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Soil geochemistry is often investigated by considering a large number of variables, includingmajor, minor and trace
elements. Some of the variables are usually highly correlated due to coherent geochemical behaviour, but the effect
of anthropic factors tends to increase data variability, sometimes obscuring natural relationships governing their
distributions. In this framework it may be difficult to identify geochemical features linked to natural phenomena
as well as to separate geogenic anomaly from the anthropogenic ones. Consequently the identification of back-
ground/baseline valuesmay be seriously compromised. However, knowledge about these reference terms is funda-
mental tomanage andprotect natural resources on different scales.Moreover, adequate estimations of background/
baseline values are possible only if a sufficient number of chemical analyses are stored in complex repositories.
In this contribution the multi-element data archive of the Campania Region (Southern Italy) was explored from
the CoDA (Compositional Data Analysis) multivariate perspective to characterise its structure. The archive
contains abundance data of Al, As, B, Ba, Ca, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, Sr, Th, Ti, V and Zn
(mg/kg) determined in 3535 new topsoils as well as information on coordinates, geology and land cover.
Under CoDA the proportionality features of abundance data are fully taken into account enhancing their relative
multivariate behaviour in the correct sample space.
Results indicate that the structure of the whole matrix appears to be constituted by a core that geographically is
mainly given by topsoils developed on volcanic materials and several outlier compositionswhose origin is differ-
ent. Anomalous compositions can originate from the robust barycentre all aroundwhen the following conditions
are present: 1) high Na–K volcanic products, 2) limestones and dolostones with their terrigenous component,
3) flysch deposits or 4) fertiliser contribution.
The (1 × D) robust barycentre of the whole dataset together with the variation array of the core represents the
most frequent (1 × D) multi-element vector as well as the proportionality relationships among its components.
It might be considered a compositional baseline.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In this paper a methodology to explore the information contained
in a Dmulti-element data archive describing regional topsoil geochem-
istry is proposed. The approach is based on the use of consolidated
multivariate procedures for compositional data (Aitchison, 1986) that
for the first time have been sequentially combined to tentatively identi-
fy background/baseline compositions. These compositions have to be
discriminated from anomalous ones, which are often related to peculiar
conditions affecting limited portions of the territory and associatedwith
restricted geochemical natural or anthropogenic conditions. From this
es, University of Florence, Via G.

nti).
perspective the background/baseline composition has to be considered
the (1 × D) most frequent vector representing the result of recurrent
geochemical processes.

The approach does not consider singleD variables one by one but the
joint behaviour of the D elements that constitute the compositions. The
comparison with the results that could be obtained by the analysis of
single variables has limited value from a statistical point of view; there-
fore it does not represent a priority and thefinal aimof this paper,which
is instead focused on multivariate analysis.
1.1. Background

Soils are a special component of the biosphere acting as both a
geochemical sink for hazardous contaminants and a natural buffer
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able to moderate the flux of matter among atmosphere, hydrosphere,
and biota thus affecting the surficial cycles of elements and chemical
compounds. The contamination of soils at regional scales occurs mainly
in industrial regions where factories, motor vehicles and municipal
wastes (and others) represent the most important exogenous source
of trace metals. However, elements such as As, Se, Sb and Hg may be
associated with long distance contamination by aerial transport due to
their affinity with volatile phases.

Investigation of soil chemistry at regional scales is often aimed to
determine the geochemical background or baseline for single elements
(Salminen and Gregorauskiene, 2000; Sinclair, 1974, 1991; Stanley and
Sinclair, 1989). Regardless of the developments in this field of investiga-
tion for the responsible use of natural resources, a shared protocol to
determine background/baseline values, from sampling to statistical
analysis, has not yet been universally adopted. One of the difficulties is
to relate the results of scientific research published in peer-reviewed
journals to applicative investigations that represent reports of public
agencies (see COM (Commission of the European Communities),
2006; FAO (Food and Agriculture Organization of the United Nations),
2015; USEPA (U.S. Environmental Protection Agency), 2002). For
instance, the termbaseline does not have a common accepted definition
as discussed by Gałuszka (2007). In fact, the term baseline is sometimes
used interchangeablywith background, while at other times it is used to
describe only “natural” conditions,meaning those that are a result of the
local conditions like geology, climate and hydrology, without reference
to the influence of anthropogenic activity (Lee and Helsel, 2005;
Reimann and Garrett, 2005; Rodrigues and Nalini Júnior, 2009;
Salminen and Gregorauskiene, 2000). A discussion on the use of these
terms can be found in Reimann and Garrett (2005) and Salminen and
Gregorauskiene (2000). Consider that the definition used in the Forum
of European Geological Surveys (FOREGS) project refers to the baseline
as the concentration at a specific point in time of a chemical element,
species or compound in a sample of geological material (De Vos et al.,
2006; Johnson and Ander, 2008; Salminen et al., 2005). Recently,
Levitan et al. (2014) state that “pre-operational baseline” is the summa-
ry of important geochemical factors (including element concentrations
and other parameters) that characterise conditions of one or more
media (e.g., soil, sediment, groundwater, surfacewater) prior tomining
or other anthropic development. Finally, Nordstrom (2015) discusses
themeaning of the term “natural background” as related to the environ-
mental conditions that existed before any mining or anthropogenic
activities.

Concerning soil geochemistry, several methods have been developed
to calculate the pristine contents of major, minor and trace elements
and their relationships with soil parameters and geological factors, often
based on statistical calculations (Kabata-Pendias, 2011; Tidball and
Ebens, 1997). In this context Pedochemical Enrichment Factors (PEF)
are commonly used. These factors are ratios calculated versus chosen ref-
erence values as for example Clarke's values of mother rocks normalised
to Al or Ti contents, considered as “stable” elements. However, the use
of enrichment factors (EFs) as a proof of anthropogenic impact is
questioned in Sucharovà et al. (2012) who consider a soil profile as an
open system, where elements exchange and their turnover in the bio-
sphere determines soil formation. In this respect, high top-/bottom-soil
ratios, or EFs, may highlight the geochemical de-coupling of the litho-
sphere from the biosphere rather than any contamination present.

1.2. Purpose and organisation of the research

All the approaches discussed in the previous paragraph do not take
into account the peculiar features of compositional data that have a
proportional and multivariate nature, including a dependence on non-
compositional variables such as time or space (Buccianti and Gallo,
2013; de Caritat and Grunsky, 2013). Consequently, with the objective
of investigating thewhole covariance structure of a geochemical dataset
and tentatively identifying a baseline composition (1 × D, D number of
variables) able to represent frequent and potentially spatially organised
processes (following the FOREGS definition), a procedure is proposed
and developed under the CoDA (Compositional Data Analysis) theory
(Aitchison, 1986; Pawlowsky-Glahn and Buccianti, 2011). The research
challenges identified in this contribution are motivated by the fact that
over the last 25–30 years many of the characterisations of background/
baseline values have focused on the application of different types of
univariate approaches to diverse problem types (Levitan et al., 2014;
Nordstrom, 2015; Reimann and Garrett, 2005; Salminen and
Gregorauskiene, 2000; Sinclair, 1974, 1991; Stanley and Sinclair,
1989). In the majority of these studies the approach has been neither
multivariate nor compositional. Thus the state of the art research chal-
lenges and future directions associated with the improvement of our
understanding of environmental phenomena, that are multivariate
and therefore compositional, require the development of a new way
of thinking (Buccianti and Grunsky, 2014; Buccianti, 2015a).

The availability of an original wide spatial dataset of determinations
of Al, As, B, Ba, Ca, Co, Cr, Cu, Fe, K, La, Mg,Mn,Mo, Na, Ni, P, Pb, Sr, Th, Ti,
V and Zn (mg/kg) in 3535 topsoils of the Campania Region (Southern
Italy) has provided us with the opportunity to take on this new chal-
lenge. The concentrations of these elements were all above analytical
detection limits, making them amenable to statistical analysis without
any preliminary substitutions or imputations. However, the source
repository contained also determinations for several other elements
(Ag, Au, Be, Bi, Cd, Ce, Cs, Ga, Ge, Hf, Hg, In, Li, Nb, Pd, Pt, Rb, Re, S, Sb,
Sc, Se, Sn, Ta, Te, Tl, U, W, Y, Zr) but most of the values were below the
detection limits for not corresponding samples. When the data matrix
is affected by the presence of a reasonable number of observations
with values below the detection limit it is advisable to adopt the proce-
dure proposed by Palarea-Albaladejo and Martin-Fernandez (2015). A
new investigation is in progress to verify how the cited method is able
to recover the information for left-censored data by considering the
available multivariate information.

In a first exploratory phase, the application of clustering object-
oriented procedure for large datasets was applied on centred log-ratio
(clr) transformed data (Aitchison, 1982) finding for natural groups
(Kaufman and Rousseeuw, 1990). The clr real coordinates were used
as they reduce the computation of Aitchison distances to ordinary
distances (Aitchison et al., 2000). Isometric log-ratio coordinates can
be also used here (Egozcue et al., 2003). The aimwas to verify if samples
were structured or organised in such a manner that a link with geology
or other spatial featureswasmainlywell recognisable. This analysis was
also useful to understand if the samplingplan, characterised by different
densities in urban and not urban areas, could have some effect in group-
ing cases.

After having verified that no clear discriminations were statistically
significant at a regional scale, in order to justify an a priori clustering
of the data, the subsequent use of consolidated robust methods for
compositions was applied to explore the whole repository.

Robust methods are developed because atypical observations in a
dataset heavily affect the classical estimates. Outliers can occur by type-
setting errors or malfunction of the experimental equipment. Another
type of atypical observations is that that belongs to different popula-
tions due to a change in experimental or natural conditions (Verboven
and Hubert, 2005).

Thepractice of robustly seekingmultivariate outlierswas introduced
in applied geochemistry in the 1980s (Garrett, 1989; Garrett et al., 1982;
Smith et al., 1983, 1984) and subsequently refined by Filzmoser et al.
(2005). In our case, concentration values (mg/kg) were transformed
by using the isometric log-ratio (ilr) conversion (Egozcue et al., 2003).
The transformation permits the statistical analysis in the RD − 1 sample
space compared with the SD constrained simplex. The robust estimates
of the compositional centre μ and scatter matrix Σ were obtained by
using the Minimum Covariance Determinant (MCD) estimator
(Filzmoser and Hron, 2008; Filzmoser et al., 2011; Rousseeuw, 1984;
Verboven and Hubert, 2005). Under the normal assumption, the
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compositions having a robust distance RDi larger than the cut off-valueffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2
D�1;0:975

q
(χ = chi-squared sample distribution) were identified and

discriminated from the rest of the data. Thus two different groups of
data were obtained, A (matrix without the compositions of the tails,
what geochemists would refer to as a background/baseline population)
and B (only compositions of the tails) datasets.

Filzmoser and Hron (2008) and Filzmoser et al. (2011) followed a
similar approach in mapping outliers of a subcomposition of the Kola
moss data. However, their spatial analysis concerned samples discrimi-
nated by using their position in a quadrant of the log–log plot of the
robust Mahalanobis distance calculated for log and ilr-transformed
data. They asserted that horizontal and vertical lines dividing the plot
in quadrants were obtained through the 0.975 quantiles of the corre-
sponding χ2 distributions, which were used as cut-off values for outlier
identification. In our approach the RDi single values aremapped instead.
In this way it was possible to visualise the compositional continuous
changes from the robust barycentre towards the tails of themultivariate
distribution. Subsequently, a biplot was constructed to associate the
identified compositional changes with the behaviour of the chemical
elements.

After this step, the variables of the A dataset were transformed by
re-using the centred log-ratio (clr) transformation to apply the clus-
tering object-oriented procedure for large datasets (Kaufman and
Rousseeuw, 1990). The aim was to check the internal homogeneity
of group A (Daszykowski et al., 2007; Hubert et al., 2005; Verboven
andHubert, 2005). If the clustering of dataset A is not significant, the ro-
bust compositional barycentre, variation array, clr-variances, and total
variance are all CoDA tools that can help in the characterisation of a
baseline composition (Aitchison, 1986).
Fig. 1. Simplified geological map
From Lima et al. (2003).
All the analyses were performed using routines developed in
Matlab_R2014b and R (Everitt and Hothorn, 2011; R Foundation for
Statistical Computing, 2014; Templ et al., 2011; van den Boogaart and
Tolosana-Delgado, 2013; Verboven and Hubert, 2005; Wehrens, 2011).
2. Material and methods

2.1. Study area: Campania Region (Southern Italy) geomorphology
and geology

Campania Region (Southern Italy, Fig. 1) presents differentmorphol-
ogies. The Eastern hilly and mountainous areas were formed by the
Apennine orogen and are characterised by a series of peaks, plateau
and highlands where the two main rivers (Volturno and Sele) flow.
The western coastal area, developed in the NW–SE direction, is about
15% of the study area and represents a large structural depression
now occupied by the Campanian and Sele plains and three volcanic
complexes: Roccamonfina, Campi Flegrei, and Somma–Vesuvius. The
plains, developed in subsiding grabens, have been filled by sediments
originating from the erosion of the Apennine ridge and also from prod-
ucts of intensive volcanic activity.

Most of the Campania Region is occupied by the Apennine chain
closely related to the structural events that formed the Italian peninsula
and consisting of a salient north-east verging thrust and fold belt, inter-
posed between the back-arc Tyrrhenian basin to the West and the
undeformed Apulian–Adriatic foreland to the East (Bonardi et al.,
2009). The Apennine orogen, beginning in the early Neogene
(Lavecchia, 1987) and continuing today, formed a chain consisting of a
series of nappes over-thrusting towards the N–NE, and structured in
of Campania region, Italy.
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several contiguous blocks along tectonic discontinuities (Patacca and
Scandone, 2007). The current structure is the result of complex tectonic
settings (Steckler et al., 2008). The east side of the Apennine fold and
thrust belt was raised by compressional forces acting under the Adriatic
Sea (Apennines Convergence Zone), while on the west side fault-block
mountains prevail, created by spreading or extension of the crust
under the Tyrrhenian Sea (Tyrrhenian Extensional Zone). The alkaline
magmatism, characterised by high content of K2O (De Vivo et al.,
2010; Peccerillo, 2005), that extends and gets younger from Tuscany
to Campania formed as the result of the rollback of a west dipping
subduction zone (Rosenbaum and Lister, 2004 and references therein).
The famous Roman Co-magmatic Province of Washington (1906) repre-
sents the subduction-related magmatism, which includes the
magmatism in the Campanian Plain (Fig. 1). The latter is a graben
bordered by Mesozoic carbonates that subsided during the Pliocene–
Pleistocene to perhaps as much as 5 km (Ippolito et al., 1973) and
place of fissural volcanic activities, with different ignimbrite eruptions
(Campanian Ignimbrites), as well as of volcanic complex formations
(Roccamonfina, Campi Flegrei, Vesuvio) (De Vivo, 2006, and ref. there-
in; De Vivo et al., 2001; De Vivo et al., 2010; Rolandi et al., 2003 and
ref. therein; Milia and Torrente, 2000; Torrente and Milia, 2013). Out-
cropping lithologies, shown in Fig. 1, consist mostly of sedimentary
and volcanic rocks, spanning from the Triassic to recent age. The
sedimentary rocks include: i) stratigraphic Mesozoic Units, made up of
limestones, dolostones, siliceous schists and terrigenous sediments
(clays, siltstones, sandstones, conglomerates) that characterise mostly
the external Apennine domains and, ii) the Neogene Units, made
up mostly of silico-clastic, carbonatic and evaporitic sediments and
Quaternary sediments represented by alluvial, lacustrine and coastal
lake sediments and by pyroclastic fall and flow deposits.

2.2. Economy

Agriculture represents one of the most important economic activi-
ties of the Campania Region and in the Northern Territory agricultural
activities cover more than 50% of the total available land surface (see
electronic Supplementary material SM1). Farming is mostly located
around coastal areas, due to the occurrence of mountainous areas and
the lack of significant superficial drainage in the hinterland. Productivity
is enhanced by the soils that are mainly volcanic and rich in nutrients.
Tomatoes, potatoes, aubergines, peppers, peas, tobacco and citrus fruits
aremainly cultivated in the plain areas, olive trees and vineyardsmostly
in the hilly sector. Despite the natural fertility of the soil, Campania is
the foremost consumer of fertilisers in Southern Italy and azotic
fertilisers represent 50% of the regional consumption per year.

Industries present a scattered spatial distribution and are mainly
concentrated in the northern half of the region. The majority of indus-
tries have been developed next to large cities and around agricultural
areas. They are mainly devoted to vegetable preserving processes,
textile-apparel, clothes production and tannery.While textile industries
have a low environmental impact (raw materials are produced and
imported from foreign countries), inadequacies inwaste-water systems
in the tannery and vegetable preserving industries result in consider-
able pollution of stream and ground waters and sediments.

Transport communication networks (see electronic Supplementary
material SM2) are highly developed in coastal areas and in the
central-northern part of the region, due to strong economic pressure.
Highways cross the whole territory but, especially during the summer,
highway A3 in the Southern sector of Campania (Vallo di Diano) is not
able to sustain the intense traffic that moves to Southern regions of
Italy (Calabria and Sicily). No economic mineral deposits have been
found in Campania; only a few minor bauxite mineral occurrences –
of no economic relevance – occur in the Mesozoic rocks of Mt. Matese
in the Apennine Mountains. The karst bauxite deposits are at present
uneconomic, due to their very small dimensions and scattered distribu-
tion (Boni et al., 2013).
2.3. Sampling and experimental

From 2013 to 2014, 3535 new surface soil (topsoil) samples were
collected from the Campania Region (13,600 km2) on a 16 km2 grid in
the suburban and agricultural areas and on a smaller grid in urban
areas (about 4 km2) with a nominal density of 1 sample per about
3.8 km2. Around 1.5 kg soil samples were collected at a depth between
5 and 15 cm under the ground surface after the removal of the vegeta-
tion cover, following the protocol according to the FOREGS sampling
procedures (Plant et al., 1996; Salminen et al., 1998). Every 20 sampling
sites a duplicate samplewas 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 geol-
ogy, type and main properties of soils, land use, and any additional
detail related to anthropic activities in the surroundings were recorded.
Every cell was uniquely identified by an alphanumerical code. After
being dried with infra-red lamps at a temperature below 35 °C, the
3535 samples were pulverised in a ceramic mortar and then sieved to
retain the b2 mm fraction. The pulps were stored in small plastic bags
containing at least 30 g of samples, and then sent to ACME Analytical
Laboratories Ltd. (Vancouver, Canada), where they were analysed by
ICP-MS after aqua regia digestion for the determination 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, Tl, U, V,W, Y, Zn and Zr. Precision of the analysis was calculat-
ed using 29 in-house replicates, and 5 blind duplicates submitted by the
authors (median value of the Relative Percentage Difference, RPD =
1.3%). Accuracy was determined using in-house (ACME) reference ma-
terials (STDDS9, STDDS10, STDDS11, STDOXC109,median value 2.2%).
Method detection limits for Al, Ca, Fe, K, Mg, Na, P, S and Ti range from
0.001 wt.% (Na, P, Ti) to 0.02 wt.% (S) and from 0.01 mg/kg to 5 mg/kg
for all the other elements.

3. Statistical methods

In this paper our objective is to introduce a procedure that uses the
theory of Compositional Data Analysis (CoDA) to investigate complex
topsoil D multi-element databases. The aim is to possibly identify
multi-element vectors (1 × D) to be interpreted as baseline composi-
tions instead of considering single elements. The motivations are in
the relative nature of compositional data and in the complexity of natu-
ral phenomena, both of which require the joint investigation of several
variables. The term baseline is used instead of background due to the
presence of anthropogenic influences in most parts of the investigated
region (Angelone et al., 2002; Cicchella et al., 2003; Cicchella et al.,
2008; Vitrone, 2003). However, the approach can also be applied in
pristine conditions to evaluate the background composition. From this
perspective the background/baseline compositions have to be consid-
ered the (1 × D) most frequent vector representing the result of recur-
rent geochemical processes.

To achieve this target, consolidated principles of the CoDA (Compo-
sitional Data Analysis) theory were followed (Aitchison, 1982, 1986),
implemented by the application of multivariate robust methodologies
(Daszykowski et al., 2007). The presented strategy can be applied to
different environmental matrices and wishes to contribute to a change
in the current way of approaching background or baseline estimation,
generally neither multivariate nor compositional.

Compositional data are vectors of positive values quantitatively
describing the contribution of D parts (variables) of some whole,
which carry only relative information (Aitchison, 1982, 1986). Due to
these features, the univariate Euclidean geometrical approach to the
statistical analysis of compositions may give misleading results for two
reasons: 1) compositional data pertain to the simplex sample space SD

(D constrained dimensions) and not to the real one RD (Buccianti and
Magli, 2011; Buccianti, 2013; Egozcue and Pawlowsky-Glahn, 2006;
Pawlowsky-Glahn and Egozcue, 2015) and 2) only a multivariate
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approach permits an investigation of the relative behaviour of all the
variables of the composition (Pawlowsky-Glahn and Egozcue,
2015).

The simplex sample space SD is governed by the Aitchison geometry,
and has all the properties of a (D − 1) dimensional Euclidean space
(Egozcue and Pawlowsky-Glahn, 2006). To work in the unconstrained
conditions of the real space, compositions need to be expressed as
vectors of values that belong to such a space. To obtain these new
vectors a family of log-ratio transformations can be applied. Aitchison
(1982) proposed two types of transformation both based on logarithms
of ratios of parts as a natural way of representing compositions, the
additive log-ratio (alr) and the centred log-ratio (clr) transformation.
The alr transformation from the simplex SD to the real space RD − 1 is
defined as:

y ¼ alr xð Þ ¼ ln
x1
xD

� �
; ln

x2
xD

� �
; ⋯; ln xD�1

xD

� �� �
: ð1Þ

On the other hand the clr transformation from SD to RD is defined as:

y ¼ clr xð Þ ¼ ln
x1
g xð Þ

� �
; ln

x2
g xð Þ

� �
; ⋯; ln xD�1

g xð Þ
� �� �

; ð2Þ

where g(x)= [x1•x2•…•xD]1/D is the geometricmean of the composi-
tion x.

A further transformation is the isometric log-ratio (ilr) one, pro-
posed by Egozcue et al. (2003), but despite its theoretical advantages
and practical properties, it leads to coordinates difficult to interpret
from a geochemical point of view. However, if the concept of balance
between groups of parts originated by a sequential binary partition is
considered (Borgheresi et al., 2013; Egozcue and Pawlowsky-Glahn,
2005), the geochemical interpretation may be highly simplified. In a
sequential binary partition in each of the D − 1 steps of the procedure
the compositional parts are divided into two non-overlapping groups;
the resulting D − 1 ilr variables represent balances between these
groups in RD − 1:

ilri ¼
ffiffiffiffiffiffiffiffiffiffi
r � s
r þ s

r
log

g cþð Þ
g c�ð Þ ð3Þ

with i = 1, 2, …, D − 1 and where g(c+) represents the geometric
mean of the r variables of the numerator of the balance, g(c−) the
geometric mean of the s variables of the denominator.

All the transformations alr, clr and ilr are representations able to
enhance the geometric aspects involved (Egozcue et al., 2003); both
the alr and ilr transformations are coordinates of a composition with
respect to a basis, an oblique basis in the case of the alr transformation
and an orthonormal one in the case of the ilr transformation. The clr
transformation is also one-to-one representation but the clr coefficients
are not coordinateswith respect to a basis.Metric properties, particular-
ly distances, are not easy to handle with alr coordinates in contrast with
both clr coefficients and ilr coordinates. For this reason only the clr and
ilr conversions were used in our analysis.

The abundance of Al, As, B, Ba, Ca, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo,
Na, Ni, P, Pb, Sr, Th, Ti, V and Zn (mg/kg), with all the values above the
experimental detection limits, determined on 3535new topsoil samples
in the Campania Region, was first analysed using classical descriptive
statistics (minimum, maximum, 1st and 3rd quartiles, median).

Subsequently, the clr and ilr transformations were applied to build
up matrices of real coordinates (Egozcue et al., 2003). The clr-matrix
was analysed by robust clustering methods with the aim to identify at
first the presence of natural groups clearly discriminated and possibly
related to the nature of the substrate. The procedure of clustering
for large applications CLARA, proposed by Kaufman and Rousseeuw
(1990) and implemented by Struyf et al. (1996), was applied (R
package “cluster”, 2015). It is an algorithm of the partitioning type
that divides the dataset into k clusters, where the integer k needs to
be specified by the user. Typically the algorithm is tested for a range of
k-values and for each one a quality index, called the average silhouette
width is determined so that a meaningful organisation structure of the
data can be found when its values approximate 1.

We applied a procedure to verify that no anomalous compositions
were present in the tails of the multivariate distribution, after to have
controlled that data were not naturally clustered in different groups,
so that an a priori discrimination was not justified. For this purpose,
the robust Mahalanobis distance, labelled RDi, was calculated on ilr
coordinates. It was defined as:

RDi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � μMCDð ÞTΣ�1

MCD xi � μMCDð Þ
q

with μMCD andΣMCD the MCD location and scatter estimates. Robust
estimates of the compositional centre μ and scatter matrix Σ can be
obtained by using the Minimum Covariance Determinant (MCD) esti-
mator (Filzmoser and Hron, 2008; Filzmoser et al., 2011; Rousseeuw,
1984; Verboven and Hubert, 2005). The proposed robust distance is a
robustification of theMahalanobis onewhere classicalmean and empir-
ical covariance matrix are used as estimates of location and scatter.
Under the normal assumption, the compositions of the tails are those
compositions having a robust distance larger than the cut-off valueffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2

D�1;0:975

q
. If this statistical threshold is considered, the analysed

matrix can be divided into two groups, from now on called dataset A
(compositions below the cut-off) and dataset B (compositions above
the cut-off). The regionalised structure of the RDi values can be investi-
gated to visualise how compositions move from the robust barycentre
towards the tails. This phase of the analysis represents an improvement
on the approach proposed by Filzmoser and Hron (2008) and Filzmoser
et al. (2011) for the Kola moss data.

Subsequently, with the aim to associate the presence of the two
datasets A and B with the behaviour of chemical elements, a biplot
analysis was performed. A biplot is a graphical display used to represent
simultaneously the rows and columns of anymatrix bymeans of a rank-
2 approximation (Gabriel, 1971). Aitchison and Greenacre (2002)
adapted it for compositional data and proved it to be a useful explorato-
ry tool. The philosophy and mathematics of this technique are well
summarised in Pawlowsky-Glahn et al. (2015).

The association of the map of the RDi values with biplot analysis can
indicate not only where anomalous compositions are located in the
regional territory, but alsowhich variables are able tomainly character-
ise and determine the anomalous conditions.

Finally, with the aim to check for the presence of some natural
grouping structure in the A dataset, the procedure of clustering for
large applications CLARA, was again applied on clr-transformed vari-
ables (Kaufman and Rousseeuw, 1990; R package “cluster”, 2015; Struyf
et al., 1996). The check of the internal structure of the dataset A is
fundamental for the potential identification of a representative baseline
composition. If the clustering structure of the dataset A is not statistical-
ly significant, the robust compositional barycentre, variation array, clr-
variances, total variance and variation coefficients of dataset A
(Aitchison, 1982) may all be useful CoDA tools to fully characterise the
baseline composition and its variability. All the analyses were
performed using routines developed in Matlab_R2014b and R (Everitt
and Hothorn, 2011; R Foundation for Statistical Computing, 2014;
Templ et al., 2011; van den Boogaart and Tolosana-Delgado, 2013;
Verboven and Hubert, 2005; Wehrens, 2011). The complete sequence
of data analysis is reported in the flow chart of Fig. 2.



Fig. 2. Flow chart illustrating the CoDA tools used to completely characterise the data structure of a multi-element database and to possibly identify a (1 × D) compositional baseline.
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4. Results

4.1. Descriptive statistics

As a first explorative analysis, information for each variable of this
study is given as a range of values in mg/kg, including the minimum
and maximum values, the 1st and 3rd quartiles and the median
(Table 1). For comparison the median values of the GEMAS (Geochem-
ical Mapping of Agricultural and grazing land Soils, Reimann et al.,
2014a, 2014b) databases are also reported. By considering the nature
of the samples collected in the Campania Region and the used analytical
methods, the comparison with GEMAS data appears to be appropriate.

4.2. Identification of the outlier compositions

The identification of outlier compositions often located in the tails of
the multivariate distribution of the whole dataset was performed on
the ilr coordinates. This step was applied after having verified that
the whole matrix does not contain statistically significant natural
groups, a condition that justifies an a priori discrimination eventually
due to the parent material or to the sampling strategy (higher density
in urban areas). In fact the average silhouette width associable with a
meaningful organisation structure of the data was lower than 0.5 for
different cluster solutions (Kaufman and Rousseeuw, 1990; Struyf
et al., 1996).

In Fig. 3a the proportionality between the robust distance values
and the square root of the quantiles of the chi-squared distribution is
reported. A linear pattern allows the enforcing of the hypothesis of
multivariate normal assumption. In Fig. 3b, the relationship between
the Mahalanobis (classical) distance and the robust one is visualised.
Horizontal and vertical lines are drawn at the cutoff-value

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2

D�1;0:975

q
for both. Classical and robust analyses identify the same atypical obser-
vations as they exceed the horizontal and vertical cut-off lines
(Verboven and Hubert, 2005). Observations with a large robust but a



Table 1
Descriptive statistics (values in mg/kg) of the whole data. For comparison the median
values of the GEMAS databases are also reported.

Minimum 1st
quartile

Median 3rd
quartile

Maximum GEMAS
median

Al 2100 26,300 40,900 53,600 94,700 10,993
As 1.00 8.00 12.00 15.00 164 5.48
B 0.50 8.00 11.00 19.00 98 2.42
Ba 9.00 217.80 367 541 2631 61.70
Ca 800 12,700 22,500 44,200 295,200 3035
Co 0.50 6.70 10.20 13.50 79.00 7.46
Cr 0.25 9.05 14.00 20.55 808 20.2
Cu 2.51 32.02 63.09 129 2394 14.50
Fe 1600 19,300 24,800 30,500 154,600 17,199
K 400 4700 9500 18,500 68,200 1250
La 0.90 31.00 41.00 50.55 162 14.35
Mg 700 3800 5700 8100 104,600 2861
Mn 77.00 646 775 965 7965 445
Mo 0.06 0.85 1.24 1.88 62.15 0.42
Na 20 700 2660 5920 29,490 48
Ni 0.50 9.80 14.70 18.20 101 14.72
P 50 720 1260 2380 16,620 653
Pb 3.12 36.34 54.37 79.46 2052 15.81
Sr 4.60 99.20 153 240 1153 18.10
Th 0.30 8.00 12.30 16.00 59.10 2.89
Ti 5.00 735 1210 1600 2900 85.70
V 5.00 43.00 60.00 87.00 224 25.35
Zn 11.40 69.45 91.10 129 3211 45.05
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smallMahalanobis distance are not recognisedwith a classical approach
(points on the left of the vertical line). In our case, on the total of 3535
cases, 1129 (31.9%) have a robust distance higher than the statistical
threshold thus constituting the dataset B, discriminated from the
dataset A (2406 cases, 68.1%)whose compositions are below the chosen
cut-off value (RDi b 6.1). The application of the statistical tests contained
in the MVN R-package (Korkmaz et al., 2015) permitted the evaluation
of the multivariate normality assumption for dataset A.

Table 2 reports the cross-table between themembership for A and B
datasets and the class that identifies the geological nature of the terrains
from which the topsoil samples originated. Results are significant
(p b 0.01, contingency coefficient and Phi and Cramer's V), indicating
that the discrimination between the core of the distribution and its
tails are affected by the nature of the bedrock, with some lithologies
more represented in dataset A (volcano-sedimentary deposits, alluvial
materials, limestones and dolostones) than in B (silico-clastic and car-
bonate deposits, ultrapotassic volcanic compositions). However, the
wide overlapping of topsoils collected on different parentmaterials con-
firms the results of the previous clustering analysis.

4.3. Biplot analysis and geochemical evaluation

If the values of the robust distance RDi are spatially analysed,
discriminating between datasets A and B, we obtain the map in Fig. 4.
As we can see, values lower than the threshold mainly characterise
the central-northwestern sector of the region principally following the
outcrop of volcano-sedimentary deposits and alluvial materials, includ-
ing some limestone and dolostone outcrops. On the other hand, higher
values mainly follow the outcrop of sedimentary rocks (principally
flysch deposits) as well as some volcanic deposits characterised by
ultra-potassic composition (Ischia island and Vesuvius volcano area),
limestones and dolostones.

In order to link the RDi spatial behaviour with that of the chemical
elements, the biplots reported in Fig. 5a and b have to be analysed.
The graphical display is able to represent about 65% of the data variabil-
ity. In Fig. 5a, the position of the elements in the space originated by the
two extracted principal axes is reported. The distance from the (0,0)
compositional barycentre is related to the variance of the clr-variables
with comparison to the full composition. Consequently Ti, Na, Cr, Ni
and Ca are expected to have higher clr-variances (∑D
i¼1 var½clri�ðxÞ)

thus governing the variability of the whole dataset. On the other hand,
Ba, Mo, Pb, Zn and V are the elements with the lower clr variances. On
thewhole, the position of the elements characterises the different quad-
rants of the biplot. Moving from the upper part clockwise, the passage
from more felsic associations (Th, La, As, Al) towards the more femic
ones (Fe, Mn, Co, Cr, Ni) can be observed. Moving again clockwise, the
dominant elements are Ca and Mg, followed by Cu, Sr, P and B, then
Na and K and finally Ti. Vanadium, Mo, Zn, Ba and Pb occupy the central
part of the biplot, near to the compositional barycentre, due to their
lower clr-variance.

In Fig. 5b the positions of the samples are reported in the same space.
The wide overlapping between cases pertaining to datasets A and B is
evident. However, most of the topsoils of dataset A are positioned on
the left while topsoils collected on flysch, clay, arenaceous formations
and sand and pebbles are mainly located on the right. Exceptions are
the ultra-potassic lavas of dataset B, which overlap the cases of dataset
A on the left.

The application of the cluster object-oriented analysis on the clr-
variables for dataset A has revealed only the presence of a weak group-
ing structure, with the quality index again below 0.5 for several
solutions of clustering. Consequently,we can hypothesise the identifica-
tion of a sufficiently homogeneous set of data (Hubert et al., 2002, 2005;
Kaufman and Rousseeuw, 1990) so that the robust barycentre could be
the (1 × D) compositional baseline.

The robust barycentre is characterised by the following values for
single elements (mg/kg): Al = 45,623; As = 13.52; B = 16.04; Ba =
459; Ca = 29,577; Co = 10.38; Cr = 14.27; Cu = 124; Fe = 25,932;
K = 16,782; La = 44.74; Mg = 6792; Mn = 812; Mo = 1.52; Na =
4207; Ni = 13.74; P = 1859; Pb = 76.33; Sr = 195; Th = 13.87;
Ti = 1355; V = 73.31; and Zn = 120. These values were obtained by
back-transforming the ilr barycentre values of the Matlab routine of
Verboven and Hubert (2005), knowing the adopted original sequential
binary partition (Egozcue and Pawlowsky-Glahn, 2005).

With the aim to have a complete characterisation of the composi-
tional baseline, some information about the variability of dataset A is
needed. A way to have some insight into this item is to inspect the
variation array of dataset A (Aitchison, 1986). The variation array is a
tool to describe dispersion in a compositional matrix and contains
all the values var[log (xi/xj)] representing the usual variance of the
log-ratio of parts i and j of the composition. When these values are
multiplied by 1/√2 the usual variance of the balances of parts i and j is
obtained (Pawlowsky-Glahn and Egozcue, 2015). These relative vari-
ances substitute the use of correlation interpretation that for composi-
tional data may be misleading. In fact var[log (xi/xj)] = 0 means a
perfect relationship between xi and xj in the sense that the ratio xi/xj is
constant replacing the idea of perfect positive correlation with that of
perfect proportionality (Aitchison, 1997). Moreover, the larger the
value of var[log (xi/xj)] the more the departure from proportionality
with var[log (xi/xj)] = ∞ replacing the idea of zero correlation or inde-
pendence between xi and xj.

The inspection of the variation array for dataset A (see electronic
Supplementary material SM3) permits us to obtain, through the clr-
variances, the following sequence of decreasing contributions to the
total variance (equal to 4.65): Na N Ca N Cu N Cr N Pb N K N Ni N Th N

P N Mg N Ti N Zn N As N La N Mn N Sr N B N Mo N Co N Al N Ba N Fe N V.
As a comparison consider that for the dataset B the total variance is
14.16 while the elements characterised by the higher clr-variances
are Na, Ti, Ca, Cr and Ni (see electronic Supplementary material
SM3), all the elements showing the longer vectors in the biplot of
Fig. 5. In searching for proportionality in dataset A (var[log (xi/
xj)] ➔ 0) geochemical relationships are expected for elements in-
volved in the following log-ratios: 1) Al/As, Al/Ba, Al/Fe, Al/La, Al/
Th, Al/Ti and Al/V; 2) As/La and As/Th; 3) Ba/V; 4) Co/Fe, Co/Ni and
Co/V; 5) Fe/La, Fe/Mn and Fe/V; and 6) La/Mn and La/Th. The not-
opposite position of the vectors in the biplot of Fig. 5a indicates



Fig. 3. a. Proportionality between the values of robust Mahalanobis distance and the square root of the quantiles of the chi-squared distribution. b. Relationship between theMahalanobis
(classical) distance and its robust version.
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that the relationships are also mainly positive, as they point out a
coherent geochemical behaviour.

A way to characterise the variability of the robust barycentre at the
level of itsD components, sometimesmore useful for practical purposes,
is to consider simple balances of the ratios xi/xj (1/√2 × log(xi/xj)) of
dataset A (van den Boogaart and Tolosana-Delgado, 2013). The previous
results about proportionality (ratios for which var[log (xi/xj)] ➔ 0) can
be considered in order to choose appropriately the terms of the ratio.
Table 2
Cross-table between datasets A and B and the lithology of the sampling sites.

Dataset

TotalA B

Lithology (1) Alluvials and mixed sediments 407 137 544
(2) Clays 13 27 40
(3) Limestone and dolostones 342 172 514
(4) Evaporites 35 21 56
(5) Flysch 100 269 369
(6) Arenaceous formations 18 33 51
(7) Lavas, pyroclastic rocks, ignimbrites 1454 435 1889
(8) Sands and clays 1 6 7
(9) Sands and pebbles 33 28 61
(10) Travertines 3 1 4

Total 2406 1129 3535
If the balance follows a normal distribution, then the 95% confidence
interval for mean can be determined. On the contrary robust statistics
can be used as median and interquartile range. Consider, for example,
the balance between Al and Fe characterised by the lower value for
var[log (xi/xj)]. The 95% of confidence interval for mean (0.382) is
equal to (0.376, 0.388). The value of the balance for GEMAS data is
equal to −0.32 while for the average continental crust is equal to
0.27. A comparison with ratios obtained from legal references used in
different countries could also be possible (Kabata-Pendias, 2011;
Kabata-Pendias and Sadurski, 2004). Finally, the chosen balance of
parts i and j can be also mapped (Fig. 6) and geostatistical analysis
applied without bias (Pawlowsky-Glahn et al., 2015). As we can see,
higher values of the balance characterise different lithologies both in
the western and eastern parts of the region, confirming the wide over-
lapping among topsoils originated from different source materials and
the results of the clustering procedure.

5. Discussion

Generally, the spatial distribution of values for chemical elements at
the regional scale is mostly controlled by lithology of the area, surficial
natural processes, mineralisations, if present, or anthropic activity. As
shown in Fig. 1, the lithology of the Campania Region is characterised
by a high variability, even if it can be roughly divided into three main



Fig. 4.Map of the robust Mahalanobis distance RDi, discriminating datasets A and B (RDi = 6.1 threshold value).
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areas: the eastern onemade up of silico-clastic deposits, the central one
made up mostly of limestones and dolostones, and the western part of
volcanoclastic, volcano-sedimentary and alluvial and coastal sediments.
For some elements, the influence of anthropic activity cannot be ruled
out as in the case of Cu and P, sometimes influenced by the agricultural
practices in cultivated areas (see Supplementary material SM1), or
hazardous metals due to industrial activity or illegal waste disposal
(see Supplementary material SM2; Angelone et al., 2002; Cicchella
et al., 2003; Cicchella et al., 2008; Vitrone, 2003).

Major factors in determining rockweathering and soil formation are
chemical and mineralogical composition, grain size, landscape position
and the properties of the circulating waters (Macias and Chesworth,
1992). Phases inherited by the parental materials are predominantly
silicates with a secondary important group given by carbonates (calcite
and dolomite). Secondary phases are mainly given by Al–Si clay
minerals, oxides and hydroxides with sulphides, sulphates and chlo-
rides occurring under special conditions such as abandoned mines
(Bini, 2011) or evaporite outcrops (Dazzi and Monteleone, 2001). In
the soils of Italy the nature of the parental rock can often be masked
by the effects of climate and vegetation, that play a fundamental role
in determining soil properties and development (Costantini and Dazzi,
2013). For example, the heterogeneous flysch complexes with clayey
matrix that are diffused in the southern Apennines of Campania present
active morphological dynamics with landslides and strong erosion
phenomena, thus giving the formation of thin soils. The Somma–Vesuvius
complex, near Naples, includes soils with weak differentiation as well as
calcareous soils developed on pyroclastic–calcareous deposits andweakly
developed soils on the lapilli from the last eruption of 1944 (Costantini
andDazzi, 2013). At Roccamonfina parentalmaterial ismainly pyroclastic
with different degrees ofweathering so that themost significant feature is
the clay translocation (Lulli, 2007).

The result of cluster analysis on clr-variables confirms the presence
of wide overlapping in the chemical composition of topsoils, notwith-
standing the different source materials. The fingerprint of the parent
bedrock can be sufficiently recognised but it is not able to clearly
discriminate groups of samples spatially well located and related to
the geology of the sampling sites (Table 2). The combined effect of
climate, vegetation, use of the soils and their scarce development as
well as anthropic contribution partially mask the multivariate finger-
print of the source and tend to increase the chemical variability of the
different lithologies.

Descriptive classical numerical statistics determined for Al, As, B, Ba,
Ca, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, Sr, Th, Ti, V, and Zn
concentrations (mg/kg) for 3535 topsoils in the Campania Region are
reported in Table 1 together with the median of the GEMAS project
(Reimann et al., 2014a; Reimann et al., 2014b) obtained for very similar
geological media and experimental methods of analysis. All our data
(Table 1) show higher element contents relative to the median values



Fig. 5. a. Biplot analysis for the Campaniamulti-element dataset. Position of the elements clr-transformed in the space originated by the two principal axes. The graphical display explains
about 65% of the total variability. b. Biplot analysis for the Campania multi-element dataset. Position of the cases of datasets A (black points, core of the distribution) and B (grey points,
anomalous compositions) in the space originated by the two principal axes. The graphical display explains about 65% of the total variability.
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of the GEMAS with Cr and Ni abundance representing the only two ex-
ceptions. These elements on a European level are associated with the
presence of ophiolitic deposits and mineralisations. Marked differences
characterise Na and Ti, elements typically present in the geological out-
crops of the western and central part of the Campania Region where
outcrops of lavas, pyroclastic deposits, ignimbrites, limestone and
dolostone dominate.
The analysis of Fig. 3a indicates that the ilr-transformed abundance
joint distribution is notmultivariate normal, mainly due to the presence
of anomalous compositions located in its tails. Consequently, simple
lognormal processes generated by the product of many independent
random compositions multiplied together are not able to reliably de-
scribe the observed geochemical behaviour (Ott, 1990, 1994). The syn-
thesis is that the superimposition of several enrichment/depletion



Fig. 6.Map of the balance between Al and Fe, that is 1/√2 log(Al/Fe). The values have been divided into five classes by using quantiles. The balance for GEMAS data is equal to−0.32while
for the average continental crust the value is equal to 0.27.
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episodes seems insufficient to explain the transfer mechanisms of the
elements from parent material to topsoils. Thus, multimodality, due to
the different source materials, is partially evident again (Allegre and
Lewin, 1996; Buccianti, 2011, 2015b).

The map of the RDi values (Fig. 4) indicates that the core of the
distribution (dataset A) is mainly located in the north-western part of
the region and that all around a transition towards the tails can be
observed with overlapping of the datasets A and B in several areas.
This condition is well described by the biplots of Fig. 5a and b, indicating
that the tails can be generated both by high values of Na, Ti and K aswell
as by that of Cr, Ni and Ca.

Among all these elements, Ca and K are considered macronutrients
and their high variability in topsoils is related to the different source
lithologies. For Ca values range from 800 mg/kg in topsoils on flysch
to 295,200 mg/kg on limestones and dolostones. The range in agricul-
ture soils is 7000–500,000 with the world average equal to 13,700
(Alloway, 2005). For K values range from 400 mg/kg on limestones
and dolostones to 68,200 mg/kg on lavas, pyroclastic deposits, and
ignimbrites. The range in agriculture soils is 400–30,000 with the
world average equal to 8300 (Alloway, 2005). Considered a common
constituent in plants, Na is not an essential element and can be dangerous
in high concentrations with detrimental effects on plant growth
(Tavakkoli et al., 2010). Sodiumpresents theminimumcontent in topsoils
on flysch deposits (20 mg/kg) and the maximum on volcanic deposits
(29,490 mg/kg). The range in agriculture soil is 750–7500 mg/kg while
the world average in agriculture soils is 6300 (Alloway, 2005).

A similar behaviour is shown by Ni, considered a micronutrient, and
Cr, both displaying their lower content (0.3 and 0.5 mg/kg respectively)
in topsoils on lavas, pyroclastic deposits, and ignimbrites and theirmax-
imum content in topsoils on limestones and dolostones (Cr, 808mg/kg)
and in alluvial andmixed sediments (Ni, 101mg/kg). Chromium and Ni
tend to coprecipitate with Fe and Mn oxides after weathering or to
associate with carbonates, phosphates and silicates.

Titanium is considered a stable element that generally does not give
any environmental problem due to a lowmobility (Kabata-Pendias and
Szteke, 2015). Its lower contents are in topsoils on flysch and arena-
ceous formations (5 mg/kg) while the higher ones are in volcanoclastic
materials and limestones and dolostones (2900mg/kg). The abundance
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of Ti in topsoils developed on calcareous parent material suggests the
incorporation of a terrigenous component.

Summarising, the variability of Na, K, and Ti mainly marks the
presence of extreme volcanic compositions outcropping in the areas of
Ischia, Vesuvius and the Salerno gulf, while Ca marks the presence of
the carbonatic component that locally may or may not have incorporat-
ed terrigenousmaterial. Cr and Ni behaviour, besides their origin from a
mafic bedrock, is instead highly influenced by dispersion mechanisms
that characterise sedimentary material, particularly flysch deposits.
They participate in redox (with Fe and Mn, in the same part of the
biplot) and pH-mediated adsorption/desorption (with Co, in the same
part of the biplot) reactions (Gurumurthy et al., 2014) and their abun-
dance can be conditioned by the presence of organically bound forms
(Kabata-Pendias, 2011). Thus dataset A represents the core of the
multivariate distribution of the topsoils whose parental material is
mainly represented by volcanic material while dataset B includes
compositional changes towards different geochemical compositions
for topsoil chemistry as deduced by the dominant element association
(Fig. 5a, b).

A deep inspection of the biplot permits us to obtain further interest-
ing information about the behaviour of the elements duringweathering
processes that have affected the parent material. Na and K show their
higher contents in topsoils from volcanic products while Ti, besides
these, is highly associated also with topsoils from limestone and
dolostone. This condition may be associated with its limited mobility
due to adsorption by minerals of the terrigenous component mixed
with the calcareous one. Th, La and As present their higher content in
topsoils first from limestone, then from lavas and flysch deposits (La).
This indicates that the most important processes, affecting their mobil-
ity during weathering, are related to the formation of slightly soluble
compounds, adsorption by clays, coprecipitation with Fe–Mn oxides
and presence of organic matter. Aluminium, a main component of
several common minerals, is in fact present in the same part of the
biplot showing its higher values in topsoils from alluvial and mixed
terrain, limestones and lavas. Similar considerations can be reported
for V, Fe, Mn, Mo, Zn, and Co, whose higher contents are found in top-
soils from limestones and lavas (V), lavas (Fe), flysch (Mn), arenaceous
material (Mo) or flysch and clay (Co). The low clr-variance of Mo, Zn
and V indicates that they maintain similar abundance in the entire
region.

Lead and Ba present their higher contents in topsoils from volcanic
material. During weathering processes they are strongly adsorbed by
clays, oxides and hydroxides and soluble organic matter (Pb). Their
low clr-variance indicates a similarity with the behaviour of Mo, Zn
and V.

Boron and P show their higher contents in topsoils from volcanic
material even if they may have a common origin from fertilisers.
Boron during weathering processes is solubilised and then entrapped
in the clay lattice forming B-silicate compounds. Adsorbed B on soil
minerals is leachable but the irreversibility of B sorption is documented
(Kabata-Pendias, 2011). The solubility of apatite and Fe–Al phosphate
and the absorption of phosphate on clay minerals are the two most
important factors in the weathering of minerals containing P. In soil P
also forms low solubility minerals with Pb and Ca while the sorption
on alumina-silicate clays and hydrous oxide of Fe and Al depends on
soil pH.

Strontium and Cu present their higher abundance in topsoils on
flysch deposits. Strontium is moderately mobile in soils and it is likely
to be sorbed in hydrated form by clay minerals and Fe oxides and
hydroxides, a fate similar to Cu for which bio-accumulation may be
also an important phenomenon. The proximity of Sr and Cu with P
(and B) in the biplot (Fig. 5a) suggests for a role played by the use of
fertilisers (Kabata-Pendias and Szteke, 2015).

Magnesium and Ca show their higher content in topsoils from lime-
stones and dolostones (Mg and Ca), lavas (Mg), evaporates, flysch and
arenaceous material (Ca). The opposite position in the biplot of Ca and
Mg compared with Ti may here indicate that some limestone deposits
are mixed with terrigenous material.

Higher values for Cr and Ni are found in topsoils from limestones,
lavas and alluvial material (Cr), flysch, sandstone and clay (Ni). Their
association in the same part of the biplot and their high clr-variance
indicate the presence of complex geochemical processes of re-
distribution. Their occurrence in soils ranges from highly mobile
species to ones that have no reactivity due to organic matter, clay
fractions, pH control, presence of Fe–Mn hydroxides, and organic
acids (Kabata-Pendias and Sadurski, 2004).

Summarising the results obtained by biplot analysis (Fig. 5a) the
transition from Na and K towards Fe, Mn and Co (through Ba, Pb, V,
Mo, and Zn) represents the compositional shift of topsoils from the
volcanic component towards the sedimentary one (lavas ➔ flysch). In
this framework the higher clr-variances move B, P, Sr and Cu down-
wards, probably due to a perturbation effect on compositions attribut-
able to fertiliser use. If compositions move upwards (Al, Th, La, As and
also Ti) or downwards to the right (Mg and Ca), a possible mixing of
processes also affecting the calcareous component is present. Finally, if
compositionsmove towards the right a complex scenario could have af-
fected the behaviour of Ni and Cr, since high abundance characterises
different source lithologies and variability increases.

As previously reported, the robust barycentre of the whole dataset
(in mg/kg: Al = 45,623; As = 13.52; B = 16.04; Ba = 459; Ca =
29,577; Co = 10.38; Cr = 14.27; Cu = 124; Fe = 25,932; K = 16,782;
La = 44.74; Mg = 6792; Mn = 812; Mo = 1.52; Na = 4207; Ni =
13.74; P = 1859; Pb = 76.33; Sr = 195; Th = 13.87; Ti = 1355; V =
73.31; Zn=120)may represent a (1×D) compositional baselinemain-
ly given by topsoil developed, but not only, on volcanic materials
(Table 2). The barycentre, together with the variation array of dataset
A represents the most frequent (1 × D) multi-element vector and the
proportionality relationships among its components. Anomalous
compositions can originate from all around this barycentre due to the
processes discussed above, able also to mask the contribution of the pa-
rental material. By choosing couples of elements of the compositional
baseline to be involved in xi/xj balances, the 95% confidence interval
can be calculated for each of them, giving a measure of the variability
of the ratio among the D components of the composition. The balances
and their confidence interval can be used to make comparisons with
values obtained by considering some natural reservoirs (for example
average crust, world average soils composition), or legal references
(maximum allowable concentrations or trigger action value, Kabata-
Pendias, 2011). They can also be visualised in continuous coloured
maps, since geostatistical analysis can be applied without bias (Fig. 6
for the Al/Fe balance).

When compared with the average crust composition (Faure, 1998)
the compositional baseline presents an Aitchison distance (da) equal
to 4.85while a value of 6.90 characterises the comparison of the average
crust with GEMAS data (Reimann et al., 2014a, 2014b). This metric is
given by:

daðx; yÞ ¼
�
∑D

i¼1

�
log

xi
gmðxÞ

− log
yi

gmðyÞ
�2�1=2

where gm(∙) is the geometricmean of the components of the compo-
sitions x and y. It represents another useful index to understand the
intensity of the action of the weathering and re-distribution processes
from a given starting point as the average crust.

In our case the da value can also be useful to verify some bias due to
the different sampling densities for urban and suburban — agricultural
areas. In fact dataset A is also characterised by the presence of topsoils
from lavas, pyroclastic rocks and ignimbrites of urban areas where the
sampling density is higher. There is the possibility that the established
compositional baselinemight represent the urban conditions compared
with the suburban and agricultural ones. However, the da compositional
difference between the identified baseline and the robust barycentre of



Fig. 7.Representation of the Aitchison distance da by a plot of radial lines related to the value of different lithologies for dataset A. The centre represents the (1 ×D) compositional baseline
while the da value increases anticlockwise.
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the volcanic material alone (lavas, pyroclastic rocks, ignimbrites, lithol-
ogy 7 for group A, Table 2) is equal to 0.96. For the same dataset A the
difference from the compositional baseline is equal to 0.58 for alluvials
and mixed sediments, a lithology that in group A does not only charac-
terise urban areas. The value increases to 0.85 for travertines, 0.88 for
evaporites, 0.89 for limestone and dolostone, 1.23 for arenaceous for-
mations, 1.33 for sands and pebble, 1.58 for flysch, 2.02 for clays and
3.78 for sand and clays (Fig. 7). As observed in Fig. 7, notwithstanding
the different sampling strategies, the intercepted (1 × D) compositional
baseline for topsoils tends to represent wider conditions of the sole ref-
erence to the parental material and density sampling.

6. Conclusions

The n×Dmulti-element archive (n number of samples,D number of
elements) of the Campanian Region (southern Italy) containing the
abundance (mg/kg) of Al, As, B, Ba, Ca, Co, Cr, Cu, Fe, K, La, Mg, Mn,
Mo, Na, Ni, P, Pb, Sr, Th, Ti, V and Zn determined on 3535 new topsoils
has given us the opportunity to explore the data structure with CoDA
tools and to try to identify a (1×D) compositional baseline. Themotiva-
tions were in the relative nature of compositional data (concentrations)
and in the complexity of natural phenomena both requiring the joint
investigation of several variables. Moreover, since often the frequency
distributions of the chemical elements are asymmetrical, bimodal or
present heavy tails or anomalous values, robust methods were applied.

Notwithstanding the area is characterised by high geological hetero-
geneity, the fingerprint of the parental material is recognisable even if
complex processes related to the soil formation and involving different
lithologies have generated wide overlaps.
The structure of thewholematrix appears to be constituted by a core
that geographically is mainly given by topsoils developed on volcanic
materials and several anomalous compositions whose origin is differ-
ent. However, the robust barycentre of the whole dataset is more com-
positionally similar to alluvials and mixed sediments with respect to all
the other lithologies (lower Aitchison distance da).

Anomalous compositions can originate from the robust barycentre
all aroundwhen the following conditions are present: 1) highNa–K vol-
canic products, 2) limestones and dolostones with their terrigenous
component, 3) flysch deposits or 4) fertiliser contribution.

The (1×D) robust barycentre of thewhole dataset togetherwith the
variation array of the core represents the most frequent (1 × D) multi-
element vector (the compositional baseline) and the proportionality re-
lationships among its components. By using the information contained
in the variation array of the core (datasetwithout outlier compositions),
a measure of the variability of the (1 × D) robust barycentre can in fact
be obtained. By choosing the values of couples of elements of the com-
positional baseline to be involved in xi/xj balances, the 95% confidence
interval can be calculated for each of them. The ratios and their confi-
dence interval can be used to make comparisons with different refer-
ence terms, also including legal ones.

While further investigationswill address these topics, our results in-
dicate that the compositional approach could already be applied in the
identification of the compositional baseline in a wide array of environ-
mental contexts by applying amultivariate point of view. The possibility
to extract values related to single balances, moving frommultivariate to
bivariate conditions, would also permit a profitable use for public deci-
sion makers who need a specific value to be compared with legal
references.
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