the aim to select the
most representative topsoil samples in urban and rural areas throughout 11 regions (Latium, Marches,
Tuscany, Umbria, Abruzzo, Apulia, Basilicata, Calabria, Campania, Molise, and Sicily) from the centre to
southern ltaly. In each region, the main urban areas and the nearest rural areas where most of the land
is devoted to agricultural activities, were selected. Site selection was carried out by interpreting, using
Geographical Information Systems (ArcGIS, 2012), information on land use/land cover of the study area
(ISPRA, 2014b; Corine land cover, 2012) together with satellite imagery (Google Earth® professional,
2016). A total of 148 soil samples were collected with a nominal density of 2 samples/ 2500 km2 (in
urban and rural areas) (Fig. 1). Samples have been collected from public gardens in urban areas, and
from agricultural land (farmlands/cropland) in rural areas. All the samples were collected using a
stainless steel scoop, kept in labelled glass bottles and directly stored in ice boxes to minimize the
losses caused by volatilization and initial degradation of the organic compounds. Each topsoil sample
(from 0-20 cm) was made by homogenizing 5 subsamples at the corners and the centre of a 100m2
square, collecting approximately 1.5 kg in total. The sampling procedure followed the Geochemical
Mapping of Agricultural and Grazing Land Soil (GEMAS) sampling procedure described by Reimann et
al. 2014). Soil samples were homogenized and sieved using a <2mm mesh sieve after removing stones,
detritus and residual roots. Finally, composite samples were stored at -4 °C in the environmental
geochemistry laboratory of the University of Naples Federico Il (ltaly) until instrumental analysis.
Geographical coordinates were recorded by geospatial positioning systems (WGS84, GPS) at each
sample site.
2.3. Extraction procedure and analysis OCPs

Analyses were carried out by an Agilent 7890A gas chromatograph with a 63Ni electron capture
detector (GC-ECD) equipped with a DB-5 capillary column (30.0 m length, 0.32 mm diameter, 0.25 mm
film thickness), in the Key Laboratory of Biogeology and Environmental Geology of Ministry of Education
at the University of Geosciences in Wuhan, China (Yang et al. 2008; Qu et al., 2016).

Gas chromatography-mass spectrometry (GC-MS) and gas chromatography-electron capture detector
(GC-ECD) are the most common and appropriate systems to investigate organic contaminants in
different environmental media. Many authors (Aramendia et al., 2007; Alves et al., 2012) showed the

high sensitivity of GC-ECD for organophosphorus and organochlorine pesticides. In this study, the
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rationale of working with GC-ECD analyser was based on the excellent sensitivity and satisfactory
quantification limits, allowing the identification and quantification of pesticides at low levels. A 10 g of
dried soil samples were spiked with 20 ng of 24,5,6-tetrachoro-m-xylene (TCmX) and
decachlorobiphenyl (PCB209) as recovery surrogates and were Soxhlet-extracted with dichloromethane
for 24 h. Activated copper granules were added to the collection flask to remove elemental sulphur. The
extraction of OCPs was concentrated and solvent-exchanged to n-hexane and further reduced to 2—
3mL by rotary evaporation. The alumina/silica (1:2) gel column (450°C muffle drying for 4 h, both
deactivated with three percent water) was used to purify the extract and OCPs were eluted with 30mL of
dichloromethane/hexane (2/3). Then the eluate was concentrated to 0.2 mL under a gentle nitrogen
stream and a known quantity of penta-chloronitrobenzene (PCNB) was added as an internal standard
prior to gas chromatography—electron (GC-ECD) analysis.

Nitrogen was used as carrier gas at 2.5 mL/min under constant-flow mode. Injector and detector
temperatures were maintained at 290°C and 300°C, respectively. The oven temperature started from
100°C (with an equilibration time of 1 min), and rose to 200°C at a rate of 4°C/min, then to 230°C at
2°C/min, and finally reached 280°C at 8°C/min, and was held for 15 min. 2 uL of each sample was
injected into the GC-UECD system for the analysis. Concentration of the individual target OCPs were
identified by comparison of their retention times (previously confirmed with GC/MS) and quantified using
an internal standard. The gas chromatograph (GC-MS) parameters of the Agilent 6890GC-5975MSD
system were the same as those of the Agilent 6890 GC equipped with 63Ni micro-electron capture
detector (GC-MECD). The mass spectrometer (MS) was operated in electron impact ionization mode
with electron energy of 70 eV. The ion source, quadruple and transfer line temperatures were held at
230, 150 and 280° C, respectively. Target compounds were monitored in selected ion monitoring (SIM)
mode.

Procedure types used for quality assurance and quality/control (QA/QC) were as follows: method blank
control (procedural blank samples), parallel sample control (duplicate samples), solvent blank control,
and basic matter control (US EPA, 2000). The spiked samples containing internal standard compounds
were analysed simultaneously with soil samples. A procedural blank and a replicate sample were run
with every set of 12 samples analyzed to check for contamination from solvents and glassware. The
limits of detection (LODs) were based on 3:1 S/N ratio. TCmX and PCB 209 were spiked as surrogate
standards to judge procedural performance. The surrogate recoveries for TCmX and PCB 209 were 77.8 +
19.0 % and 89.3 + 20.3 %, respectively. The relative standard deviation (RSD) was less than 10%. All

OCPs concentrations were expressed on an air-dried weight basis.

2.4. Geostatistical and multivariate analysis
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OCPs associations and possible sources were identified by univariate and multivariate statistical
analyses as well as diagnostic ratios, compositional biplot and robust factor analysis. Compositional
biplot and robust factor analysis allowed to minimize and/or eliminate the presence of outliers and
spurious correlation (Pawlowsky-Glahn and Buccianti, 2011; Filzmoser et al., 2012). DDT and HCH
compounds were chosen for the multivariate computation both for their high toxicity levels, and for their
proven predominance in Italian soils and air (e.g., Estellano et al., 2012; Pozo et al., 2016; Qu et al.,
2016). Biplot statistical analysis (Gabriel, 1971) was used to display both samples and variables of the
data matrix in terms of the resulting scores and loading (Pison et al., 2003; Otero et al., 2005). For a full
description of compositional biplot, several examples are available in the literature (e.g., Maronna et al.,
2006; Filzmoser et al., 2008, 2009; Hron et al., 2010; Thiombane et al., 2018). Factor analysis (FA) was
used to explain the correlation structure of the variables through a reduced number of factors (Reimann
et al., 2002). This has been successfully employed to evaluate the potential origins of the compounds in
relation to their main hypothetical sources (Reimann et al., 2002; Jiang et al., 2009). Isometric logratio
transformation (ilr) was applied on raw data prior to multivariate analysis (Filzmoser et al., 2009). R-
mode factor analysis was also performed, and the different factors obtained studied and interpreted in
accordance with their presumed sources (Reimann et al., 2002, Albanese et al., 2007).

Two main open-source R packages for statistical software were used: “Compositions” (Van Den
Boogaart et al., 2011) and “Robcompositions” (Templ et al., 2011). OCPs concentrations and factor
score values were mapped for image-patterns recognition using GeoDAS (Cheng et al., 2001) and
ArcGIS (ESRI, 2012) software. GeoDAS™ was used to produce dots and interpolated geochemical
maps using the multifractal inverse distance weighted (MIDW) algorithm (Cheng et al., 1994; Lima et al.,
2003). The concentration-area (C-A) fractal method was applied to classify OCPs concentration and

factor score ranges in interpolated images.

2.5. Assessment of contamination level
Assessment of contaminated sites is a preliminary requirement to reveal potential impact of OCPs
pesticides on public and ecosystem health (USEPA, 1991; CCME, 1992; Doe, 1995; APAT, 2008;
DEFRA, 2011). The “Soil Quality Index” (SoQl) elaborated by the Canadian Soil Quality Guidelines for
Protection of Environment and Human Health Agency (CCME, 2007) was implemented to define,
classify and prioritize contamination level for each region. Advantages of the SoQl include that it a
robust computation based on three factors for its calculations, namely: 1) scope (% of contaminants that
do not meet their respective guidelines), 2) frequency (% of individual tests of contaminants that do not

meet their respective guidelines), and 3) amplitude (the amount by which the contaminants do not meet
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their respective guidelines) and it is relatively simple to use. The SoQl was computed using thresholds
values for residential areas established by Italian environmental law (D. Lgs. 152/2006) (Table 1) as

reference guidelines.

Table 1. Organochlorine pesticide guideline threshold values in soils, fixed by the Italian environmental law (D.
Lgs. 152/2006) in residential areas (and/or park areas) and industrial (or/or commercial) sites.

SoQl index provides a quantitative index based on the amalgamation of the three factors (F4, F2 and
F3):

_Xfx
F1 = &x100 (1)

F1 (scope) represents the percentage of contaminants that do not meet their respective guideline

values, where fx is the number of failed contaminants, and Cx is the total number of contaminants

_ Xftx
F2 = Sy X100 2)

F2 (frequency) corresponds to the percentage of individual tests that do not meet their respective

Residential or recreation or park areas sites (ng/g) Industrial or commercial sites (ng/g)

Aldrin 10 100
a-HCH 10 100
B-HCH 10 500
y-HCH or Lindane 10 500
d-HCH 10 100
Chlordane 10 100
DDT, DDE, DDD 10 100
Dieldrin 10 100
Endrin 10 2000

guidelines values, ftx represents the number of failed tests and tx symbolizes the number of tests.

Zt;
Ex; = o (3)

Ex;or Excursion is the magnitude by which the contaminant is over/below the respective guideline value.
This is calculated as a ratio of the failed test value (Zti) and its respective guideline value (Gvi)

~ L Exi
xftx
The average amount by which individual tests are out of compliance corresponds to Ase.

Ase =

(4)

Ase

3= ——2 (5)

~ 0.014se+0.01
F3 or amplitude represents the amount by which failed test values do not meet their guidelines.
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SoQI = 100 — VF1?+F22 +F3? (6)

1.732
And finally, SoQl is calculated by taking the square root of the sum of squared factors divided by 1.732
and extracting it from 100. The 1.732 normalizes the SoQl to a range between 0 and 100. The proposed
classes are: very low contamination (90-100), low contamination (70-90), medium contamination (50-
70), high (30-50) and very high contamination (0-30).

3. Results and discussion

3.1.Residues and pollution sources of OCPs

3.11. OCPs
Total OCPs residues in soils ranged from “no detected” (nd) to 1043.98 ng/g with a mean of 29.91 ng/g,

and from nd to 1914.1 ng/g with a mean of 60.16 ng/g in urban and rural area, respectively (Table 2).
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The coefficient of variation (CV) ranged from 0.27 to 8.72, and from 1.87 to 6.47 in urban and rural

areas, respectively, reflecting a significant spatial variation.

Table 2. Descriptive statistics of the 24 OCP compounds (ng/g) in 148 topsoil samples from urban and rural areas
of central and southern Italy; min, max and CV indicate the minimum, maximum and coefficient of variation of the
dataset, respectively.

Urban Rural
Compounds (ng/g) DL Min. mean Max. CV Min. Mean Max. CV
a-HCH 0.011 nd 022 443 240 nd 057 1921 415
B-HCH 0.006 n.d 110 550 1.36 nd 147 2038 1.87
y-HCH 0.011 nd 039 1419 419 nd 065 1129 273
0-HCH 0.01 nd 0.1 272  3.06 nd 036 1818 6.05
HCHs - n.d 182 2508 1.78 nd 305 4727 230
p,p-DDT 0.025 n.d 181 1699 1.73 nd 890 41846 568
o,p-DDT 0.02 nd 034 504 224 nd 168 4827 480
p,p'-DDE 0.019 n.d 181 3859 3.20 nd 540 139.93 4.19
o,p'-DDE 0.021 nd 033 756 299 nd 027 434 226
p,p'-DDD 0006 nd 028 305 219 nd 111 3622 424
o,p-DDD 0.025 nd 034 504 224 nd 168 4827 480
DDTs - nd 526 5698 1.90 nd 18.01 63295 459
cis-Chlordane 0.018 nd 0.08 177 293 nd 0.11 340 407
trans-Chlordane 0021 nd 020 771 447 nd 010 197 333
Heptachlor 0.021 nd 015 372 341 nd 007 120 233
Heptachlor-epoxide 0.014  nd 062 1095 264 nd 057 1373 343
Aldrin 0.046 nd 025 269 175 nd 059 1337 327
Dieldrin 0.036 nd 013 116 175 nd 024 980 487
Endrin 0.030 nd 036 1070 3.49 nd 030 665 29%
Endrin aldehyde 0.030 nd 019 130 1.26 nd 036 479 242
Endrin Ketone 0.032 nd 378 8217 295 nd 2224 1199.97 6.47
a-Endosulfan 0.017 nd 922 71034 872 nd 012 3.02 325
B-Endosulfan 0.017 nd 257 17679 7.81 nd 036 1036 4.18
endosulfan-sulfate 0.064 nd 146 1743 1.92 nd 261 7974 384
HCB 0.009 0.011 017 239 225 nd 048 1337 353
methoxychlor 0.025 nd 364 5323 223 nd 1096 521.79 5.80
OCPs - 0.0011 29.91 1043.98 0.27 nd 6016 1914.10 4.02
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Endosulfan was the most dominant group accounting for 44.42% of the total OCPs, followed by DDTs
with 17.60%, Drins (15.75%), methoxychlor (12.17%), HCHs (6.08%), Chlordane related-compounds
(3.53%) and HCB (0.55%) in urban areas (Fig. 2). In agricultural areas abundances were in the order:
Drins (39.46%) > DDTs (29.94%) > methoxychlor (18.22%) > Endosulfan (5.12%) > HCHs (5.06%) >
Chlordanes (1.40) > HCB (0.79%).
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Fig. 2. Variation of individual and total (HCHs, DDTs, Drins, Chlordanes, Endosulfans, OCPs) OCP
concentrations in urban areas and agricultural soils. Note the logarithmic scale applied on the Y axis.

3.1.2. Total DDT and derived metabolites
The total concentration of DDTs ranged from nd to 56.97 ng/g (mean = 5.26 ng/g - urban), and from nd
to 632.95 ng/g (mean = 18.01 ng/g - rural). The highest DDTs concentrations in urban area, ranging
from 24.82 to 56.97 ngl/g, were found in the Sarno Basin (Campania), Apulia (Bari and Foggia) and
Abruzzo (Fig. 3A). In contrast, the highest DDTs concentrations of rural areas, ranging from 400 to 628
ng/g, were found around Naples (Campania) where the vast majority of intensive agricultural land is
located (Fig. 3B). In particular, total DDTs concentration presented a significantly skewed distributions
as well as clear “outliers” (Figs. 3C and 3D). The latter, observed in rural areas around Naples
(Campania - Fig 3D), can be considered as anomaly concentrations, which could be linked to the input
of DDT through agricultural activities. Campania and Apulia are well known for their large vineyards and
olives plantations on their hills and along coastal areas (Costantini and Dazzi, 2013; ISPRA, 2014a),
and high DDTs residues may originate from agricultural activities in these areas. As a general
observation, urban areas for this study showed lower DDTs residues compared to those reported in

similar studies such as that on Beijing urban park soils (Li et al., 2008). On the other hand, some rural
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areas revealed much higher DDTs residues compared to those reported in counterparts studies (Table
3).

Table 3. Total OCP concentrations (ng/g dry weight) in topsoil of the survey area compared to those found in
other studies in the recent literature.

Locations Characteristic DDTs HCHs Drins Endosulfans  Chlordanes References
Southern Italy Urban soils nd — 56.97 nd — 25.08 nd — 82.58 nd — 904.2 nd—12.47 This study
Southern Italy Rural soils nd-632.95 nd-4727 nd-121441 nd-93.13 nd — 14.69 This study

Northern France Natural areas nd - 28.6 nd - 5.06 nd -2.26 nd - 1.84 - Villanneau et al. 2011
Central Germany Agriculture fields 23.7-173 4.6-11.5 - - - Manz et al. 2001
Southern of Poland Urban and rural soils 23-260 1.1-11 - - - Falandysz et al. 2001
Southern of USA Farm lands 0.10-1490  0.1-0.71 - - 0.05-51 Bidleman et al. 2004
Zhangzhou China Agriculture soils 0.64-78.07 0.72-30.16 - - - Yang et al. 2012
Beijing (China) Urban soils park 0.942-1039 0.25-197.0 - - - Li et al. 2008
Nagaon distrcit (India) Agriculture soils 166 — 2288 98 — 1945 - - - Mishra et al. 2012

Technical DDT is made up of six congeners compounds such as p,p’-DDT, o,p’-DDT, p,p’-DDE, o,p’-
DDE, p,p’-DDD and o,p’-DDD. Moreover, it contains 65-80% of p,p’-DDT, 15-21% of 0,p’-DDT, up to 4%
of p,p-DDD and impurities (Metcaft, 1995). In nature, p,p’-DDE and p,p’-DDD are the two main
products of dechlorination of p,p’-DDT by microorganisms and/or physico-chemical properties of soil
(Pfaender and Alexander, 1972; Mackay et al., 1992). More recently, dicofol has been introduced,
which is structurally similar to DDT and contains high impurity of DDT-related compounds (25% of o,p’-
DDT) (Qiu et al. 2005). The ratios between the parent compound and its metabolite can provide useful
information on the DDT sources. For example, a survey on the formulated dicofol in China found that
the ratio of 0,p'-DDT/p,p-DDT in air (Qiu et al., 2005) and soil (Yang et al., 2008) was as high as 7.

In this study, of the various compounds, the p,p’-DDT isomer was predominant, with 34.44% (urban)
and 49.43% (rural). Its ranges went from nd to 16.98 ng/g (urban) and from nd to 418 ng/g (rural) (Table
2). The p, p’-DDE isomer had the second highest percentage (34.38%) and ranged from nd to 38.58
ng/g (mean = 1.81 ng/g). This was followed by o,p’-DDD (13.18%), o,p-DDT (6.39%), o,p’-DDE
(6.36%), and p,p’-DDD (5.24%) in urban areas. On the other hand, agricultural areas presented a higher
dominance of p,p’-DDT (49.43%) followed by p,p’-DDE (29.96%) > o,p-DDT (9.32%) > p,p’-DDD
(6.17%) > (0,p™-DDD (3.64%) > o,p’-DDE (1.49%).

When using the o,p'-DDT/p,p-DDT ratio (Fig. 4A), this survey highlighted a broad range of values, from
0.0002 to 214 (mean = 3.46 — urban), and from 0.008 to 16.06 (mean = 0.74 — rural). In general, the
vast majority (92.51%) of the urban and rural sampling sites displayed a o,p-DDT/p,p"-DDT ratio below

7. However, high o,p'-DDT/p,p-DDT ratio (above 7.0) were found in some locations, mainly within
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urban areas. Therefore, results point towards a predominance of historical application of technical DDT

with the exception of some potential recent use of dicofol for the above highlighted urban areas.
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Fig. 3. Distribution of total DDTs in urban (A) and rural (B) areas. The concentration—area (C-A) fractal method
was applied to set DDT ranges. Edaplots (combination of histogram, density trace, one-dimensional scattergram
and Box plot) of DDTs raw data in urban (C) and rural areas (D) are displayed

Using the assumption that all p,p'-DDE and p,p'-DDD are degraded products of p,p-DDT metabolite,
the ratio of p,p-DDT/(p,p-DDE + p,p-DDD) can be used to discern between historic applications of
technical DDT (ratio < 1), compared to fresh or more recent applications (with ratio > 1) (Jiang et al.,
2009). Results for this diagnostic ratio are again showing a significant range (Fig. 4B), from 0.0014 to
55.02 (mean = 4.02 - urban), and from 0.006 to 40.42 (mean = 2.55 — rural). In this case, less than half
of the sites (47.2%) presented a ratio below 1. When using a value of 10 as arbitrary threshold for this
ratio, a large number of urban areas resulted above it. It can be derived that residues of DDT for this

study can be linked to a mixed contribution from historical and recent (illegal) application. The latter
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was mostly highlighted in urban areas, similarly to the findings of Estellano et al. (2012), which

emphasised the possible use of illegal technical DDT or dicofol in urban areas of the Tuscany region.
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Fig. 4. Scatter diagrams of o,p’-DDT/p,p’-DDT (a) and p,p’-DDT/(p,p’-DDE + p,p’-DDD) ratios (b). The different
symbology reflects whether the sites were urban (red dots) and rural nature (blue dots)

3.1.3. Total HCHs and metabolites

Total HCHs concentrations (sum of a-HCH, B-HCH, y-HCH and &-HCH) ranged from nd to 25.08 ng/g
(mean = 1.82 ng/g — urban), and from nd to 47.27 ng/g (mean = 3.04 ng/g — rural) (Table 2). The highest
values of HCHs (18.67 to 25.07 ng/g) were found in the urban areas of Bari (Apulia) (with y-HCH isomer
= 14.18 ng/g), and in the agricultural areas in the Frosinone (Latium) and Lecce (Apulia), (from 23.69 to
4711 ng/g, with B-HCH the predominant metabolite - 20.37 ng/g) (Figs. 5A, B). Low HCHs
concentrations (from nd to 2.49) were found in several areas in Tuscany, Umbria, and Marches as well
as in Calabria and Sicily, whilst higher values (from 2.49 to 25.07) were found in Latium, Campania and
Apulia. These HCHs spatial variations were well captured by the bimodal distributions (Figs. 4C, D)
indicating the existence of two different inputs or processes controlling the patterns of HCH in the study
area. No outliers were recorded, but significant departure from the mean were instead highlighted (Figs
5C, D).

The B-HCH accounted for 60.25% and 48.31% of the total HCHs, ranging from nd to 5.49 ng/g (urban),
and from nd to 20.37ng/g (rural). These values are followed by y-HCH (21.60%) > a-HCH (12.24%) > 6-
HCH (5.91%) in urban, and y-HCH (21.29%) > a-HCH (18.62%) > &-HCH (11.78%) in rural soils. The
dominance of B-HCH among HCHs isomers may be related to its resistance to degradation, and its
persistence for several years in soils (Mackay et al., 1992; Calvelo Pereira et al., 2006). High residue of
B-HCH isomer in rural soils of the Frosinone district (Latium) could be linked to the high contamination
level of B-HCH found in the sediments of the Sacco River valley (Latium), polluted by a nearby industrial

landfill percolations containing by-products of Lindane (Bianconi et al., 2010; Battisti et al., 2013).
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When compared to HCHs concentrations in European soils such as those found in natural areas from
northern France (Villanneau et al., 2011), in agricultural soils from central Germany (Manz et al., 2001)
and rural soils from southern Poland (Falandysz et al., 2001), the findings of this study reveal higher
levels in comparison. On the other hand, this study presents lower levels compared to other studies,
such as those related to agricultural soils of the Nagaon District (Mishra et al., 2012) and urban park of
Beijing (Li et al., 2008), which highlighted HCHs concentrations ranging from 98 to 1945 ng/g, and 0.25
to 197 ng/q, respectively.
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Fig. 5. Spatial distribution of HCHs in urban (A) and rural (B) areas. C-A fractal method was applied to set HCH
ranges. Edaplots allow distinguishing occurrence of B “outliers” observations in the survey (C, D) areas.

Technical HCHs (60-70% a-HCH, 5-12% B-HCH, 10-12% y-HCH, 6-10% &-HCH and impurities) and
Lindane (99% y-HCH) are two commercial pesticides compounds that are restricted for application in
ltaly through European Directive in 2000 (Persistent organic pollutants amending Directive
79/117/EEC). HCH isomers have different fate and behaviour in environment. In particular, a- and y-
HCH isomers can be transformed by sunlight and through biodegradation into -HCH, which is easily
absorbed and more difficult to be evaporated from soil (Mackay et al., 1992; Calvelo Pereira et al.,

2006). Studies revealed that the spatial arrangement of chlorine atoms in the f-HCH molecule protects
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the compound from a microbial degradation (e.g., Walker, 1999). To distinguish application of technical
HCH from a use of Lindane, the diagnostic ratio of a/y-HCH has been successfully used (Zhang et al.,
2004), with ratios from 4.64 to 5.83 being related to application of technical HCH and nearly zero for
Lindane applications (Zhang et al., 2004). Results for this study highlighted a/y-HCH ratios ranging from
0.06 to 568 (mean = 12.96 — urban), and from 0.09 to 78.19 (mean = 4.19 — rural) (Fig. 6A). A
proportion of 35.2% of the samples sites presented a/y-HCH ratio below 1, 32.9% between 1 to 4.64,
12.2 % between 4.64 and 5.83, and 9.2% a ratio above 5.83, mostly in urban areas. The 22% of the
sampling sites showing a ratio of a/y-HCH above 4.64 can possibly be linked to applications of technical
DDT.

The ratios of a/-B-HCH ranged from 0.002 to 822 (mean = 19.3 — urban), and from 0.005 to 180 (mean
= 8.21 - rural) (Fig. 6B). Here a proportion of 52.6% of the sampling sites presented a/B-HCH ratio
below 1.0. The findings seem to indicate both historical application and (illegal) recent use of technical
HCH in soils of the survey area. Assessment of OCPs in air samples from the Tuscany region (Estellano

et al., 2012) revealed possible illegal use of technical HCH or Lindane in some urban areas.
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Fig. 6. Scatter diagrams of a/y-HCH (a) and a/B-HCH (b) ratios.
3.1.4. Drins

Dieldrin, Aldrin and Endrins are collectively called Drins or Drin pesticides and were synthesized from
pentadiens obtained as secondary products of petro-chemistry through the Diels-Alder reaction
(Oppolzer, 1991). They were primarily used as an insecticide, as well as a rodenticide and piscicide.
Total Drins (sum of Dieldrin, Aldrin, Endrin, Endrin aldehyde, and Endrin Ketone) for this study ranged
from nd to 82.5 ng/g (urban) and from nd to 1212 ng/g (rural). The highest urban concentrations,
ranging from 31.85 to 82.5 ng/g, were found in Apulia (Bari and Foggia) and Abruzzo, whereas rural
areas in the Sarno Basin (Campania) and Lecce (Apulia) presented high Drins values, ranging from
120.2 to 1212 ng/g (Figs. 7A, B). Statistically abnormal distributions and outliers were observed both in

urban areas and in rural areas (Figs 7C and D).
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Among Drins, Endrin Ketone was the predominant compound accounting for 80.28% (urban) and
93.71% (rural), ranging from nd to 82.16 ng/g (urban), and from nd to 1199 ng/g (rural) (Table 2). Endrin
Ketone is the final photodegradation product of Endrin and Endrin Aldehyde, and is difficult to further
degrade (Fan and Alexeeff, 1999). These results may indicate that the Drins residues in soils are mainly
the result of historical application across the study area. In comparison with other studies, for example
with reported values from northern France (Villanneau et al., 2001), the present survey showed higher

concentrations of Drins in urban and rural areas.
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Fig. 7. Spatial distribution of Drins in urban (A) and rural (B areas; the concentration—area (C-A) fractal method
was applied to set concentration ranges. Edaplots (C, D) allow distinguishing occurrence of outlier observations in
urban and rural areas.

3.1.5. Chlordanes related-compounds
Technical Chlordane is generally used for insecticides, herbicide and termicides, and is a mixture of
more than 140 related compounds (Dearth and Hites, 1991). Sixty to 85% of technical chlordane is
made up by sterecisomers cis- and trans-chlordane with a mixture of minor compounds such as

Heptachlor, Heptachlor epoxide, cis and trans-nonachlor (Parlar et al., 1979). In this study, total
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concentrations of Chlordane related compounds (sum of cis-chlordane, trans-chlordane, Heptachlor and
Heptachlor-epoxide) ranged from nd to 12.46 ng/g (mean = 1.05 ng/g — urban), and from nd to 14.68
ng/g (mean = 0.84 ng/g - rural). High urban concentrations of Chlordanes were found in Campania and
Bari (Apulia), Palermo (Sicily), Grosseto (Tuscany), ranging from 10.03 to 12.46 ng/g, whilst large rural
Chlordanes values were found in Tuscany, Campania (Naples) and Sicily showed, ranging from 6.11 to
14.68 nglg (Figs. 8A, B). These results were confirmed by the presence of statistically abnormal
distributions of Chlordane related compounds and, by one outlier (anomaly - Figs. 8C, D).

Among Chlordane related compounds, Heptachlor epoxide was the prevalent with 58.37% (urban) and
67.56% (rural). Heptachlor epoxide is explained as an oxidation and biodegradation product of
Heptachlor which has been used in the past for killing insects in households, buildings, and on food
crops, especially corn (Pornomo et al., 2013). Chlordane related compounds have been banned in 1988
(ATSDR, 1995). Thus, large Heptachlor epoxide concentration, and mean values of
Heptachlor/Heptachlor epoxide ratio equal to 0.23 (urban) and 0.14 (rural) point towards historical
application of the commercial Chlordane. However, when compared to similar studies, such as that
conducted by Bidleman et al. (2004) in farmland of the Southern of USA (Chlordane related compounds
concentration ranging from 0.05 to 5.1 ng/g), the results from this study seem to suggest extremely

extensive applications made in some parts of the studied area.
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Fig. 8. Distribution of total Chlordane-related compounds in urban (A) and rural (B) areas. Edaplots (C,D) reveal
abnormal distribution of the dataset and occurrence of an outlier rural area.

3.1.6. Endosulfans

Endosulfan is a cyclodiene pesticide used worldwide to control pests in non-food crops (cotton, tobacco,
timber, and ornamental plants), food crops such as vegetables, fruits, corn, and cereals and a control a
wide variety of insects and mites (ATSDR, 2000). Italy is the second consumer of Endosulfan in
European Union with 20% of the total volume, after Spain (Endosulfan Preliminary Dossier, 2003).
Technical endosulfan was globally banned under the Stockholm Convention (2011) because of its
threats to human health and the environment. Endosulfan is made up a- and B-endosulfan isomers that
are fairly resistant to degradation and persistent in the environment. Endosulfan sulfate is the
degradation product of Endosulfan, and it is a more hydro-soluble metabolite and susceptible to
photolysis (Cerrillo et al., 2005).

In this survey, total Endosulfan (sum of a-endosulfan, -endosulfan, and endosulfan sulfate) ranged
from nd to 904.21 ng/g (mean = 13.25 ng/g) accounting for 44.32% of the total OCPs in urban areas,
and from nd to 92.99 ng/g (mean = 3.08 ng/g) accounting for 5.12% of total OCPs in rural area. High

Endosulfan concentrations were found in the urban area of Bari (Apulia), ranging from 71 to 904.21ng/g
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and in rural areas of Lecce (Apulia) from 55.32 to 92.99 ng/g (Figs. 9A, B). These values are extremely
large if compared to those found in natural areas of the Northern France (ranging from nd to 1.84 ng/g -
Villanneau et al., 2001). Statistical distributions showed both outliers as well as abnormal behaviour of
Endosulfans concentrations (Fig. 9C, D), which could be associated with the diverse chemical
processes that may affect endosulfan compound behaviour in soils medium. Since a-endosulfan
decomposes more easily than -endosulfan in soil, the ratio of a/B-endosulfan < 2.33 may be used to
judge the age of their residues in soil (Jennings and Li., 2014; Jia et al., 2010). In urban areas, a-
endosulfan isomer constituted 69.59% of the total endosulfan followed by B-endosulfan with 19.36%
and endosulfan sulphate (11.05%), and the ratio of a/B-endosulfan ranged from 0.05 to 312.9 (mean =
22.44). Endosulfan sulphate was the predominant compound in rural areas (84.58%), followed by f3-
endosulfan and a-endosulfan, and the ratio of a/B-endosulfan ranged from nd to 40 (mean = 1.59).
These results strongly suggest a recent (illegal) use of technical endosulfan in urban areas, especially in
Apulia. In contrast, results for rural areas seem to point to historical application. The relatively recent
restriction of technical endosulfan (Stockholm Convention, 2011) and its uses in ltaly until December
2007 may explain why it was still found in high proportion in the soils of the survey area (Pozo et al.,
2016; Qu et al., 2017).
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Fig. 9. Distribution of concentration of Endosulfan in urban (A) and rural (B) areas. Edaplots (C,D) reveal
abnormal distribution of the dataset and occurrence of low and high outliers in urban and rural areas.

3.1.7. HCB and methoxychlor

HCB was listed among the first group of persistent OCPs compounds in the Stockholm Convention
(Stockholm Convention, 2005), even though it has been restricted since 1985 in the European Union
countries (Barber et al., 2005). It has been used as fungicide to control bunt on wheat, and seed
treatment of onions and sorghum (Courtney, 1979). The values of HCB in this survey ranged from 0.01
to 2.39 ng/g (mean = 0.16 ng/g — urban), and from nd to 13.37 ng/g (mean = 0.47 ng/g — rural). HCB
made up 0.55% (urban) and 0.79% (rural) of the total OCPs concentrations. Several studies reported
that HCB is still used as a by-product or impurity in several chemical compounds, including chlorinated
pesticides such as Lindane (Pacyna et al., 2003; Barber et al., 2005). Pearson correlation coefficient
between HCB and y-HCH compounds showed a slight correlation (r=0.44), which may suggest that
HCB could be partially related to input of technical HCH or Lindane in the study area.

Most methoxychlor enters the environment when it is applied to forests, agricultural crops, and farm
animals as insecticide (US EPA, 1991). It is one of the few organochlorine pesticides that has

undergone an increase in its use since the ban on DDT, but methoxychlor was finally listed as banned
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OCPs pesticides by the United Nations Environmental Program (UNEP) (Stockholm Convention, 2011).
In this study, the concentrations of methoxychlor ranged from nd to 53 ng/g (mean = 3.64 ng/g — urban)
and from nd to 521 ng/g (mean of 10.96 ng/g — rural). When compared to other studies, the mean
concentration of the methoxychlor (10.96) found in rural areas is comparable to that from agricultural
soils of central China (Zhou et al., 2013), but bigger than that found in southern Mexico (Cantu-Soto et

al., 2011) and soils from the hilly areas of Nepal (Yadav et al., 2017).

3.2. Compositional Biplot and robust Factor analysis
Compositional biplots explained 66.9% (PC1-PC2) and 61.5% (PC1-PC3) of the variability (Fig. 10).
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Fig. 10. Robust biplots for the first and second principal components (A) and for the first and third principal
components (B) based on DDTs and HCHs investigated compounds

The sum of DDTs (p,p’-DDT, o,p’-DDT, p,p-DDE, o,p-DDE, p,p’-DDD, and o,p’-DDD) may be
considered a variables association (A), due to the vicinity of their vertices and their rays pointing to the
same direction. Among the associations, DDTs and p,p’-DDE displayed the highest vector length
(communality - Fig. 10A). It was possible to discriminate DDTs variables and highlights two sub-groups
based to their chemical structures (Fig. 10B):

e Aq formed by o,p-DDT and o,p’-DDD (superimposition of vertices and low communalities, and

e A, formed by p,p’-DDT, p,p’-DDE, p,p’-DDD (proximity and high communality).

Furthermore, the o,p’-DDE variable presented a high length vector and it was separated from other

DDTs metabolites. These findings point towards a significant interrelationship between DDT isomers.
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High lengths of p,p’-DDTs metabolites could be associated with a dominant input of technical DDT in
soils of the study area (Qu et al. 2016). Low communalities and superimposition of the o,p’-DDT and
0,p’-DDD variables may also be associated with the use of dicofol which contains more o,p’-DDTs
metabolites (Qi et al., 2005). Moreover, the high length of the o,p’-DDE vector and its disassociation to
others DDTs isomers may illustrate its specific behaviour in soil based on its specific physico-chemical
properties (Solubility, partition coefficient, and vapour pressure) (Pfaender and Alexander, 1972).
Another variables association (B) made by a-HCH, y-HCH and &-HCH was highlighted (Fig. 10A). This
was also characterized by the vicinity of their vertices with their vectors being superimposed to one
another. This configuration can be associated to a similar behaviour of these three isomers in the soils
of the study area. In fact, a-HCH, y-HCH and 8-HCH metabolites are the main compounds related to the
commercial technical HCH (Senthil Kumar et al., 2001), which is reflected by how a-HCH and &-HCH
vectors are geometrically symmetric respect to the HCHs vector (Fig. 10B). This spatial configuration
illustrates their similar behaviour in the soils of the study area. The 3-HCH variable is marked by a high
communality, and its vector forms 90° with the (B) variables association (Fig. 10A). These results seem
to suggest that the B-HCH compound has a different fate and behaviour in soils compared to other HCH
metabolites. Moreover, the high communality and disassociation of f-HCH respect to other HCH
metabolites could explain its persistence to degradation and its accumulation in soil of the study area
(Jiang et al., 2009).
Factor analysis was performed to determine the correlation between DDT and HCH isomers which
further revealed the possible sources of these compounds. Factor loadings and total variances of
individual OCPs were computed to facilitate the interpretation (Table 4). DDT and HCH metabolites of
the three-factor model were separated by positive and negative loadings and sorted in descending
order:

e Urban sites
F1: 0,p’-DDT, p,p’-DDD, - (y-HCH, a-HCH)
Fo: p,p’-DDD, - (6-HCH, B-HCH)
Fs: p,p’-DDT, - (0,p-DDE)

e Rural sites
F1: p,p’-DDD, 0,p’-DDT, 0,p’-DDD, - (y-HCH, a-HCH)
F2: p,p’-DDE, 0,p’-DDE, - (B-HCH)
F3: 0,p-DDD, - (p,p-DDT)
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Table 4. Varimax-rotated factor (three-factor model) using 78 topsoil samples from urban areas and 70 samples
from agricultural soils; bold entries: loading values over |0.50)

Urban areas Rural areas
, Factors Factors
Variables
M FR R | M F2 F
a-HCH -0.69 012  -0.36 -0.80 -0.08 0.19
B-HCH 0.10 -0.83 -0.12 -0.15 -0.77 -0.06
y-HCH -0.68 0.04 -0.19 071 -026 0.03
O-HCH -0.25 -0.64 0.17 024 -043 0.31
o,p’-DDE -0.33 0.04 -0.75 045 053 033
p,p-DDE 0.04 0.81 0.12 0.16 0.81 -0.30
o,p-DDD 0.45 033 047 064 015 0.62
p,p-DDD 0.76 019  0.03 0.81 028 -0.10
o,p’-DDT 0.84 013  -0.13 0.79 0.03 -0.09
p,p-DDT -0.08 0.07  0.79 0.30 025 -0.81
Eigenvalues 2.60 1.96 1.64 3.77 1675 1.23
Total variancein%  26.04  19.58 16.45 3331 196 13.81
Cum. of total variance  26.04 4563 62.09 33.31 5292 66.81

Factor scores values for F1, ranging from -3.78 to 1.64 (urban), and —-2.75 to 2.94 (rural), were plotted
to represent their spatial distribution (Fig. 11). High urban factor score values (ranging from 1.26 to
1.62), associated mainly with o,p’-DDT (0.84) and p,p’-DDD (0.76) compounds, were found in
Frosinone (Latium), in Foggia (Apulia), in southeastern coastal area of Calabria and in the Sicily region
(Palermo and Gela) (Fig. 11A). High factor loading of the o,p’-DDT isomer (0.84), explained by its
dominance in urban soils, may be attributed to the application of dicofol, containing high o,p’-DDT
residue. Further increase of p,p’-DDD (0.76) isomer in these areas was relatively significant and might
be related to degradation processes of DDT compounds. Low urban factor scores (< to -1.60), tied to a-
HCH (-0.69) and y-HCH (-0.68), were mainly observed in Calabria and Marches. These are potentially
related to application of technical HCH. The physico-chemical properties of a-HCH and y-HCH are
similar, showing a relatively easy degradation in soils (Mackay et al., 1992; Calvelo Pereira et al., 2006).
The highest rural factor score values (ranging from 1.52 to 2.94), associated with p,p’-DDD (0.81), o,p’-
DDT (0.79) and o,p’-DDD (0.64) compounds, were found mainly along the coasts (Latium, Campania -
Naples,- Calabria, and southern Sicily — Fig. 11B), where intensive agriculture activities such as those
carried out in vineyards and olive plantations occur (Corona et al., 2012; ISPRA, 2014a). The higher
loading of p,p’-DDD compound can be associated to historical applications of DDT together with a more

recent application of dicofol, illustrated by occurrence of o,p’-DDT, and o,p’-DDD isomers in these
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areas. This is partially in line with the results of Qu et al. (2016) which have indicated that DDT residues

in the Campania plain are mainly the result of historical application.
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Fig. 11. Dots and interpolated factor score maps of factor 1 in urban areas (A) and rural soils (B). Factor score
value ranges are based on C—A (concentration-area) fractal plot after a min-max normalisation.

F2 factor score values ranged from -2.56 to 2.26 (urban), and -2.16 to 1.92 (rural) (Fig. 12). The urban
areas of Grosseto (Tuscany), northern Campania and Taranto (Apulia) displayed the highest factor
scores (> 1.90) corresponding to the p,p’-DDE (0.81) isomer (Fig. 12A). These results can be
associated to historical application of technical DDT because p,p’-DDE is a degradation product of p,p’-
DDT isomer.

The highest F factor scores (ranging from 1.77 to 2.75) were related to p,p’-DDE (0.81) and o,p’-DDE
(0.53), and were found in most rural sites in the northern part of the study area and in Naples
(Campania). This may be attributed to historical application of technical DDT, because high factor
scores of DDE metabolites are matching their degradations and fate in situ. Low factor scores values
(ranging from -2.16 to -1.39) corresponded to 3-HCH (-0.77) and were found in rural sites of Frosinone
(Latium) (Fig. 12B). This might be related to the dominance or specific behaviour of the f-HCH
metabolite in soils of this area. As previously mentioned, high level of the B-HCH isomer was found in
soils and sediments from the Sacco River valley (Frosinone), which are polluted by the release of
industrial landfill percolations containing by-product of Lindane.

183



Factor 2 (urban area)
p,p'-DDE, - (5-HCH, B-HCH) =

<-2 Bl 2s6--1.93
-1.93--0.59 I -1.93 - -0.59
-0.59-0.07 77 .0.59 - 0.07
) 0.07-067 [ 407.067
067-191 [l oe7-191 .

Factor 2 (rural area) )
p:p'-DDE, o,p'-DDE, - (B-HCH}"_2

<-1.39 - -2.16--1.39
-1.39--0 mg -1.39--0.61
-0.61-0.36 1] -0.61-0.36

") 0.36-093 [Jo3s-093

D 093177 [l 0.93-177 i
= 0 5

T T T T 1 T T T T T 1
0- 125 250 500 Kilometers 1) 125 250 500 Kilometers

Fig. 12. Dots and interpolated factor score maps of factor 2 in urban areas (A) and rural soils (B). Factor score
value ranges are based on C-A fractal plot after a min—-max normalisation.

Values for the F3 factor score, ranged from -2.83 to 2.05 (urban) and -3.93 to 2.66 (rural) (Fig. 13). The
highest urban factor score values (> 1.23) corresponded to p,p-DDT (0.79) and were found in Palermo
(Sicily), Naples (Campania) and Tuscany (Fig. 13A). This is likely to be related to recent illegal
application of technical DDT, which is confirmed by the dominance of the p,p-DDT isomer in soils of
these areas, similarly to what Qu et al. (2016) have found in soils of the Campania plain. Pozo et al.
(2016) also highlighted recent use of technical DDT in Palermo (Sicily), whilst an assessment of OCPs
pollution sources in urban air of Tuscany revealed possible illegal use of commercial technical DDT
(Estellano et al., 2012). Low factor score values (ranging from -2.83 to -1.85) were found in Tuscany,
and corresponded to o,p’-DDE. We might preclude that the occurrence o,p’-DDE isomer in Tuscany
may related to unknown synthetic chemicals. A follow up study in this region may give reasons of the
occurrence of this metabolite in Tuscany soils.

The highest rural factor score values (ranging from 2.09 to 2.66) corresponded to o,p’-DDD in Calabria
(Cosenza) and Tuscany (Fig. 13). Low values (ranging from -3.93 to -1.67) were found in rural areas in
Basilicata, revealing dominance of p,p’-DDT. These results point towards a mixed input of DDT residues

through recent use and historical application in rural areas of Calabria.

184



Factor 3 (urban area)"
p,p"-DDT, - (0,p"-DDE) &
<-2 I 283--185
-1.85--0.46 [ -1.85 - -0.46
-0.46 - 0.085 -0.46 - 0.085
) 0085-055 0.085 - 0.55
) 0s5-123 [ 055-1.23 .
2205
s b L
4 >
T

Factor 3 (rural area), @
0,p"DDD, - (p,p'-DDT) -~ =™ 95)
<-170 |l 393--167 O

-167--058 [0 -167--058
-058-0.021 [ ] -0.58-0.021
0021-057 [__]0021-057
) os57-200 [ 057 -2.09

B 2052266 ‘_')'
. - —_—

>1.25

0
h—y

T T T 1 T T T T T 1
0- 125 250 500 Kilometers 1] 125 250 500 Kilometers

Fig. 13. Dots and interpolated factor score maps of factor 3 in urban areas (A) and rural soils (B). Factor score
value ranges are based on C-A fractal plot after a min—-max normalisation.

3.3. Contamination assessment
The SoQl index was used to represent the degree of contamination, and therefore concern, of the
studied area (Fig. 14).
SoQl values in soils of urban and rural areas of the Tuscany, Umbria, Marches, and Molise are equal to

100 (Fig. 14A, B). This is associated to very low contamination levels, where none of the sampling sites
(both in urban and rural soils) presented concentration beyond the threshold values established by
Italian environmental legislation (D. Lgs. 152/2006). Similarly, low levels of concern were observed for
urban and rural area of Basilicata and Calabria (Fig.14A, B).

Urban soils in Campania (Naples, Sarno Basin), Abruzzo, and Apulia (Foggia and Bari) presented SoQl
ranging from 50 to 70, corresponding to a medium contamination level. In addition, rural soils in Latium
(Frosinone and Civitavecchia), Abruzzo, and Apulia (Taranto and Manfredonia) also showed the same
SoQl (50 - 70).

The lowest urban SoQl value (46.2), associated to a high contamination level, was found in urban soils
of the metropolitan area of Foggia. This could be related to the use of OCPs pesticides against pests in
urban gardens. For rural areas, instead, the lowest SoQl values (ranging from 30 to 50) were found in
soils of Campania (Naples metropolitan area and Sarno Basin) and Apulia (Lecce). This further confirms
the observations made previously which linked high contamination levels with intensive agricultural

activities such as those occurring in vineyards and olive plantation along the coastal areas.
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Fig. 14. Spatial distribution of SoQI contamination levels in urban (A) and rural areas (B) in the 11 regions of the
study area.

4. Conclusion

This study presented the results of a regional survey of OCPs compounds conducted in urban and rural
soils of 11 administrative regions from central and southern Italy, as part of an on-going project aiming
to cover the entire Italian territory. The main findings revealed the concentration of 24 OCPs, ranging
from nd to 1043 ng/g (mean = 29.91 ng/g — urban), and from nd to 1914 ng/g (mean of 60.16 ng/g —
rural). In particular, high DDTs concentrations were mostly shown in urban and rural soils of Campania
and Apulia. Enrichment of HCH was also highlighted in the central regions of the study area, with
relatively lower values in the north and southern parts. Furthermore, Endosulfan related compounds and
Methoxychlor were found to be 42.32% and 12.17% of the total OCPs in urban areas, respectively,
which are likely to be related to recent applications, particularly in Apulia.

Diagnostic ratios of DDTs residues clearly unveiled a dominance of historical application of these
compounds in soil, but also a minor (yet significant) more recent illegal use of technical DDT or dicofol
mainly in urban areas. A mixed application of HCH was also highlighted, with residues both from
historical and recent applications. On the other hand, the different compositions of Drins and
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Chlordanes related compounds emphasized that the residues of these compounds are mainly related to
a historical application. At the same time, recent applications of Endosulfan residues in urban areas
were suggested, together with an historical use of this compound in agricultural soils. Unfortunately, the
ltalian environmental legislation has not established to date any guideline (threshold) values with
regards to Endosulfan residues in soil (see D. Lgs. 152/2006), failing to recognise their potential threat
to human health.

These results were also backed up by the findings of the multivariate computations performed on DDT
and HCHs residues, pointing out that (1) DDT and HCHSs residues could be mainly related to historical
but also more recent (illegal) application; (2) occurrence of DDTs residues in soils of the Campania
region could be related to historical application of technical DDT; (3) indirect evidence of illegal ‘fresh’
application of DDT were identified in urban areas of Tuscany, Sicily and Campania; (4) HCH levels in
Latium (Frosinone) rural areas could be related to f-HCH metabolite in the anomalous sediments of the
Sacco River valley, affected by nearby industrial landfill percolations.

This study should be considered as a first stepping stone (as a regional survey) towards a major
investigation on the main sources and levels of OCPs throughout the Italian territory. As such, it is
envisaged that the findings will contribute to build OCPs baseline and drive towards an entire coverage
of the Italian territory. The survey, which is currently progressing in the remaining 9 regions of northern
Italy, has highlighted areas with high concentrations of some OCPs, which can be in part explained by
recent (illegal) applications. Even though it was not the scope of this study, results study highlighted
some potential human health concerns, which need addressing urgently. Given the associated human
health risks and the potential wider implications for the environment, these results strongly point towards
follow-up studies to be held in areas of higher contamination levels (Naples and Sarno Basin as well as
Foggia and Lecce regions), with a larger number and higher density of soil and air samples. It is also
hoped that similar studies will build science-based evidence to be fed back at institutional level for more
adequate and comprehensive regulations and, in the long-term, for a full ratification of the Stockholm

Convention.
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ARTICLE INFO ABSTRACT

Handling Editor: Edward A Nater Geochemical studies that focus on environmental applications tend to approach the chemical elements as in-
Keywords: dividual entities and may therefore offer only partial and sometimes biased interpretations of their distributions
Compositional data and behaviour. A potential alternative approach is to consider a compositional data analysis, where every ele-
Multi-fractal computation ment is part of a whole. In this study, an integrated methodology, which included compositional data analysis,
Robust biplot multifractal data transformations and interpolation, as well as enrichment factor analysis, was applied to a
Background concentration geochemical dataset for the Campania region, in the south of Italy, focusing in particular on the behaviour,

Enrichment factor footprints and sources of a smaller pool of elements: Al, Na, K and P. The initial dataset included 3669 topsoil

samples, collected at an average sampling density of 1 site per 2.3km? and analyzed (after an aqua regia
extraction) by a combination of ICP-AES and ICP-MS for 53 elements. Frequency based methods (Clr biplot,
Enrichment Factor computation) and frequency spatial-method (fractal and multifractal plots) allowed identi-
fying the relationships between the elements and their possible source patterns in Campania soils in relation to a
natural occurring concentrations in geogenic material (rocks, soils and sediments) or human input. Results
showed how the interpretation of concentration and behaviour of Al, Na, K and P was enhanced thanks to the
application of data log-ratio transformation in univariate and multivariate analysis compared to the use of raw or
log-normal data. Multivariate analyses with compositional biplot allowed the identification of four element
associations and their potential association with the underling geology and/or human activities. When focusing
on the smaller pool of elements (Al, P, K and Na), these relationships with the unique geology of the region, were
largely confirmed by multifractal interpolated maps. However, when the local background was used for the
calculation of the enrichment factor, the resulting interpolated maps allowed to identify smaller areas where the
greater concentrations of P could not be possibly associated to a mineralisation (e.g., ultrapotassic rocks) but
were more likely to be associated to anthropogenic input such as agriculture activities with potentially extensive
use of phosphate fertilizers. The integrated approach of this study allowed a more robust qualitative and
quantitative evaluation of elemental concentration, providing in particular new and vital information on the
distribution and patterns of P in soils of the Campania region, but also a viable, more robust, methodological
approach to regional environmental geochemistry studies.

1. Introduction vegetation, and anthropogenic activities. In recent years environmental
geochemistry has allowed to gain much insight on the relationship

Element distributions in soils are generally related to a variety of between chemical elements in soils and their sources by means of
factors such as geology, chemical reactivity, mineralogy, hydrology, various tools. In particular, univariate and multivariate analysis (Otero
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et al., 2005; Reimann et al., 2008; Zuo, 2011; Thiombane et al., 2018a)
as well as spatial analysis (frequency space-method) have helped to
discriminate between anthropogenic contribution (and contamination)
compared to natural or geogenic sources. More recently, different ap-
proaches have also been used to treat compositional geochemical data
in a more comprehensive way. Geochemical data are closed number
systems (parts of a whole) and they should be treated as that to avoid
spurious correlations and misleading interpretations. By taking only the
absolute values or the log-normal data, the proportional nature of the
geometry of the simplex may be not fully captured (Han and Kamber,
2001). Compositional data instead, consider each element as part of a
whole which carry relative information (Aitchison, 1986; Egozcue
et al., 2003). For this reason, and to minimize and/or eliminate the
presence of outliers and spurious correlation (Pawlowsky-Glahn and
Buccianti, 2011), they have increasingly been approached in alternative
ways. In particular, the use of log-ratio transformations such as additive
log-ratio (alr), centered log-ratio (clr) (Aitchison, 1986) and isometric
log-ratio (ilr) (Egozcue et al., 2003) were found to be effective ap-
proaches to deal with these complex datasets and better explain their
significance. Furthermore, mapping remains a useful tool to display
data distribution through fractal and multifractal analysis (Mandelbrot,
1983; Cheng et al., 1994) and through geostatistics (Olea et al., 2018;
Thiombane et al., 2018b). These have been demonstrated to be a
powerful means for identifying geochemical anomalies (Cheng, 1999,
2007; Cheng et al., 2000, 2010; Lima et al., 2003a; Cicchella et al.,
2005) and enhance elements patterns.

Aside from their inherent complexity, often environmental geo-
chemistry studies still present some discrepancies in the definition of
key concepts and therefore interpretation of results. For example, the
concept of background and/or baseline concentration are still confused
and misused, whilst they should be clearly defined and interpreted: a
background value corresponds to the range of concentration of a given
element in a given area which is completely dependent on the com-
positional and mineralogical characteristic of the parent/source geo-
logical material (Reimann et al., 2005; Albanese et al., 2007). On the
other hand, a baseline value relates the actual most diffused range of
concentration of a given element in a specific area depending both on
the nature of the parent geological/source material (Salminen and
Gregorauskiene, 2000) and on the historic diffuse release into the en-
vironment from anthropogenic sources.

In reality, in areas where the anthropogenic impact is very small or
not significant, the background and baseline values can overlap, as it is
often difficult to distinguish the natural sources compared to the an-
thropogenic contribution. In areas where the anthropogenic impact is
evident or significant, however, the background and baseline values
should be interpreted appropriately and in a distinct way. This study
focuses on a region in south of Italy, Campania, characterized by
complex geological and geomorphological features and by a significant
presence of human activities, such as industry, agriculture, tourism and
urbanization. The industrial presence is often related to the agricultural
activities and is mostly developed in proximity of the agricultural and
surrounding urban areas. Many of these industrial activities are devoted
to food production and preservation process (e.g., San Marzano toma-
toes conserves), but also to clothes productions and tanneries (e.g.,
Solofra tanneries industries). These activities represent the main live-
lihood for the local communities and a major economic input not only
for the Campania region, but for the Italian economy. Nevertheless, as
with any agriculture activity, it is inevitable that chemical fertilizers
(phosphates and sulfates based) are used to improve soil productivity
and quality. Some of the benefits of using fertilizers, however, carry
also ‘externalities’ that can travel from the soil, to the crop, and the
entire food chain. In particular, metallic impurities of P-based fertilizers
containing Cu, As and Cd, can affect the quality of the soil and possibly
its contamination; phosphate fertilizers are in fact known as a major
source of trace metals among all mineral fertilizers (Nziguheba and
Smolders, 2008). These sources of contamination can be investigated by
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means of Enrichment Factor (Chester and Stoner, 1973) which is able to
display the degree of contamination related to a mineralisation (geo-
genic) or anthropogenic activities (Reimann and de Caritat, 2005).

This study proposes an assessment of the potential impacts and
footprint of some of the agricultural activities in Campania, by use of
compositional data analysis, concentration-area (C-A) and spectrum-
areas (S-A) fractal and multifractals models applied to geochemical
data. In particular, the study focuses on a smaller pool of elements that
can be potentially directly related to either geogenic, anthropogenic or
mixed source: Al, Na, K, and P will be investigated to detect their po-
tential origin and their background concentrations in Campania soils.
The main objectives of this study were:

(1) to illustrate the importance of compositional log-transforma-
tions on geochemical data; (2) to delineate the main sources of elements
by using a combination of multivariate analysis and GIS based ap-
proach; (3) to use enrichment factor (EF) to assess geogenic or an-
thropogenic behaviour of P in the study area; (4) to prove the im-
portance and ease of using the local reference elements as opposed to
the traditional continental crust references values in EF calculation to
determine degree of contamination. The results from this investigation
could greatly influence and provide a blueprint to future similar studies.

2. Materials and methods
2.1. Features of the study areas

The Campania region is located in the south of Italy, covering an
area of about 13,600 km?. The region borders the Tyrrhenian Sea and
the Lazio region at the western and northern sides, respectively (Fig. 1-
A).

The main geological features of the Campania region are constituted
by the Apennines chain which cross the areas as a backbone oriented
NW-SE. The hilliest part of the chain forms the Mt. Matese in the north,
Mt. Taburno and Picentini in the center, and the Mt. Alburni in the
southeast. These mountains are mostly formed by sedimentary rocks
such as limestone and dolostone whilst the external domains are con-
stituted by siliceous schist and terrigenous sediments (clays, siltstone,
sandstone, and conglomerate) (Bonardi et al., 1998; De Vivo et al.,
2016). Igneous rocks are present in the region and are mostly formed by
potassic and ultrapotassic volcanic rocks of the Roccamonfina volcano
(De Vivo et al., 2001, 2010, 2016; Rolandi et al., 2003; Albanese et al.,
2007) in the northwest, the Mt. Somma-Vesuvius, Campi Flegrei and
Ischia volcanoes which are located nearer the coastal areas of the study
region. The coastal areas and plains are constituted by alluvial, lacus-
trine and coastal (mixes of oceanic and terrestrial) sediments (Bonardi
et al., 1998; De Vivo et al., 2016).

The hydrography of the Campania region is characterized by three
main river catchments (Garigliano, Volturno and Sele) and by nu-
merous minor streams, mostly draining towards the Tyrrhenian Sea.
The morphology of the drainage network is irregular and controlled by
geological and structural features and rivers are source of water irri-
gation for agriculture field (Ducci and Tranfaglia, 2005).

Campania is one of the most populated regions of Italy with > 5.8
million inhabitants (ISTAT, 2016). This high density of population is
coupled by the presence of a large number of industrial activities, with
the majority being involved in agriculture: vineyards and olive plan-
tations — mostly in hilly areas — seasonal crops, and greenhouse pro-
ducts (tomatoes, potatoes, aubergines, peppers, peas, and citrus fruits)
represent major resources for the region and the local economy
(Albanese et al., 2007). This intensive agriculture activity occupies >
50% of the total land and occurs mostly in the coastal and mountainous
areas (Fig. 1B), where fertile land and suitable soils are occurring.
Unfortunately, such industrial activities are known to have a potential
negative impact if not properly managed, contributing to the con-
tamination of natural resources such as superficial and groundwater as
well as soils. Campania is not immune to these problems, and some



M. Thiombane et al.

Geoderma 335 (2019) 12-26

Alluvial, lacustrine and
coastal sediments

Siliciclastic formations

- Limestones and dolostones

Potassic-Ultrapotassic lavas and
volcano-sedimentary deposits

A Volcanoes

b 2
O  Main cities
— Highway and main road
- Urban and industrial areas

Agricultural land

Vineyards, oliveyards
and orchards
Woodland and
semi-natural areas

Fig. 1. Simplified geological map (A) and land use (B) of the Campania region (southern of Italy).

studies have already highlighted their existence and relation to its
natural resources (Cicchella et al., 2005; Minolfi et al., 2018).

2.2. Sampling procedures and analyses

From 2013 to 2015, 3669 samples were collected from topsoil of the
Campania Region (13,600 km?) with a nominal density of 1 sample in
each 3.2km> Each top soil sample (from O to 20 cm) was made by
homogenizing 5 subsamples at the corners and the centre of a 100m?
square, collecting approximately 1.5kg in total. The sampling proce-
dure followed the Geochemical Mapping of Agricultural and Grazing
Land Soils (GEMAS) sampling procedure described by Reimann et al.
(2014). At each sampling site, several physico-chemical parameters of
the soil properties were measured, including pH, total water content,
conductivity, total organic content and the geographical coordinates
system recorded by geospatial positioning systems (GPS).

Chemical analyses were carried out at an international accredited
Laboratory, Acme Analytical Laboratories Ltd. (now Bureau Veritas,
Vancouver, Canada). The samples were analyzed after an aqua regia
extraction, by a combination of inductively coupled plasma atomic
emission (ICP-AES) and inductively coupled plasma mass spectrometry
(ICP/MS) for “pseudototal” concentration of 53 elements (Ag, Al, As,
Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge, Hf, Hg, In, K, La,
Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Pd, Pt, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta,
Te, Th, Ti, T, U, V, W, Y, Zn, and Zr). A sub-sample of 15g of the
sieved < 2 mm soil fraction was digested in 90 ml aqua regia and lea-
ched for 1h in a 95°C water bath. After cooling, the solution was di-
luted to a final volume of 300 ml using a solution of 5% HCI. The
sample weight to solution volume ratio was 1 g per 20 ml. The solutions
were analyzed using a Perkin Elmer Elan 6000/9000 inductively cou-
pled plasma emission mass spectrometer (ICP-MS). The accuracy and
precision of the data was measured by comparison to known analytical
standards. Calibration solutions were included at the beginning and end
of each analytical run (a total of 40 solutions). Precision is = 100% at
the detection limit, and improves to better than = 10% at concentra-
tions 50 times the detection limit or greater.
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2.3. Compositional data analysis

Nowadays it appears necessary to reconsider geochemical data
under a compositional data analysis perspective (Aitchison, 1986;
Buccianti et al., 2006, 2014, 2018; Pawlowsky-Glahn and Buccianti,
2011). A composition is defined as a sample space of the regular unit D-
simplex, S” that is a vector of D positive components summing up to a
given constant k, set typically equal to 1 (proportions), 100 (percen-
tages), or 10° (ppm) by closure. It relates parts of some whole that carry
relative information (ratios of components) whose sample space is the
simplex (Pawlowsky-Glahn and Egozcue, 2001).

P = {X = [%, X...Xp] | X; > 0; Zil Xi = k} a

As explained in the introduction, working with log-ratio transfor-
mation such as additive log-ratio (alr), centered log-ratio (clr) and
isometric log-ratio (ilr) allows to overcome some of the issues related to
the complexity of geochemical data, helping to highlight the relative
magnitudes and variations of the components of a composition rather
than their absolute values (Buccianti and Magli, 2011). In this study,
due to its orthonormal character, ilr was applied on the datasets and
compared to raw and log-normal data to show how it allows normal-
izing the data distribution and its closure effects of geochemical data
prior to statistical analyses (Figs. 2-4).

This log-ratio transformation was applied on data taking into ac-
count the compositional vectors of n parts partitioned into groups of
parts presenting a certain affinity (Egozcue et al., 2003; Filzmoser and
Hron, 2008, Filzmoser et al., 2009a, 2009b; Thiombane et al., 2018a).

To better visualize the element distributions and possible natural
and anthropogenic behaviour of the variables into the survey area, a
compositional biplot was created. This is a powerful statistical tool that
displays both samples and the variables of a data matrix in terms of the
resulting scores and loading (Gabriel, 1971). Thus, the scores represent
the structure of the compositional data into a Euclidian space based on
variance and covariance matrix; moreover, they display the association
structure of the dataset. The biplots present rays (or vectors) defined
from the center of the plot, where their length is proportional to the
amount of explained variance (communality) of the variables it
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Fig. 2. Edaplot (combination of histogram, density trace, one-dimensional scattergram and Boxplot in just one display) and CP plot of Na of the raw data, log-

transformed data, and ilr transformed data.

represents. The interpretation of the graphic depends on the loading
(rays) structures and in more details on the approximate links between
rays and samples, the distances between vertexes and their directions
(Otero et al., 2005). For a full description of compositional biplots and
an appreciation of their utility, several examples are available in the
literature (e.g., Pison et al., 2003; Maronna et al., 2006; Filzmoser and
Hron, 2008; Filzmoser et al., 2009a, 2009b; Hron et al., 2010).

When, however, biplots are used with raw data, these can be sub-
stantially influenced by the occurrence of outliers which can mislead
the compositional nature of the data matrix and affect the principal
components when interpreting results (Aitchison, 1986; Filzmoser
et al., 2009a, 2009b). For these and others reasons log-transformed data
are recommended to be used in multivariate analysis, and strengthened
compositional biplots (Egozcue et al., 2003; Filzmoser et al., 2009a;
Hron et al.,, 2010). Taking into account the singularity of the clr
transformed data (Aitchison, 1986), these should be computed in or-
thonormal coordinates such as ilr transformed data, and back-trans-
formed to the clr space for further interpretation. This back transfor-
mation allows preserving the linear relationship between clr and ilr

coordinates (Egozcue et al., 2003). Furthermore, the application of the
minimum covariance determinant (MCD) estimator (Roosseeuw and
Van Driessen, 1999) allows displaying the observations to the smallest
determinant of their sample covariance matrix which tend to hold the
variables into a normal distribution. In this study, a classical compo-
sitional biplot (CCB) and a robust compositional biplot (RCB) were used
to identify the relationships between variables using compositional raw
data and log-transformed data, respectively (Fig. 5).

From the total of 53 elements analyzed for the soils, only eighteen
elements were considered to test this approach, with the aim of better
representing the correlation between variables and investigate more
robustly their main sources in the study area. Their main descriptive
statistics are shown in Table 1.

The number of elements was reduced to 18 variables based on 3
main criteria: 1) the removal of elements with > 40% of values below
the detection limit (LOD), 2) choosing arbitrary mostly two re-
presentative Rare Earth elements which are geochemically congruent
and 3) choosing elements with a communality of extraction higher than
0.5 (50%) and/or common variances < 0.5 (e.g. Reimann et al., 2002).
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Fig. 3. Edaplot (combination of histogram, density trace, one-dimensional scattergram and Boxplot in just one display) and CP plot of K through the raw data, log-

transformed data, and ilr transformed data.

15



M. Thiombane et al.

Geoderma 335 (2019) 12-26

g
g 4
3
. B
2 3
-
f o z g
S g g S
S
= [ =]
© PRk ¥ o ]
—— D000 0 o ) o]
T T T T T T T T T T T T T T T
0 5000 10000 15000 15 20 25 30 35 40 3 2 1 0 1 2
P [mg/Kg] 10g10 (P) iir (P)
- +
- 4t + n
2 - / ot 3 - _ %
_ 2 . - i = .
o = 3 £ 4
= & 7 = 8 Z 8 =
£ = = 3 5 =
§73 g 83 INE
E w T w o a @w A
B = &
T T
0 5000 10000 15000 20 25 30 35 40
P [mg/ka) log10 (F) ir (P)

Fig. 4. Edaplot (combination of histogram, density trace,
transformed data, and ilr transformed data.

Based on the robust biplot, sequential binary partition was im-
plemented using the same 18 variables by dividing them into specific
groups of non-overlapping elements (Table 2).

Balances are particular ilr-coordinates (isometric-logratio) having
orthonormal bases which can be interpreted in the D-1 (D: dimension)
real space as ratios of elemental associations (Egozcue et al., 2003).
Balances can be calculated using the following formula:

I (IL v
r+s  (JLxk)Vs

= fori =1, ..,D-1,

(2)

where the products I1; and I1_ only include parts coded with + and
—, and r and s are the numbers of positive and negative signs (parts) in
the i-th order partition, respectively (Egozcue and Pawlowsky-Glahn,

2005). From the established sequential binary partition and Eq. (2), Z,
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one-dimensional scattergram and Boxplot in just one display) and CP plot of P of the raw data, log-

(Al/P) and Z, (Na/K) were calculated and ilr coordinates displayed
through geospatial mapping. Balances can be interpreted considering
three major cases: 1) positive balance when parts (variables) in the
numerator have higher dominance with respect to parts involved in the
denominator; 2) negative balance when parts involved in the numerator
have lower dominance than those in the denominator (negative bal-
ance); 3) nearly zero balance when the dominance of the two groups of
parts is similar. The higher or lower the positive or negative balance,
respectively, the dominance of one group of parts is more pronounced.
Balances were back-transformed based on the sequential binary parti-
tion matrix and the bijection between the original space of the parts and
that of the log-ratios (Egozcue et al., 2003; Egozcue and Pawlowsky-
Glahn, 2005; Olea et al., 2018). The back-transformed results in the
original part space for Al, P, Na and K elements concentrations were
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Fig. 5. Biplots for first and second principal components of factor analysis for raw data (classical, left plot) and ilr coordinates clr back-transformed (robust, right

plot) of the survey area (Campania region, Southern Italy).

16



M. Thiombane et al.

Geoderma 335 (2019) 12-26

Table 1
Descriptive statistic of 3669 topsoils samples from the Campania region, Southern of Italy. RMS and Std. Deviation are the root mean square and standard deviation,
respectively.
Elements Unit Minimum Maximum Mean Median RMS Std. deviation Skewness Kurtosis
Al mg/kg 2100 94,700 40,584 41,600 44,014 17,036 0.01 -0.75
As mg/kg 0.6 163 12.6 12.1 14.6 7.4 6.1 87.8
Ca mg/kg 800 295,200 35,495 22,300 51,036 36,675 2.38 7.1
Co mg/kg 0.5 79 10.7 10.3 11.7 5.1 1.6 12.3
Cu mg/kg 2.5 2394 109.3 62.2 191 156.8 5.5 44.5
Fe mg/kg 1600 154,600 25,031 2510 26,282 8012 1.19 18.2
K mg/kg 400 68,200 14,008 9500 18,755 12,472 1.39 1.2
Mg mg/kg 700 104,600 7347 5800 10,483 7479 5.06 35.8
Mn mg/kg 77 7975 863 779 970.6 443.4 5.44 55.7
Mo mg/kg 0.06 62 1.5 1.3 2.2 1.6 18.9 637
Na mg/kg 20 29,490 3667 2600 5129 3587 1.23 1.68
Ni mg/kg 0.5 100 16.2 14.8 19.6 10.9 2.42 9.97
P mg/kg 50 16,620 1641 1250 2063 1250 2.20 121
Pb mg/kg 3.1 2052 73.8 54.2 117.7 91.7 7.7 100.2
Th mg/kg 0.3 60 12.8 12.4 14.5 6.7 1.1 3.5
Ti mg/kg 5 3270 1159 1240 1314 618.7 -0.23 —0.65
\ mg/kg 5 224 66.9 62 73.5 30.3 0.51 -0.29
Zn mg/kg 11.4 3210 119 91 168.1 118.5 9.2 164.7
Table 2

Sequential binary partition table of the 18 investigated variables and the obtained balances (Z;-Z,). Parts coded with + and — are the elemental associations

involved in the calculation of the i-th order partition, respectively.

Balances Ti Th As v Al P Na K

Mo

Cu Zn Pb Ca Mg Fe Mn Co Ni

A + -

Zs + -
Z3 +
Z4 + + + - -
Zs + -
Ze + + -

Z; + -

Zg + + +

computed before applying geostatistical computations.

2.4. Interpolated and background/baseline maps

Geographical Information Systems (GIS) and technology was used to
map and display data distribution and characterize the footprint, pos-
sible main sources, and the behaviour of the elements considered. For
this study, one of the aims was to determine the background con-
centration of major elements Al, Na, K, and P in the Campania soils.
ArcGIS (ESRIL, 2012) and GeoDAS (Cheng et al., 2001) were used as the
main GIS tools. In particular, GeoDAS™ was used to produce inter-
polated geochemical maps by means of the multifractal inverse distance
weighted (MIDW) algorithm (Lima et al., 2003a). In previous geo-
chemical studies of the Campania region (De Vivo et al., 2001; Lima
et al., 2003a; Cicchella et al., 2005; Albanese et al., 2007), the MIDW
was chosen as an interpolation method as it preserves high frequency
information (anomalies), while taking into account both spatial asso-
ciations and local singularity in geochemical data (Cheng, 1999). The
concentration-area (C-A) fractal method (Cheng et al., 1994) was ap-
plied to set the concentration intervals of the interpolated surfaces
generated by the MIDW method, and ArcGIS™ software was used for the
graphical presentation of the results (Fig. 6).

Different tools are used to determine the background and baseline
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concentration of elements (EPA, 2001; Reimann et al., 2005; APAT-ISS,
2006; Tarvainen and Jarva, 2011; Cave et al., 2012; Ander et al., 2013).
They are called “traditional approaches” due to the fact that most of
them do not take into account both spatial association and the data
distribution local singularity. In this study, maps showing geochemical
background/baseline concentrations have been obtained using the S-A
(spectrum-areas) method which preserves high frequency information.
The S-A method is a fractal filtering technique, based on a Fourier
spectral analysis (Cheng, 1999; Cheng et al., 2001), and is used to se-
parate anomalies from background values starting from a geochemical
interpolated concentrations map. It also uses both frequency and spatial
information for geochemical map and image processing. Fourier
transformation can convert geochemical values into a frequency do-
main in which different patterns of frequencies can be identified. The
signals with certain ranges of frequencies can be converted back to the
spatial domain by inverse Fourier transformation (Zuo et al., 2015; Zuo
and Wang, 2016). The interpolated maps generated from geochemical
data have been transformed into the frequency domain in which a
spatial concentration-area fractal method has been applied to distin-
guish the patterns on the basis of the power-spectrum distribution. A
log-log plot (Fig. 8; Fig. 10 under plots) was used to show the re-
lationship between the area and the power spectrum values on the
Fourier transformed map of the power spectrum. The values on the



M. Thiombane et al.

Geochemical Exploration
3

Georeferences data
Concentration of elements

1

Fractal and multifractal modelling

(GeoDAS)
I S-A multifractal model

—-l C-Afractal model I
!
e e

Interpolated map layer | Background map layer
Implementation in ArcGIS

(Math Algebra)

Enrichment factor
Contamination level

Fig. 6. Flow chart of data processing for contamination degree modelling using
GIS environment.

log-log plot were modelled by fitting straight lines using least squares.
Distinct classes can be generated, such as lower, intermediate, and high
power spectrum values approximately corresponding to baseline va-
lues, anomalies, and noise of geochemical values in the spatial domain
(Fig. 9; Fig. 11, under plots), respectively.

2.5. Enrichment factor

The Enrichment Factor (EF) approach, which was historically in-
troduced to identify the level of (economically viable) mineralisation
and origin of elements in atmosphere, precipitation or seawater
(Goldberg, 1972; Chester and Stoner, 1973; Peirson et al., 1974; Duce
et al., 1975; Rahn, 1976; Buat-Ménard and Chesselet, 1979) was used in
this study to ascertain soil contamination on a long term scale (see for
example Hakanson, 1980; Sutherland et al., 2000; Abrahim and Parker,
2008; Wu et al., 2011; Saeedi et al., 2012). EF is computed using the
equation described below (Eq. (2)) which was first introduced by
Chester and Stoner (1973):

(%) sample

EF =

(%)background '

3

where C, is the concentration of the element under consideration and
C.ef is the concentration of a reference element. Here, the reference
element is an element that is particularly stable in soil. In fact, the
stability of the element is demonstrated by a vertical immobility and/or
his chemical stability (non-degradability) (Reimann et al., 2008). Alu-
minium, Sc, Zr and Ti are the main elements considered in the literature
to be stable, and naturally occurring in soils. In this study, the choice of
the most stable element in EF computation was based on a robust sta-
tistical estimation called coefficient of variation (CV) which allows a
more extensive interpretation of the variability of distribution of re-
ference elements (Al, Zr, Sc, and Ti) using the equation:

cv = MAD

X 100%, “
where CV displays the variability of distribution in percentage (%),
MAD corresponds to the median absolute deviation that is the median
value (50th percentile) of the deviations of all concentrations from the
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Table 3

Variability Test of Al, Sc, Ti and Zr elements; MD is the Median, MAD corre-
sponds to median absolute deviation, MAD = median {|xi-median (xi)|}, that is
the median value (50th percentile) of the deviations of all individual xi values
(concentrations) from the median value (concentration). CV = coefficient of
variation.

Stat. parameters Al (ppm) Sc (ppm) Ti (ppm) Zr (ppm)
MD 41,600 2.3 896 5.1

MAD 10,900 1.01 240 1.7

CV (%) 26.2 43.8 26.7 34.2

median value of concentration and MD is the median concentration.
This is a robust, nonparametric estimate that is not affected by the
presence of outliers (Reimann and de Caritat, 2005). The lower the CV
value, the more the element is stable (Table 3).

This study intended to investigate the most effective EF calculation
by comparing the use of the reference element in continental crust
(Martin and Whitfield, 1983; Peirson et al., 1974; Taylor and
McLennan, 1995; Wedepohl, 1995; Loska et al., 1997) versus the use of
the reference element of the local background area as advised by
Reimann and De Caritat (2005) and Sutherland et al. (2000). The
variation of P EFs in the study area was then displayed by means of
interpolated maps where range of EF scores were calculated taking into
account the contamination factor in accordance with Sutherland et al.
(2000) (Fig. 12, see legend).

3. Results and discussion
3.1. Univariate and multivariate analysis

Results for Na, K and P elemental distribution have been presented
by combining Edaplots (top) and CP plots (bottom) with three different
data type: raw data concentration (left), log-normal data (middle) and
ilr transformed data (right) (Figs. 2, 3 and 4).

The Edaplots for Na (Fig. 2) show different ‘shapes’ depending on
their type of data: the raw data distribution is right-skewed while the
log-normal data is left-skewed. This highlights how both raw and log-
normal data representation do not match well the real data distribution
compared to the ilr transformation. By using the ilr transformed data,
the distribution (as shown by histogram and density plot) tends to a
normal data distribution. A similar result can be observed for K and P
data distribution (in Figs. 3 and 4). The strength of ilr transformation in
data distribution is shown in the CP plot, which displays the cumulative
curve distribution where the straight-line symbolizes the most adequate
model of a normal data distribution; by using the ilr transformed data,
the elemental distribution fits very closely the straight line compared to
raw and log-normal data, which are affected by the occurrence of
outliers.

The compositional biplot (Fig. 5), based on principal component
analysis, displays the correlation and relationship between 18 analy-
tical variables in 3669 sample points, from which the first two principal
components were extracted. The principal components are presented in
a compositional biplot using raw data (Fig. 5, left) and ilr coordinates
clr back-transformed (Fig. 5, right).

The total variance of initial raw data biplot (classical biplot) ex-
plains 43.45%, where the first principal component (PC1) accounts for
29.71% and the second principal component (PC2) accounts for 13.74%
(Fig. 5, left). On the other hand, the robust biplot based on ilr co-
ordinates and clr back transformed produced significantly different
results (Fig. 5, right) with PC1 explaining 47.45% and PC2 explaining
35.12% of the compositional variability.

By taking into account the direction and angles formed between the
vectors, and the proximity of the rays, it is possible to identify the
presence of four groups of elements, which are most likely related to the
geogenic features and/or the main human activities in the study areas.
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The main groups highlighted by the biplots are: association. These two elements may be related to anthropogenic

v Fe, Mn, Co and Ni, a group of element association characterized by
their rays closed to one-another and tending to the same direction
(classical biplot). This group of element is marked by high com-
munalities (length of the rays) of the vectors. This may be expected
given that this association is strongly related to the adsorption and
coprecipitation effects operated by Fe and Mn oxides and hydro-
xides occurring mostly in the sedimentary deposits such as marl-
sandstone, conglomerate and silico-clastic flysch deposits out-
cropping in the surveyed areas (Cicchella et al., 2005; Albanese
et al., 2007; Buccianti et al., 2015).

Al, Th, As, V, Ti, and Mo form an association of elements where Al,
Ti and V dominate the groups with the highest length of their ver-
texes whilst Mo has a relatively lower communality (classical bi-
plot). This behaviour is possibly related to the fact that these ele-
ments are mostly immobile during weathering phenomena of the
parental rocks and mostly remaining in the residual fraction of soils.
This group could therefore be directly related to the parental
geology of the surveyed areas which are dominated by the influence
of pyroclastic deposits from different eruptions of nearby volcanoes
such as Roccamonfina, Vesuvius, Campi Flegrei (De Vivo et al.,
2010).

Na, K, P, Cu, Pb and Zn elemental association is dominated by a high
communality of Na and P as well as the vicinity of their rays
(classical biplot). This elemental association probably reflects the
potassic and ultrapotassic rock formations that occur throughout the
majority of the slope of Naples and Benevento areas, associated to
the lava and pyroclastic volcanic activity of Mt. Somma-Vesuvius
and Roccamonfina (Lima et al., 2003b; Albanese et al., 2013). Zinc
and Pb display short vectors which are poorly characterized and
seem to be only partially correlated to the others element of this
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activities such fossil fuel combustion, as well as industrial and ve-
hicular emissions release (Cicchella et al., 2005; De Vivo et al.,
2016).

Ca and Mg appear to be correlated and present both a short length of
their rays (classical biplot). The communality of Ca is larger and
seems to be independent of all others elements due to the fact that
the angles formed are > 90° compared to Mg. This confirms the high
correlation between Ca and Mg, which might be possibly related to
the limestones and dolostones of the Mt. Picentini, Mt. Lattari and
Mt. Cervati.

On a closer observation, the elemental association Na, K, P, Cu, Pb
and Zn could be reduced to two main subgroups, where the vari-
ables K and Na are strongly overlapping on to each other (robust
biplot). This highlights the high correlation between these two
elements occurring mostly in potassic and ultrapotassic rock for-
mations throughout the surveyed areas. Phosphorous and Cu are
also highly correlated both with high communalities, where P seems
to be independent of the Na/K vertexes, forming almost an angle of
90° (robust biplot). Interestingly, Cu seems to be poorly correlated
to a geogenic origin, as the direction of its ray compared to those of
the group of sulfide elements (e.g. Co and Ni) have an angle up to
90°.This may signify that Cu is independent from other naturally
occurring sulfide elements, whilst it seems to be highly correlated to
P in most soil of the surveyed area. One potential explanation is that
P and Cu may be related to agriculture activities, with large areas
cultivated as vineyards, where the use of pesticides and phosphate
fertilizers is very high (Cicchella et al., 2005).

For the Al, Th, As, V, Ti, and Mo association, it is observed the
dissociation of Ti variable with a high communality of the ray (ro-
bust biplot). Titanium is considered as an immobile and stable ele-
ment due to low mobility and is mostly found in volcanic materials
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Fig. 8. Interpolated maps of Al (A) and P (B) elemental distribution in the survey area; ranges of concentration are based on the C-A fractal plot held bellow.

(Egli et al., 2008).
3.2. Geochemical elemental distribution in the survey areas

Based on the robust biplot, 18 elements have been chosen to per-
form sequential binary partition and obtain balances (specific ilr-co-
ordinates) (Table 2). In this section, Balances Z; (Al/P) and Z, (Na/K)
will be displayed to reveal the data for the elements of main interest
(Al, P, Na and K).

The first balance Z; (Al/P) map, ranging from 2.89 to 4.79 reveals a
higher proportion of Al in correspondence to large volcanic complexes
like Mt. Roccamonfina and Phlegraean fields (Fig. 7A). In addition, high
proportion of Al is also highlighted in correspondence of part of the
Lattari range, along the Apennines and in patches at the southern part
of our study area. Scheib et al. (2014) highlighted that the Mt. Rocca-
monfina volcano is characterized by pyroclastics rocks with high level
of elements such Al, Th and Ti, as well as in the Campanian Ignimbrites
in the Apennines (De Vivo et al., 2010).

In contrast, the higher proportions of P (Fig. 7A) in correspondence
to lower values of coordinate (ranging from 0.6 to 1.95) are found
around Mt. Somma-Vesuvius, and in several areas of the eastern region
of our study area, where large agricultural fields (e.g., vineyards and
orchards) are located.

The second balance map Z, (Na/K) (ranging from —0.65 to 0.41)
shows the dominance of Na and K in the study area (Fig. 7B). In fact,
higher proportion of Na can be observed in correspondence to Mt.
Roccamonfina, Phlegrean fields, and Ischia Island. Sodium may be re-
lated to the potassic and ultrapotassic rocks and volcano-sedimentary
deposits from major sector collapse of volcanoes in the study area
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(Scheib et al.,, 2014; De Vivo et al.,, 2016). In contrast, the higher
abundance of K corresponding to lower balances (ranging from —3.26
to —2.48), can be observed in the southern part of our study area. In
fact, Thiombane et al. (2018a) showed a high enrichment of K in silico-
clastic deposits dominated by flysch series in southern part of our study
area. Furthermore, pyroclastic rocks from different eruptions of nearby
volcanoes (Roccamonfina, Vesuvius, Phlegrean Fields - De Vivo et al.,
2010; Buccianti et al., 2015; Mt. Vulture and Aeolian islands -
Peccerillo, 2005; Scheib et al., 2014) are found in this area. The back-
transformation of balances based on the partition matrix helped to
display results in the original part space giving the same values of Al, P,
Na and P elements concentration because of the bijection between the
original space of the parts and that of the ilr-transformation (Egozcue
et al., 2003; Olea et al., 2018).

The concentration of Al, ranging from 2344 to 94,334 mg/kg with a
mean value of 32,918 mg/kg, was separated into five ranges according
to C-A fractal plot (Fig. 8A, plot below).

The lowest concentration values roughly ranging from 2344 to
30,000 mg/kg, are found in the north-eastern and south-western part of
the study area in correspondence with the Apennine chain and the
Cervati Mt., respectively. The highest concentrations (up to 57,000 mg/
kg) are found in soils on the slope of the volcanoes (Mt. Somma-
Vesuvius and Roccamonfina), surrounding the Mt. Matese and the Mt.
Lattari (Fig. 8A). The elevated concentration of Al in soils surrounding
the volcanoes is possibly related to the parental pyroclastics which
subsequently formed soils (De Vivo et al., 2016). On the other hand, in
the Mt. Matese and Mts. Lattari, Al concentrations could result from the
occurrence of several imbrications of bauxite minerals which were
exploited in the first part of the 20th century (Mondillo et al., 2011).
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Fig. 9. Background/baseline maps of Al (A) and P (B) elemental concentration in the survey area.

The background/baseline map of Al (Fig. 9A) shows the highest con-
centration ranging from 51,000 to 61,000 mg/kg in correspondence
with soils around the Roccamonfina and Vesuvius volcanoes.

Phosphorus content in Campania soils ranged from 156 to
16,087 mg/kg (Fig. 8B) with a mean value of 1011 mg/kg, which cor-
responds to the mean level of the European soil (T6th et al., 2014).
Average concentrations (ranging from 64,935 to 75,000 mg/kg) in-
creased significantly near Mt. Somma-Vesuvius and the highest values
(up to 75,000 mg/kg) were found in Vitulano municipality (Benevento
Province), and in the nearby Lioni and Laviano districts (Avellino
Province). In particular, the corresponding underlying geology does not
seem to be able to account for this P elemental anomaly: the soils of
Vitulano district are mostly from sandstone, flysch deposits and lime-
stone whereas Lioni and Laviano districts soils are mostly from lime-
stones. The high P concentration might be possibly related to anthro-
pogenic activities related to the large fertilizers use in agriculture. Part
of the Vitulano municipality lies in fact in an area with intensive vi-
neyard occurrence. The background/baseline P distribution (Fig. 9B) is
characterized by > 95% of the survey area with P values < 1500 mg/
kg. This range of concentration is usually characteristic of siliciclastic,
limestone and dolostone deposits/geology. Greater concentrations
ranging from 2200 to 4600 mg/kg were found on the slopes of the Mt.
Somma-Vesuvius, and Lioni and Laviano districts, possibly linked to
geogenic and anthropogenic sources, respectively.

Sodium and K concentrations ranged from 20 to 17,592 mg/kg with
a mean concentration of 1265 mg/kg, and from 804 to 63,850 mg/kg
with a mean concentration of 6852 mg/kg, respectively (Table 1). The
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highest values of Na (up to 10,900 mg/kg) were found in soil samples
on the slopes of the Somma-Vesuvius and Roccamonfina volcanoes, in
the Phlegrean Fields and Ischia Island whereas those for K (up to
41,522 mg/kg) were found mostly on soils surrounding the Mt. Somma-
Vesuvius (Fig. 10A and B). These values could reliably be attributed to
the occurrence of volcanic rocks and related soils in the surveyed areas.
These formations are dominated by potassic and ultrapotassic lavas and
pyroclastic materials. The interpolated maps reflect hence the con-
centrations of Na and K elements in such rocks and pyroclastics for-
mations linked to Quaternary volcanic activities (Peccerillo, 2005;
Albanese et al., 2013; Buccianti et al., 2015). In general, the soils of the
Vesuvian area, formed from a more recent volcanic activity (Joron
et al., 1987; De Vivo et al., 2003; Lima et al., 2003b) are much richer in
Na and K than the soils on the much older Roccamonfina volcano. This
is due to the fact that Na and K are relatively mobile and easily leached
elements in the surficial environment.

The background maps of the Na and K (Fig. 11A and B) show low
concentration ranging from 20.1 to 3200 mg/kg and from 804 to
9100 mg/kg, respectively. These relatively low ranges of concentration
of Na and K were found to correspond to the same lithologies. At re-
gional level, the highest concentration of Na and K was found in soil on
the slopes of the Roccamonfina and Mt. Somma-Vesuvius, ranging from
3200 to 9700 mg/kg and from 9100 to 46,900 mg/kg, respectively. This
allows delimiting two ranges of background concentration of Na and K
related to the local geology (Table 4).
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3.3. Enrichment factor or phosphorus degree of contamination

The variability coefficient (CV) of the reference elements was
measured as: 26.2% (Al), 43.8% (Sc), 26.7% (Ti) and 34.2% (Zr -
Table 3). Aluminium displayed the lowest value of CV, followed closely
by Ti, Zr and Sc. Al and Ti are mostly related to processes forming and
presence of oxides (Al,03 and TiO,) in clastic materials and are not
easily affected by weathering processes. These results prove that Al
remain the most stable element and was therefore chosen as reference
variable to determine the P enrichment factor for this study too.

The enrichment factor scores were calculated for P using both the Al
elemental concentration in continental crust (Fig. 12A), and the local Al
background concentration in the survey areas (Fig. 12B).

The reference with the continental crust value (Fig. 12A) showed a
lower EF score (EF < 2) in the northern and southern parts of the re-
gion, with medium EF scores (ranging from 2 to 4) comprising > 50%
of the study area. Higher EF scores (ranging from 20 to 40), corre-
sponding to anomalous enrichments, were found in soil on the slopes of
the Mt. Somma-Vesuvius and in the Lioni and Laviano districts. Vesu-
vian areas (Fig. 9) displayed higher concentration of P which can
though be related to the underlying background concentration, where
the enrichment can be explained by geogenic (volcanic) source. Lioni
and Laviano districts lie in areas characterized by limestone-derived
soils; a high P enrichment factor could therefore be linked to anthro-
pogenic activities. The highest range of P enrichment factor scores
(> 40) is registered in the provincial territory of Benevento (particu-
larly towards the Vitulano municipality). Soils in this area are derived
from sandstone, flysch deposits and limestone, where intensive agri-
culture activities, such as vineyards and olive plantations, are practiced.
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The extremely high P enrichment may be related to the use of phos-
phate fertilizers in agriculture practises in this area.

The calculation of P enrichment factors with local background
concentrations (Fig. 12B) presented different distribution and intensity
of EF scores in the study area. The Vesuvian areas presenting previously
significant enrichment (EF ranging from 5 to 20, Fig. 12A) were now
presenting a minimum enrichment instead (EF < 2, Fig. 12B). The
Vesuvian area are characterized by a high P background concentration
related to the underlying parental volcanic rocks which represent ma-
terials for the subsequently formed soils throughout this area. Fur-
thermore, Al was found at lower concentration values compared to its
value in the continental crust (Table 4). Indeed, EF calculation using the
P and Al local background concentrations provides a smoother EF in
relation to the Vesuvian area compared to their actual local vari-
abilities.

A similar result was observed in the area surrounding Lioni, Laviano
and Vitulano municipalities. EF calculated in the classic way (Fig. 12A)
showed a very high (EF ranging 20 to 40) and extremely high enrich-
ment (EF > 40) as opposed to the moderate (EF ranging from 2 to 5)
and significant enrichment (EF ranging from 5 to 20) shown by EF
calculated using the local background (Fig. 12B). Using the local
background concentration of Al and P (Fig. 12B), the widespread en-
richment created by calculation made using the continental crust values
as a reference fades away, replaced by a much narrower enrichment
that take into account the local variability of P and Al, and highlights
the anthropogenic P inputs observed around the Lioni and Laviano
districts, and even more significantly in the Vitulano municipality
where it may be related to the use of phosphate fertilizers in agriculture
activities. A continental crust concentration based EF ‘hides’ the
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Fig. 11. Background/baseline maps of Na (A) and K (B) elemental concentration in the survey area.

Table 4

Geogenic background/Baseline value ranges for Al, P, Na and K elemental
concentration in the continental crust (Wedepohl, 1995) and in soils of the
Campania region according to the lithology.

Elements Wedepohl, 1995 Local background in this study
Cont. crust  Siliciclastic Limestone and Volcano-clastic
deposits dolostone deposits
Al (mg/kg) 150,500 9432-30,400 30,400-51,000 51,000-61,000
Na (mg/kg) 35,600 20.4-1000 20.4-1000 1000-9700
K (mg/kg) 31,900 804-9100 804-9100 9100-46,900
P (mg/kg) 1500 156-1500 156-1500 1500-4600

2 Average in continental crust. (Wedepohl, 1995).

anthropogenic input behind a more general enrichment due to the fact
that it does not consider the local geological variability (Reimann and
de Caritat, 2005; Albanese et al., 2013; Zuzolo et al., 2017). However,
when taking into account the local concentration, the anthropogenic
input can be more clearly distinguished from the geogenic enrichment
factor. In other words, by using as a reference the local background, it is
easier to isolate anthropogenic enrichment factors from the geogenic
ones.

4. Conclusions

Evidence from this study showed that compositional data
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transformations such as ilr transformation can help to solve the outlier
artefacts and moves the composition sample space to the Euclidean Real
space R~ !, which is failed by the classic statistical data transformation
(Filzmoser and Hron, 2008).

The multivariate and integrated approach applied in this study on a
multi-elemental geochemical dataset allowed to highlight the correla-
tion between variables and helped identifying the main sources of
elements in the surveyed region. Biplot based on transformed data were
able to highlight the main geological features as well as the potential
input of anthropogenic activities in the Campania region. In particular,
four association complexes were identif