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a b s t r a c t

Bauxite is a residual rock, consisting mainly of a mixture of aluminium hydroxides, whose industrial sig-
nificance is primarily due to its profitably exploitable alumina contents. In the last decades, bauxite,
mainly karst bauxite, has been also considered as possible resource of a great number of economically
interesting elements including some critical metals such as rare earth elements, Sc, Co, Ni, and Nb. In this
study, we present results of univariate and multivariate (R-mode factor analysis) statistics performed on
a large data set including chemical composition of the principal Cretaceous karst bauxites from central
and southern Italy with the twofold aim to evaluate the inter-elemental relationship among major oxides
and critical metals, and describe factors affecting their distribution. Univariate statistics reveal that some
critical metals Co, Ni, and LREE, have a significant number of outliers. The Co-Ni relationship associated to
the outliers dataset suggests that Co is likely hosted in Ni-rich phases whereas Ce accumulation in authi-
genic minerals, carbonate-fluoride and phosphate, is at the origin of LREE outliers. Multivariate R-mode
statistics, applied to the outliers-devoid database, instead demonstrate that in absence of specific miner-
alization events, the distribution of most critical metals is controlled by Al-, Fe-, and Ti-oxi-hydroxides
and, to a lesser extent, by detrital phases. Among the critical metals, Cr and Y are the exceptions. Their
geochemical behaviour seems to be influenced primarily by their own chemical features that are respon-
sible for the mobility of Cr during bauxitization and for the decoupling of Y from the REEs.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mineral supplies have become a global concern, especially those
used in sophisticated technologies that often affect many aspects
of modern life and culture. In 2010, for instance, the unexpected
drastic reduction of export quotas for Rare Earth Elements (REEs)
from China revealed the vulnerability of a wide range of western
high-tech industries. Security of mineral supplies is thus of concern
for the European countries and the latest European Union report on
critical raw materials listed many critical elements and their possi-
ble sources (Herrington, 2013; Mongelli et al., 2016; Vidal et al.,
2013). Some of these elements are usually found in bauxite depos-
its, both of the lateritic and karstic type (Mongelli et al., 2014 and
references therein) and, as a consequence the value of bauxite ore
might be possibly increased. Significant attention has been
recently paid to the processes that control the distribution of sev-
eral minor elements in these deposits, and to possible extraction
techniques (e.g. Abedini and Calagari, 2014; Boni et al., 2013;
Buccione et al., 2016; Gamaletsos et al., 2011, 2017; Hanilçi,
2013; Karadağ et al., 2009; Ling et al., 2015; Mameli et al., 2007;
Mongelli et al., 2014, 2016; Peh and Kovačević Galović, 2014;
Wang et al., 2010; Yu et al., 2014; Yuste et al., 2014, 2017;
Zarasvandi et al., 2008). Gallium, for instance, which is a common
by-product of Al extraction, ranges in concentrations between <10
and 812 ppm, with an average of 57 ppm in bauxite deposits
worldwide (Schulte and Foley, 2013). Bauxites are also considered
possible resources of REEs, since up to almost 50% of these ele-
ments content may be easily leached using ion exchange agents
(e.g. Muchos et al., 2016). In addition, karst bauxite deposits repre-
sent the ideal source material for REEs-enriched red mud, which is
the remaining waste from the Bayer process that produces alumina
from bauxite (Deady et al., 2016). Furthermore, also some other
metals included in the European Union report on critical raw
materials, such as Sc, Co, Ni, and Nb usually concentrate in bauxite,
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preferentially in karst bauxite (e.g. Ahmadnejad et al., 2016;
Mongelli et al., 2016; Radusinovic et al., 2017).

The distribution of trace elements, as well as the mineralogy
and the texture, of karst bauxites in central and southern Italy
(Abruzzi, Campania and Apulia regions) and Sardinia have been
extensively studied, especially in the last two decades (Mongelli,
1997; Mongelli and Acquafredda, 1999; Mongelli, 2002; Mameli
et al., 2007; Mondillo et al., 2011; Boni et al., 2012, 2013;
Mongelli et al., 2014, 2015, 2016; Buccione et al., 2016). These
studies have generally focused on the genetic model of the deposit
and on palaeoclimate and palaeogeographic reconstruction. Italian
karst bauxites apart from the Olmedo mine in Sardinia, do not have
a particular economic relevance; in any case they can be consid-
ered as an analogous of economic bauxite deposits in other parts
of the world. An existing regional geochemical data set from these
bauxites could be profitably managed using Factor Analysis, thus
uncovering hidden multivariate data structures (Reimann et al.,
2002).

With this in mind, in this study we used the R-mode Factor
analysis, after performing a proper univariate data analysis, on a
large geochemical data set derived by Cretaceous karst bauxites
distributed across central and southern Italy and northern Sardinia,
in order to elucidate: 1- the relationships among the trace metals
Sc, V, Cr, Co, Ni, Ga, Y, Nb, and REEs and 2- the factors affecting
their distribution.

2. Geological settings

Karstification and bauxite formation require sub-aerial carbon-
ate exposure events. Despite the Italian peninsula bauxites have a
well-defined stratigraphic framework, the mechanism that pro-
duced the sub-aerial exposure of the carbonate platform, promot-
ing their formation, has remained controversial for a long time.
Mindszenty et al. (1995) hypothesized that a lithospheric bulge,
induced by the early phases of orogenic collision, was responsible
for a long Cretaceous exposure of some sectors of the Southern
Apennines and of the Apulian Foreland. Schettino and Turco
(2011) hypothesized the occurrence of a Cretaceous to Cenozoic
E-W, left-lateral, strike-slip fault crossing southern Italy, which
should have induced the uplift of the carbonate platforms and its
sub-aerial exposure during Upper Cretaceous in the Apulia and
Campania regions (Fig. 1, Table 1). Handy et al. (2010) and
Tavani et al. (2013, 2015) evidenced that the Apennine Carbonate
Platform was subject to Middle Cretaceous extensional tectonics,
possibly promoting the formation of horst and graben and creating
uplifted areas favorable to karst bauxite formation.
Fig. 1. Simplified present-day tectonic sketch of the Italian peninsula and Sardinia islan
geological maps of central-southern Italy and Sardinia respectively, including localizatio
throughout the text.
The Sardinia karst bauxite (Nurra district, NW Sardinia) is
hosted within the South European Mesozoic carbonate platform
(Fig. 1, Table 1). In Sardinia, most of the Post-Variscan covers cap
a low grade metamorphic basement. From Late Permian to Oligo-
cene, NW Sardinia (i.e. Nurra) experienced the same Mesozoic
events as other areas of southern stable Europe facing the oncom-
ing Ligure–Piemontese oceanic domain. In this tectonically active
still domain, shallow marine sedimentation, including evaporites,
characterises a first sequence, which embraces a Ladinian to Albian
time span. The first tectonic activity affecting the Mesozoic carbon-
ate shelf occurred during the Middle Cretaceous related to the so-
called Bedoulian movements (Combes et al., 1993). This is recog-
nized as low-angle angular unconformities, including a bauxite-
bearing stratigraphic hiatus between the Aptian and Coniacian.

2.1. The Apulian karst bauxites

The structure of the Apulia region is affected by the Apenninic
(NW–SE trending) and anti-Apenninic (NE–SW-trending) tectonic
deformation that divided the region into three main structural
blocks: Gargano promontory, Murge area and Salento Peninsula
(Funiciello et al., 1991). This region, which is usually called the
‘‘Apulian foreland” or ‘‘Southern Apennine foreland”, represents
an extensive foreland domain of the both Apenninic and Dinaric
orogens (Spalluto, 2012). Carbonate deposition was frequently
punctuated by ephemeral sub-aerial exposures. The early tectonic
deformation of the carbonate platform in this area produced two
major regional intra-Cretaceous unconformities, characterized by
long-lasting sub-aerial exposures (Albian-Cenomanian and Turo-
nian) (Mindszenty et al., 1995). The Murge and Gargano karst
bauxite deposits were formed during the Late Cretaceous exposure
events, while the allochthonous reworked Salento-type bauxite
was deposited on heavily weathered Upper Cretaceous limestones
and covered by an Upper Oligocene succession (Esu and Girotti,
2010).

The Murge bauxite (Cenomanian-Turonian) occurs as infills of
wide and deep karst cavities bordered by steep walls and is classi-
fied as ‘‘canyon-like” bauxite (Bárdossy, 1982). These deposits are
structurally controlled by pre-existing fault systems, which likely
promoted also the accumulation of bauxite. The process started
with clay accumulation at the bottom of the karst cavities, fol-
lowed by ‘‘in situ” bauxitization and by the late formation of
iron-rich concretions in a water-unsaturated pedogenic environ-
ment (Mongelli, 2002).

The Gargano promontory bauxite (Cenomanian-Senonian)
occurs as lenticular, irregular bodies on the karstified limestone.
d where the main subduction zones are shown. The insets (a) and (b) display the
n of sampled bauxite ores. Each deposit is indicated by the identification label used



Table 1
Main geological and mineralogical features of the central and southern Italy bauxites. Med. = Mediterranean type bauxite; Sal. = Salento-type bauxite; auto. = autochthonous
deposit; allo. = allochthonous deposit; ± = accessory mineral phase.

Region of
Italy

Typical
occurrence

Subset
label

Age of
deposition

Bauxite
type

Texture Mineralogical assemblage References

APULIA Gargano SGR Cenomanian/
Turonian

Med.,
auto.

Massive Boehmite, hematite, kaolinite, anatase, ±zircon Bárdossy et al., 1977;
Buccione et al., 2016; this
study

Murge BS Cenomanian/
late Turonian

Med.,
auto.

Oolitic,
massive

Boehmite, Al-hematite, kaolinite, anatase, ±goethite; ±rutile;
±zircon, ±parisite

Bárdossy et al., 1977;
Mongelli et al., 2014

Salento OT Campanian Sal., allo. Oolitic Boehmite, Al-hematite, goethite, anatase, ±rutile Bárdossy et al., 1977;
Mongelli et al., 2016

CAMPANIA Matese
district

GR Albian/late
Turonian-
Senonian

Med.,
auto.

Pisolitic,
oolitic

Boehmite, hematite, kaolinite, anatase, ±goethite, ±zircon, ±rutile,
±monazite, ±xenotime, ±apatite, ±ilmenite, ±titanomagnetite,
±gibbsite

Bárdossy et al., 1977;
Carannante et al., 1987;
Boni et al., 2013

Caserta
district

CS Albian-Aptian/
Cenomanian

Med.,
auto.

Massive,
oolitic

Boehmite, hematite, kaolinite, illite/montmorillonite, anatase,
±goethite ±zircon, ±monazite, ±gibbsite

Crescenti and Vighi, 1970;
Bárdossy et al., 1977;
Mondillo et al., 2011

ABRUZZI Orsello Mt. AB Cenomanian Med.,
auto.

Massive,
oolitic

Boehmite, hematite, kaolinite, goethite, anatase, rutile, ±zircon,
±monazite, ±parisite

Bárdossy et al., 1977;
Mondillo et al., 2016; this
study

SARDINIA Nurra
district

SN Aptian/Albian Med.,
auto./allo.

Massive,
oolitic

Boehmite, kaolinite, goethite, anatase, ±illite, ±rutile, ±bastnasite,
±quartz, ±hematite, ±pyrite, ±zircon

Mameli et al., 2007
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This deposit was exploited underground until the seventies of the
last century.

The Salento-type deposits mostly consist of hard rounded baux-
ite pebbles, derived from the erosion, transport and re-deposition
of older bauxite from a dismantled middle Campanian deposit
(Mongelli et al., 2015).

2.2. The Campania karst bauxites

The karst bauxites of the Campania region (Matese Mountains
and Caserta district) are located within the thick Meso-Cenozoic
carbonate succession, which builds great part of the Matese and
of the Mt. Maggiore mountain chains (Carannante et al., 2009).
The palaeogeographic evolution of the Apennine Carbonate Plat-
form in the area is punctuated by several stratigraphic gaps, which
are more abundant during Upper Cretaceous (Carannante et al.,
2009). In the Matese Mts. the gap extends from Middle-Upper
Albian to Turonian-Lower Coniacian (Crescenti and Vighi, 1964),
while in the Caserta district the gap is more limited, covering the
transition between Albian and Cenomanian. The bauxite bodies
form flat, contiguous lenses of a few meters in thickness overlying
the Upper Cretaceous karstified bedrock (Bárdossy et al., 1977).

2.3. The Abruzzi karst bauxites

The bauxite district in the Abruzzi region, located in the central
sector of the Apennine Carbonate Platform, comprises several
deposits situated in the Campo Felice, Monte Orsello and Monti
D’Ocre areas. Two main bauxite horizons can be recognized in
the platform carbonates: a first corresponding to a Late Albian-
Early Cenomanian stratigraphic gap, and a second bounded by
Upper Cenomanian-Lower Turonian limestones (Bárdossy et al.,
1977; Chiocchini et al., 1994). The most prominent deposits occur
along the lowermost of the mentioned gaps. These bauxites form
large lenses up to 10 m thick and more than 50 m wide, and were
the first to be exploited in Italy.

2.4. The Sardinia karst bauxite

In Sardinia the formation of karst bauxite followed the emer-
sion of the Mesozoic carbonate shelf in Middle Cretaceous. The
uplift is related to a transpressional dynamic between the Euro-
pean and the Iberian plates (Oggiano et al., 1987; Combes, 1990).
The bauxite unconformably rests on bedrocks, which are different
in age and composition. The composition of the bedrock controls
the geometry as well as the profile alteration of deposits. True karst
and lens-shaped bauxite bodies are common on limestones with
Urgonian and Titonian facies as well as on Kimmeridgian and
Oxfordian dolostone. Conversely, the bauxite laying on marlstone
with Purbeckian facies undertakes an uninterrupted stratiform
geometry with a typical vertical profile enriched in kaolinite at
the base. These features make such a deposit unique among the
Mediterranean bauxites: i.e. the Sardinia type (Combes, 1990) or
Type 1 (Mameli et al., 2007). On the bauxite lays a transgressive
sequence consisting of Hippurites-bearing limestones followed
by marls that spans a Coniacian to Maastrichtian interval.

3. Materials and methods

Fifty-seven samples of Apulian karst bauxites (twenty-two
Murge bauxite samples, hereinafter referred to as BS subset,
Mongelli et al., 2014; fifteen Gargano bauxite samples, hereinafter
referred to as SGR subset, unpublished data; twenty Salento-type
bauxite, hereinafter referred to as OT subset, Mongelli et al.,
2016), twenty-four samples of Campania karst bauxites (twelve
Matese district samples, hereinafter referred to as GR subset;
Mondillo et al., 2011; twelve Caserta district samples, hereinafter
referred to as CS subset, Mondillo et al., 2011), fifteen samples of
the Sardinia karst bauxite (hereinafter referred to as SN subset,
Mameli et al., 2007), and six samples of the Abruzzi karst bauxite
(hereinafter referred to as AB subset, Mondillo et al., 2016) have
been considered for this study.

The composition of the Apulia karst bauxite was determined by
ICP and ICP-MS at Activation Laboratories (Ancaster, Canada). The
powdered samples were digested using a four acid attack (HF,
HClO4, HNO3, and HCl). In detail, a 0.25-g sample was firstly
digested using hydrofluoric acid, then with a mixture of nitric
and perchloric acids, before being heated in several ramping and
holding cycles using precise programmer-controlled heating that
took the samples to incipient dryness. At incipient dryness point,
sample residues were re-dissolved in aqua regia and analyzed
using Varian ICP and PerkinElmer Sciex ELAN 9000 ICP-MS instru-
ments. Total loss on ignition (LOI) was gravimetrically estimated
after overnight heating at 950 �C.

The Campania and Abruzzi karst bauxites were analyzed at the
ACME Analytical Laboratories Ltd (Vancouver, Canada). Major oxi-
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des and several minor elements were analyzed by ICP-OES follow-
ing a LiBO2/Li2B4O7 fusion and dilute nitric digestion. Loss on igni-
tion (LOI) derives by weight difference after ignition at 1000 �C.
Rare earth and refractory elements were determined by ICP-MS
following a LiBO2/Li2B4O7 fusion and nitric acid digestion. In addi-
tion, a separate volume split was digested in aqua regia and ana-
lyzed by ICP-MS to detect the precious and base metals.

The major elements and V, Ni, Y, and Nb contents of Sardinia
karst bauxite were determined by XRF on powder pellets, whereas
the Sc, Cr, Co, Ga, and REEs contents were obtained by INAA at Acti-
vation Laboratories (Ancaster, Canada). Total loss on ignition (LOI)
was gravimetrically estimated after overnight heating at 950 �C.

For all the subsets the certified analytical uncertainties are less
than ±5% barring elements at concentrations of �10 ppm, which
have uncertainties of ±5–10%, except for the elements determined
by INAA which have average errors in the ±5% to ±20% range.
4. Results and discussion

4.1. Mineralogical composition and texture

In the bulk bauxitic rock boehmite is the most abundant min-
eral phase, generally followed by hematite and/or goethite (com-
monly occurring as Al-rich hematite and goethite), kaolinite, and
anatase (Table 1) (Bárdossy et al., 1977). Gibbsite, diaspore, illite,
montmorillonite and rutile may occur in some bauxite samples.
Among the accessory minerals detrital zircon is the most abun-
dant; monazite, xenotime, titanomagnetite and ilmenite have been
also commonly detected. In some cases REE-bearing minerals of
the bastnäsite group and secondary LREE-rich phosphates are
observed as well (Boni et al., 2013).

Karst bauxites from peninsular Italy and Sardinia share the
same texture, which consists in agglomerates of sub-spheroidal
concretions (ooids), disseminated in a clayey, locally Fe-rich matrix
(Bárdossy et al., 1977; Boni et al., 2013; Mongelli et al., 2014, 2016;
Mondillo et al., 2011). Detrital fragments of lateritic crusts and of
previously deposited bauxite are generally common, especially in
the Campania bauxites. The ooids are composed, in the majority
of the cases, of either an Al-hematite or Al-goethite core, followed
by concentric layers of alternated Al-hematite/Al-goethite and
boehmite. Kaolinite occurs in the matrix only, whereas anatase is
contained in both ooids and matrix. Within this frame the excep-
tions are: i) the Salento-type bauxite where the ooids abundance
is much lower than in other Italian bauxites, and their usual tex-
ture consists of a large boehmite core surrounded by a thin Al-
hematite rim (Mongelli et al., 2015; Buccione et al., 2016); ii) the
Type 1 Sardinian bauxite with a profile dominated by white apha-
nitic bauxite, is devoid of Fe-bearing ooids and characterized by
sporadic light grey boehmitic ooliths (Mameli et al., 2007).
4.2. The relationships among the major oxides

Table 2 shows the chemical compositions of the examined
bauxite samples divided into the different subsets. The distribution
of the major elements reveals, in addition to the expected high
Al2O3 concentrations, also relevant SiO2, TiO2, and Fe2O3 contents.

A positive relationship is always observed, across the different
subsets, between Al2O3 and TiO2 (Fig. 2), thus demonstrating that
titanium accumulates during bauxitization according to its low
solubility in the supracrustal environment. In some cases (SGR:
r = 0.96, p < 0.01, CS: r = 0.97, p < 0.01, GR: r = 0.89, p < 0.01, and
SN: r = 0.89, p < 0.01) this relationship is highly significant.

A broad negative relationship is observed between Al2O3 and
SiO2 (Fig. 2), with the exception of the AB subset (n = 6). The high-
est significances are associated to the SGR (r = �0.80, p < 0.01), CS
(r = �0.77, p < 0.01), and SN (r = �0.92, p < 0.01) subsets. The
almost general negative correlation between aluminium and silica
across the karst bauxite subsets supports the observation that dur-
ing bauxitization Al minerals mostly form at the expense of silicate
phases (Mongelli et al., 2014 and references therein).

Finally, also the relationship between Al2O3 and Fe2O3 is
broadly negative with the exceptions of the SGR and SN subsets
(Fig. 2). This inverse correlation is highly significant in the OT sub-
set only (r = �0.91, p < 0.01). In the karst bauxite from peninsular
Italy and Sardinia iron oxi-hydroxides largely occur in the ooids
and form as a result of migration and accumulation towards smal-
ler pores in kaolinite-rich zones during the ferrolysis stage of oxi-
dation–hydrolysis process (Mongelli et al., 2014, 2016, and
references therein). The iron migration and its accumulation as
oxi-hydroxides does not require low water activity conditions as
those necessary for Al (boehmite) accumulation which, in turn,
means that iron concentrates in bauxite under wetter climates
than those promoting the Al enrichment. This explains the
observed Al2O3-Fe2O3 inverse correlation, although the iron redox
chemistry may complicate this general trend as probably occurs
in the SGR and SN subsets.

4.3. Descriptive statistics and outliers

The box and whisker plots (Fig. 3), in addition to minimum,
maximum and median also depict the first and third quartiles
and the outliers for each variable. The outliers’ identification has
been performed by means of the p-values based Grubbs’ test, or
Extreme Studentized Deviate test. P-values quantify the probabil-
ity of obtaining a statistic as unusual or more unusual than that
observed in the sample, if the null hypothesis were true. If the p-
value is small enough, the null hypothesis can be rejected, since
the sample would have been an extremely rare event. In our case
we defined the ‘‘significance level” as ‘‘small enough” when p-
value is <0.05.

It has to be stressed that the outliers have to be properly eval-
uated because they contain important information about data
quality and unexpected behaviour in the region of interest and
may be indicative of specific mineralisation events. Further, the
outliers can have a severe influence on factor analysis and they
should be removed prior to entering the calculation (Reimann
et al., 2002).

Among the major oxides only TiO2 has a limited variability
(median = 2.79, min = 0.71, max = 5.45, std = 0.97) and no outliers.
SiO2 (median = 4.85, min = 0.44, max = 43.58, std = 9.21), Al2O3

(median = 52.57, min = 15.52, max = 75.73, std = 9.77), and Fe2O3

(median = 20.19, min = 1.45, max = 40.84, std = 7.60) have a larger
variability and several outliers. Especially SiO2 has seven outliers,
all belonging to the silica-rich SN subset. In this subset many sam-
ples are kaolinite-rich probably as a result of a low temperature
hydrothermal silicification along joints and faults (Mameli et al.,
2007).

As for the critical metals V (median = 405, min = 141,
max = 877, std = 157), Cr (median = 545, min = 141, max = 124,
std = 269), and Ni (median = 200, min = 60, max = 1072,
std = 166) have the highest variability and V and especially Ni have
outliers; most of the Ni outliers belong to the BS subset although
the maximum value is observed in one sample from the CS subset.
Sc (median = 54.5, min = 16, max = 110, std = 14.4), Co (med-
ian = 36.9, min = 5.3, max = 349, std = 40.7), Ga (median = 59.6,
min = 16, max = 110, std = 11.9), Y (median = 55.5, min = 25,
max = 143, std = 18.4), and Nb (median = 71, min = 14.5,
max = 129, std = 26.4) show lower dispersion. Co has the highest
number of outliers (n = 12) whereas Nb, similarly to TiO2, has no
outliers. Among the REEs, and due to its redox chemistry, the Ce
dispersion (median = 213, min = 24, max = 1470, std = 200) affect



Table 2
Concentrations of principal major oxides (wt.%) and critical raw material elements (including trace metals and rare earth elements, ppm) of the southern Italy and Sardinia bauxites.

Sampling site Major oxides Critical raw materials (CRMs)

SiO2 Al2O3 Fe2O3 TiO2 V Cr Co Nb Ni Y Sc Ga La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu RREE LREE HREE
(wt.%) (ppm) (ppm)

A P U L I A MURGE –
BS subset1

20.51 44.42 13.18 3.42 381 700 35 88 280 29 44 53 31.8 54.3 7.7 27.1 6.1 1.5 5.2 1.0 6.3 1.4 3.9 0.7 4.6 0.7 152.2 127.0 25.3
12.13 42.23 25.57 4.41 715 840 28 115 420 25 39 57 43.1 50.9 8.2 28.3 5.4 1.4 4.5 0.9 5.6 1.2 3.7 0.6 3.9 0.6 158.2 135.9 22.4
10.89 50.1 20.41 4.49 474 810 38 122 480 30 48 68 53.9 192.0 10.2 34.9 6.9 1.7 6.5 1.1 6.5 1.3 4.0 0.7 4.5 0.7 324.8 297.9 27.0
9.46 49.28 21.78 4.52 522 810 39 121 500 33 55 65 58.0 259.0 11.1 38.6 7.5 1.8 7.1 1.2 7.0 1.5 4.2 0.7 5.0 0.7 403.4 374.2 29.2
10.25 50.1 20.98 4.45 520 830 41 120 590 32 55 66 58.2 215.0 11.7 41.0 8.0 2.0 7.5 1.2 7.3 1.5 4.6 0.8 4.8 0.7 364.2 333.9 30.4
9.57 47.15 23.78 4.59 579 830 40 120 470 34 58 63 63.5 233.0 12.6 43.3 8.7 2.1 7.8 1.3 7.7 1.6 4.6 0.7 5.2 0.8 392.9 361.1 31.8
10.47 49.93 20.42 4.49 493 790 37 123 480 33 56 63 58.3 153.0 11.8 40.2 8.3 2.0 6.7 1.2 7.7 1.6 4.5 0.8 5.1 0.8 302.0 271.6 30.4
8.69 47.14 25.31 4.46 522 790 42 119 470 38 65 80 80.0 276.0 17.9 63.9 12.4 2.9 9.8 1.7 9.6 1.9 5.5 0.9 6.2 0.9 489.6 450.2 39.4
7.49 44.82 28.06 4.46 560 800 41 125 450 47 70 81 168.0 234.0 44.0 149.0 27.4 6.1 16.0 2.5 14.8 2.7 7.4 1.2 8.1 1.1 682.3 622.4 59.9
8.5 48.76 21.62 4.53 502 830 38 124 510 44 59 68 110.0 230.0 25.2 91.3 17.9 4.4 13.6 2.2 12.6 2.5 6.9 1.1 7.2 1.1 526.0 474.4 51.6
11.28 50 19.62 4.49 453 870 36 110 440 48 54 64 113.0 561.0 28.5 104.0 20.3 5.2 17.9 2.6 13.8 2.5 6.9 1.1 7.2 1.0 884.9 826.8 58.2
6.79 58.46 13.22 4.54 479 610 94 112 450 66 61 94 83.1 136.0 20.6 80.3 18.1 4.6 17.0 2.9 17.0 3.2 9.4 1.5 10.1 1.5 405.3 338.1 67.2
14.66 46.32 21.03 4.06 465 740 37 107 490 46 54 67 108.0 142.0 23.7 85.4 16.9 4.4 14.0 2.2 12.5 2.4 6.6 1.1 6.5 1.0 426.6 376.0 50.7
14.42 46.25 20.24 4.19 447 740 45 107 480 48 53 61 144.0 240.0 36.1 131.0 23.5 5.5 16.3 2.4 13.3 2.4 6.8 1.0 6.7 1.0 630.0 574.6 55.4
18.89 44.18 16.87 3.94 378 660 39 101 430 39 49 56 83.7 57.5 19.3 70.3 14.1 3.5 10.4 1.8 10.3 1.9 5.5 0.9 5.9 0.9 285.9 244.9 41.1
19.44 40.86 20.41 3.86 438 800 46 106 420 42 52 58 115.0 163.0 29.1 107.0 21.4 5.0 14.6 2.3 13.2 2.4 6.5 1.1 7.0 1.0 488.6 435.5 53.1
17.63 39.38 26.04 4.06 505 860 38 113 410 45 60 60 117.0 831.0 29.2 106.0 22.3 5.4 19.1 2.7 14.8 2.7 7.4 1.1 7.6 1.1 1167.4 1105.5 61.9
12.74 44.09 24.38 4.26 488 920 37 121 380 46 58 67 93.0 143.0 22.9 84.1 16.6 4.1 12.1 2.0 11.3 2.2 6.1 1.0 6.4 0.9 405.6 359.6 46.1
15.03 43.92 22.65 4.51 429 850 43 129 480 47 55 68 84.7 133.0 20.0 73.9 14.8 3.7 11.2 1.9 10.9 2.1 5.8 0.9 6.2 0.9 370.0 326.4 43.6
10.22 53.93 17.2 4.17 405 500 43 103 440 56 58 66 105.0 193.0 23.0 84.1 16.9 3.8 12.9 2.2 13.6 2.6 7.4 1.2 8.0 1.2 474.8 422.0 52.9
12.77 50.65 19.34 4.02 436 490 165 97 530 59 60 61 116.0 237.0 26.1 95.0 18.8 4.3 14.8 2.5 14.8 2.8 8.0 1.3 8.6 1.2 551.2 492.9 58.3
12.58 49.49 20.43 3.78 413 520 46 97 480 55 57 63 118.0 378.0 30.0 109.0 21.1 4.7 15.4 2.5 14.0 2.7 7.4 1.2 7.9 1.1 713.0 656.1 56.9

SALENTO –
OT subset2

0.96 56.82 21.57 2.48 223 1060 37 70 150 52 45 56 99.1 157.0 16.0 57.8 11.0 2.4 8.5 1.6 9.4 1.9 5.8 1.0 6.5 0.9 378.9 340.9 38.0
0.95 57.58 20.7 2.83 207 1010 35 74 160 53 43 58 84.5 123.0 13.7 48.7 9.7 2.1 7.9 1.3 8.5 1.8 5.5 0.9 6.2 0.9 314.7 279.6 35.1
0.44 59.7 18.01 2.8 196 920 136 80 310 57 43 67 84.3 152.0 14.7 53.3 10.7 2.3 8.6 1.6 9.5 2.0 6.1 1.0 6.5 1.0 353.6 315.0 38.6
1.1 54.5 23.74 2.49 239 930 56 71 190 60 53 52 129.0 204.0 20.2 71.5 13.8 2.9 10.5 1.8 10.6 2.2 6.6 1.1 6.9 1.1 482.2 438.5 43.7
0.96 54.67 23.8 2.49 222 960 42 69 170 56 48 52 111.0 163.0 17.3 63.5 11.4 2.4 8.7 1.5 9.5 2.0 5.9 1.0 6.4 0.9 404.5 366.2 38.3
0.9 57.59 21.47 2.59 209 1040 32 73 140 55 44 54 97.5 161.0 15.7 55.5 11.2 2.4 8.6 1.5 8.7 2.0 5.7 1.0 6.1 0.9 377.7 340.9 36.9
0.92 58.8 19.34 2.85 192 1020 47 78 180 52 43 60 81.7 132.0 13.5 49.1 10.1 2.1 7.8 1.4 8.5 1.9 5.8 1.0 6.5 0.9 322.3 286.4 35.9
0.9 59.62 19.34 2.96 189 1020 43 80 190 54 43 60 79.0 130.0 13.1 48.8 9.4 2.2 7.7 1.4 8.5 1.8 5.7 1.0 6.3 0.9 315.7 280.3 35.5
0.85 62.13 16.77 2.96 183 940 142 80 290 56 41 57 77.2 147.0 13.1 50.0 10.0 2.1 7.8 1.4 9.3 1.9 5.6 1.0 6.7 1.0 334.1 297.3 36.8
0.92 58.47 19.91 2.56 196 1110 34 77 170 53 43 60 86.6 135.0 14.4 51.7 10.5 2.3 8.3 1.5 9.3 1.9 5.7 0.9 6.1 0.9 335.1 298.2 36.9
0.56 58.84 20.1 2.59 219 1020 36 78 220 57 44 68 96.4 146.0 16.3 59.4 11.2 2.4 8.9 1.5 9.5 2.0 6.0 1.0 6.7 0.9 368.3 329.3 38.9
0.86 58.68 20.13 2.63 201 980 32 74 150 53 44 54 91.8 141.0 14.3 51.2 9.9 2.1 7.7 1.5 8.5 1.8 5.5 0.9 6.2 0.9 343.3 308.2 35.1
0.86 58.73 20.03 2.57 190 1000 39 77 170 53 42 57 96.7 148.0 15.3 54.6 10.4 2.3 8.1 1.5 9.0 2.0 5.6 1.0 6.4 0.9 361.9 325.0 36.8
0.89 58.17 20.79 2.61 215 960 79 75 210 54 45 53 91.6 156.0 14.4 53.6 10.1 2.1 8.1 1.5 8.7 1.9 5.5 0.9 6.4 0.9 361.7 325.7 36.0
0.84 59.13 18.07 2.73 188 920 61 74 190 52 42 53 79.3 139.0 12.9 46.6 9.3 1.9 7.3 1.3 8.1 1.7 5.3 0.9 5.8 0.8 320.2 287.1 33.1
0.94 58.47 21.14 2.69 203 1070 34 76 170 56 46 58 93.6 134.0 14.7 53.1 10.9 2.3 8.6 1.5 9.1 1.9 5.7 1.0 6.5 0.9 343.8 306.3 37.5
0.95 59.15 20.14 2.72 195 1050 34 80 160 55 44 59 86.4 126.0 13.3 51.1 9.9 2.3 8.6 1.4 8.6 1.9 5.6 1.0 6.1 0.9 323.1 286.7 36.4
0.91 56.94 23.36 2.45 219 1130 41 71 170 61 50 55 108.0 143.0 17.3 61.8 12.0 2.5 9.7 1.6 9.8 1.9 5.9 1.0 6.6 0.9 382.0 342.1 39.9
0.45 61.16 19.07 2.54 219 930 31 71 210 56 45 67 117.0 145.0 18.3 65.2 12.2 2.5 9.7 1.7 9.4 1.9 6.1 1.0 6.4 0.9 397.3 357.7 39.6
0.48 58.81 19.25 2.46 222 920 32 74 210 57 45 67 127.0 152.0 19.8 70.0 12.3 2.6 10.0 1.7 9.9 2.0 6.1 1.0 6.5 1.0 421.9 381.1 40.8

GARGANO –
SGR subset3

2.1 56.85 21.08 5.286 382 540 26 100 200 46 68 69 93.8 232 23.3 85.8 17.2 4.08 12.8 2.1 12.9 2.4 7.3 1.11 8 1.18 503.97 452.1 51.9
2.04 56.25 21.47 5.196 390 580 26 96 200 46 67 69 103 239 26.3 96.8 19 4.56 14.2 2.4 13.8 2.6 7.7 1.15 8.3 1.26 540.07 484.1 56.0
1.94 57.39 19.81 5.267 384 540 27 100 210 45 65 70 85.3 405 20.7 74.3 14.8 3.52 11.7 2 11.7 2.3 6.9 1.07 7.3 1.11 647.7 600.1 47.6
3.83 52.04 18.07 4.168 323 420 24 83 190 55 61 61 104 333 27.2 102 20.2 4.91 16.9 2.5 14.6 2.7 7.8 1.17 7.8 1.13 645.91 586.4 59.5
2.21 56.1 21.29 5.033 401 510 30 102 210 47 73 68 92.5 276 22.3 82.1 16.8 3.99 13.1 2.2 13.1 2.5 7.6 1.13 8.1 1.23 542.65 489.7 53.0
1.15 54.75 24.52 5.403 499 650 32 107 230 35 68 68 85.6 634 18.1 61.2 12.1 2.83 9 1.6 9.5 1.9 5.6 0.88 6 0.92 849.23 811.0 38.2
1.06 55.67 23.66 5.449 485 630 31 102 240 35 65 68 81.7 556 17 58.3 11.4 2.63 8.9 1.5 9.2 1.8 5.5 0.85 5.8 0.9 761.48 724.4 37.1
2.58 51.51 21.13 4.519 405 500 49 97 240 47 62 61 94.8 353 21.5 77 14.9 3.58 12.2 1.9 10.9 2.1 6 0.92 6.1 0.87 605.77 561.2 44.6
2.82 38.71 12.27 2.49 232 350 17 61 170 54 43 43 73.5 210 19.8 74.2 15.7 3.87 13.4 2.1 12.1 2.3 6.7 0.98 6.5 0.97 442.12 393.2 48.9
3.42 44.69 15.75 2.787 301 420 19 73 200 53 47 53 96.9 351 25.8 92.8 19.7 4.57 15.7 2.3 13.6 2.5 7.2 1.06 7.2 1.09 641.42 586.2 55.2

530
G
.M

ongelli
et

al./O
re

G
eology

R
eview

s
86

(2017)
526–

536



Table 2 (continued)

Sampling site Major oxides Critical raw materials (CRMs)

SiO2 Al2O3 Fe2O3 TiO2 V Cr Co Nb Ni Y Sc Ga La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu RREE LREE HREE
(wt.%) (ppm) (ppm)

4.58 41.29 15.1 2.598 284 370 17 67 180 57 45 45 90.5 225 23.1 84.6 17.2 4.12 14.4 2.2 12.5 2.3 6.6 0.95 6.4 0.95 490.82 440.4 50.4
3.76 40.33 20.65 2.456 331 400 21 68 180 52 55 47 102 273 25.8 96.2 19.3 4.58 16 2.4 13.5 2.5 7 1.05 6.5 0.97 570.8 516.3 54.5
4.46 27.51 11.91 1.81 193 320 12 46 150 70 35 31 97.6 259 25 92.8 19.4 4.8 17.1 2.5 14 2.6 7 1.01 6.2 0.9 549.91 493.8 56.1
4.05 38.86 15.41 2.422 260 360 17 61 180 64 47 44 109 295 29.2 108 22.4 5.24 18.2 2.7 14.4 2.7 7.6 1.09 7.2 1.05 623.78 563.6 60.2
3.61 36.23 20.3 2.387 332 440 20 64 180 63 51 46 117 296 30 111 22.4 5.39 19.1 2.8 15.6 2.9 8.1 1.17 7.3 1.15 639.91 576.4 63.5

C A M P A
N I A

MATESE –
GR subset4

11.21 52.59 14.69 2.40 349 293 38 49 243 48 71 51 308.5 712.6 51.7 155.2 16.9 3.1 14.4 2.0 10.1 2.0 6.2 1.1 7.2 1.1 1292.2 1245.0 47.2
6.86 63.00 9.99 3.05 411 294 19 62 163 57 61 60 67.1 131.6 16.4 62.1 11.4 2.4 10.4 1.9 10.7 2.2 6.8 1.2 8.2 1.3 333.5 288.6 45.0
7.15 62.18 10.84 2.76 428 328 22 54 174 58 76 61 79.9 155.0 18.5 69.1 12.9 2.6 11.2 1.9 11.1 2.3 7.1 1.2 7.8 1.3 381.9 335.3 46.5
7.26 58.63 17.39 2.96 411 440 23 56 174 64 75 56 87.7 154.1 19.8 74.2 13.4 2.9 12.0 2.1 11.9 2.5 7.7 1.3 8.4 1.3 399.2 349.2 50.0
6.52 62.98 11.60 3.31 452 421 22 65 154 62 74 72 66.7 220.7 17.9 67.4 12.8 2.6 11.6 1.9 11.4 2.3 7.1 1.2 7.9 1.2 432.6 385.5 47.1
8.05 50.50 26.01 2.48 363 462 22 49 159 79 110 57 108.7 693.1 32.8 129.1 27.0 5.9 27.1 4.0 20.6 3.8 10.3 1.7 10.9 1.7 1076.5 990.7 85.9
10.96 54.68 14.72 2.67 411 321 40 56 246 52 76 54 354.7 828.1 55.3 151.0 15.7 2.7 14.6 2.0 11.3 2.2 6.6 1.1 7.8 1.2 1454.4 1404.8 49.5
3.82 67.52 10.48 3.38 431 346 18 65 82 55 37 61 45.1 104.8 11.0 42.7 7.9 1.7 7.9 1.5 9.4 2.1 6.1 1.1 7.0 1.1 249.3 211.5 37.8
3.69 62.50 16.93 3.06 397 398 19 60 93 52 38 60 52.1 115.1 13.5 51.3 10.4 2.2 9.4 1.7 9.8 2.1 6.3 1.1 7.3 1.1 283.3 242.3 41.0
4.37 64.34 14.34 3.06 397 352 27 62 103 50 35 59 45.3 90.6 11.0 46.0 8.5 1.8 8.2 1.5 9.3 1.9 5.9 1.0 6.6 1.0 238.7 201.3 37.3
1.54 46.03 38.95 2.50 513 342 33 48 126 59 85 50 107.2 232.4 24.6 89.0 16.6 3.5 13.7 2.3 12.9 2.4 6.9 1.2 7.5 1.1 521.3 469.7 51.6
1.66 48.57 35.39 2.55 499 282 32 49 132 61 75 50 106.0 278.3 24.1 92.4 16.9 3.6 14.6 2.4 13.0 2.6 7.9 1.3 7.9 1.2 572.2 517.7 54.5

CASERTA –
CS subset5

9.13 36.75 37.97 2.01 411 732 33 36 143 52 36 49 102.0 231.4 27.2 101.8 17.7 3.6 14.5 2.1 10.8 1.9 5.3 0.8 5.4 0.8 525.3 480.1 45.2
10.01 15.52 7.23 0.71 527 164 137 15 1072 54 27 15 87.2 110.1 21.8 92.9 17.7 4.2 19.5 2.9 15.0 2.7 6.9 0.9 4.6 0.7 387.1 329.7 57.4
7.70 39.32 13.14 1.91 256 411 349 35 950 80 51 41 206.3 218.5 43.5 177.4 31.6 6.7 30.3 3.9 18.4 3.3 9.1 1.2 7.2 1.2 758.7 677.3 81.4
5.12 51.09 28.72 2.50 452 244 37 44 225 76 68 52 114.0 230.9 28.4 106.7 19.8 4.2 17.3 2.9 16.4 3.3 9.7 1.4 9.1 1.4 565.5 499.8 65.8
2.24 48.78 33.17 2.44 452 288 41 47 158 73 73 55 129.3 325.4 31.5 117.2 21.0 4.4 17.5 2.8 15.3 3.1 9.1 1.3 8.6 1.3 687.6 624.3 63.3
3.34 53.22 24.70 2.62 513 406 119 48 253 68 51 60 135.2 392.8 39.1 149.7 27.9 5.6 21.8 2.9 13.7 2.5 7.3 1.1 7.4 1.2 808.0 744.7 63.3
3.64 42.55 40.84 2.20 636 465 51 40 416 67 83 50 146.7 320.5 33.3 126.4 22.6 4.7 18.9 2.9 15.9 3.0 9.1 1.4 8.8 1.4 715.7 649.5 66.2
4.49 50.04 29.99 2.44 499 341 46 45 354 109 69 56 125.9 233.8 29.6 109.5 20.8 4.6 21.2 3.3 19.0 3.8 10.9 1.5 9.8 1.5 595.1 519.6 75.5
3.53 51.44 30.27 2.54 472 316 41 45 276 72 67 56 125.4 390.9 34.3 125.4 23.6 4.8 18.5 2.8 16.2 2.9 8.5 1.3 8.9 1.3 764.8 699.7 65.1
4.06 55.74 24.28 2.62 479 285 40 48 201 82 55 59 134.7 280.0 31.5 111.6 21.1 4.5 18.2 2.7 15.0 2.9 8.5 1.4 8.9 1.3 642.4 579.0 63.4
3.21 52.37 25.08 2.50 547 264 40 43 188 74 58 56 116.7 251.3 27.9 102.5 19.2 4.1 17.0 2.6 14.6 2.9 8.3 1.3 8.5 1.2 577.9 517.5 60.4
3.13 56.17 24.87 2.65 547 246 35 47 189 75 58 60 125.2 270.9 29.2 106.9 18.9 4.0 16.2 2.5 14.7 2.9 8.5 1.4 9.0 1.3 611.6 551.1 60.5
3.58 54.65 25.47 2.53 411 229 35 45 188 73 56 59 113.9 242.0 26.5 97.6 18.0 3.9 15.4 2.4 13.6 2.7 8.1 1.3 8.2 1.2 554.7 498.0 56.7
5.34 53.79 24.98 2.56 411 234 40 45 206 73 60 58 124.8 273.0 28.2 100.1 18.6 3.9 16.1 2.4 14.1 2.7 7.9 1.3 8.5 1.3 602.8 544.7 58.1

A B R U Z
Z I

ORSELLO –
AB subset3

5.88 50.98 27.55 2.55 319 547 28 45 181 74 60 60 139.3 224.4 27.2 101.0 17.5 3.7 15.7 2.4 14.1 2.8 8.3 1.3 8.4 1.3 567.2 509.3 57.9
7.52 52.54 23.17 2.82 254 438 29 51 209 74 59 62 103.6 299.2 20.7 79.4 15.0 3.2 13.9 2.2 13.4 2.8 8.0 1.3 8.2 1.3 572.2 517.9 54.3
4.54 54.72 24.96 2.81 332 493 32 50 196 73 61 61 127.6 321.4 32.3 121.3 23.1 4.8 17.6 2.8 15.8 3.0 8.9 1.4 9.3 1.4 690.6 625.7 64.8
7.55 53.38 22.82 2.68 281 547 36 46 212 62 58 59 78.8 207.6 18.3 66.1 14.0 3.0 11.9 2.1 13.0 2.6 8.0 1.3 8.8 1.4 436.9 384.9 52.0
9.42 55.91 17.63 2.79 256 520 41 48 284 55 53 61 66.8 134.5 14.8 54.4 11.0 2.5 9.6 1.8 11.7 2.4 7.7 1.2 8.2 1.3 327.9 281.5 46.4
8.28 52.44 23.13 2.66 287 458 45 47 271 61 60 60 106.7 313.8 27.2 93.0 18.1 3.6 12.9 2.3 13.3 2.7 7.8 1.3 8.6 1.4 612.7 558.8 53.9

S A R D I
N I A

NURRA –
SN subset6

27.28 38.69 16.68 2.18 637 474 66 50 215 104 64 45 209.0 380.0 nd 131.0 24.8 5.4 nd nd nd nd nd 3.0 10.2 1.5 764.9 744.8 20.1
11.01 52.15 18.82 2.74 877 638 75 66 226 143 81 64 292.0 585.0 nd 222.0 44.9 9.8 nd nd nd nd nd 4.9 15.1 2.3 1176.0 1143.9 32.1
2.13 64.01 15.53 3.43 822 729 54 68 184 123 73 71 644.0 1470.0 nd 604.0 117.0 25.5 nd nd nd nd nd 9.2 15.8 2.3 2887.8 2835.0 52.8
nd 68.81 12.34 3.65 854 848 47 69 150 103 69 80 148.0 388.0 nd 175.0 40.1 8.9 nd nd nd nd nd 4.0 13.9 2.1 780.0 751.1 28.9
6.70 68.86 5.41 3.38 693 776 21 63 108 66 50 77 26.4 82.0 nd 26.0 7.8 2.2 nd nd nd nd nd 1.5 10.7 1.6 158.2 142.2 16.0
nd 75.73 4.94 3.88 750 847 17 80 101 83 46 88 27.9 60.0 nd 23.0 6.9 2.1 nd nd nd nd nd 1.5 12.3 1.9 135.6 117.8 17.8
31.38 46.24 2.91 3.62 518 715 18 74 277 64 57 47 15.0 30.0 nd 11.0 4.3 1.4 nd nd nd nd nd 1.3 8.4 1.3 72.7 60.3 12.4
43.58 36.43 1.45 2.62 188 256 6 60 187 55 31 27 63.0 98.0 nd 27.0 4.9 1.3 nd nd nd nd nd 1.1 6.2 1.0 202.5 192.9 9.6
42.06 21.89 7.14 1.08 141 124 26 31 61 38 16 30 43.7 68.0 nd 31.0 6.6 1.6 nd nd nd nd nd 1.1 3.4 0.5 155.9 149.3 6.6
38.97 25.48 15.72 1.22 216 177 74 32 119 91 26 32 133.0 182.0 nd 102.0 19.5 4.2 nd nd nd nd nd 1.9 6.3 1.0 449.9 436.5 13.4
37.95 40.06 1.66 2.41 222 381 3 54 63 45 35 31 36.2 75.0 nd 26.0 4.2 1.1 nd nd nd nd nd 0.5 4.6 0.7 148.3 141.4 6.9
19.42 49.39 13.92 2.95 499 543 37 66 103 75 49 60 34.3 89.0 nd 28.0 7.0 1.9 nd nd nd nd nd 1.7 8.4 1.3 171.6 158.3 13.3
23.92 54.53 2.98 3.34 340 498 7 72 86 60 37 68 23.3 61.0 nd 17.0 4.2 1.2 nd nd nd nd nd 1.0 7.0 1.1 115.8 105.5 10.3
26.63 52.70 1.48 3.70 331 358 3 77 133 57 27 56 10.6 24.0 nd 9.0 2.7 1.1 nd nd nd nd nd 1.0 6.5 1.0 55.9 46.3 9.6

(continued on next page)
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those of either total REEs (median = 446, min = 56, max = 2888,
std = 343) and LREE (median = 408, min = 46, max = 2835,
std = 336) whereas the HREE show minor dispersion (median = 46,
min = 6, max = 86, std = 16.6).

4.4. Multivariate statistics

An R-mode factor analysis was performed on the outliers-free
database (n = 73) to evaluate interelemental relationships among
major oxides and critical metals. Factors were extracted after Vari-
max rotation using the STATGRAPHICS Centurion XVI.I package.
This operation was accomplished using a standardised correlation
matrix, thereby weighting all the variables equally during factor
calculations and using the classical method that replaces the diag-
onal elements with estimated communalities. The communalities
provide an index of the efficiency of the proposed set of factors
(Davis, 1986), and the magnitude of the communalities calculated
in this study suggests that most of the original variance is still
accounted for by the present set of factors.

Four factors explain 92.6% of the total variance in the geochem-
ical database (Table 3). The first factor (F1; Var.% = 37.8) includes
significant and positive weightings for TiO2, Ni, and Nb and a neg-
ative weighting for Y. Ti and Nb share very similar geochemical
behaviour and are largely insoluble under intense weathering con-
ditions. These elements usually covary in karst bauxites as their
distribution is mostly controlled by dry climate conditions promot-
ing accumulation (Mongelli et al., 2016). The Ni2+ solubility in the
metal–O–H system under mildly alkaline to acidic conditions
throughout the whole Eh range keeps the ion available for adsorp-
tion onto secondary minerals and the anatase heavy metals sorp-
tion capability is well established (e.g. Guixia et al., 2011 and
references therein). This suggests that anatase, which is the most
abundant and ubiquitous Ti-phase in all the considered bauxite
subsets, can control most of the Ni deriving from the dissolution
of primary minerals. Yttrium is generally retained to behave as
the heavy REE, although the Y-Ho fractionation during the scav-
enging exerted by oxi-hydroxides in soil has been documented
(Bau, 1999; Kawabe et al., 1999). The Y negative loading in F1
may thus indicate that the dissolved pool of the element is not
hosted in Ti-rich phases and do not follow the REEs fate during
bauxitization.

The second factor (F2) explains 23.1% of the total variance
within the dataset, and has significant and positive weightings
for V, Sc, and REEs, but significant and negative weighting for Cr.
REEs in these karst bauxites may concentrate both in detrital zir-
con, monazite and xenotime crystals, and in secondary fluorocar-
bonates and phosphates (Mameli et al., 2007; Boni et al., 2013;
Mongelli et al., 2014). Secondary REE-rich minerals, which are
decidedly less abundant than the detrital REE-rich ones, usually
host LREE and especially cerium and, as a response of particular
events, are observed in just few outlier samples (e.g. Mongelli
et al., 2014) not included in the multivariate statistic database. Sc
is commonly associated to the REEs because of its chemical simi-
larity and tendency to concentrate in the same deposits (e.g.
Hedrick and Templeton, 1990). Thus, its covariance with the REEs
is not surprising although trivalent scandium commonly co-
occurs with Fe3+ (Brookins, 1988) suggesting that most of the Sc
is hosted in detrital iron-rich minerals like titanomagnetite. Simi-
larly to scandium, also vanadium minerals are generally rare
because the typical V3+ oxidation state in the crust makes it geo-
chemically very similar to Fe3+ suggesting most of the vanadium
content in these karst bauxites is controlled by ubiquitous and
detrital iron-rich minerals. As for chromium insoluble trivalent
chromium is easily released into aqueous solution as Cr6+ in the
supracrustal environment (e.g. Margiotta et al., 2012 and refer-
ences therein). F2 therefore represents differences in behaviour



Fig. 2. Binary diagrams showing the relationships among the major oxides for each bauxite deposit. See the text for further details.
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Fig. 3. Box and whisker plots for selected major and trace elements of all analyzed
samples. The horizontal bar in the box refers to the median value; the ends of the
whiskers are the maximum and minimum values of variables; the top and bottom
of the boxes are the values of first and third quartiles; circles represent the outlier
values of the dataset.

Table 3
Results of the R-mode factor analysis after Varimax rotation.

F1 F2 F3 F4

SiO2

Al2O3 0.90
Fe2O3 0.78
TiO2 0.80
V 0.60
Cr �0.71
Co 0.64
Nb 0.94
Ni 0.82
Y �0.72
Sc 0.77
Ga 0.74
RREE 0.61
Var% 37.8 23.1 17.2 14.5

Note: Numbers are weights of the variables in the extracted factors. Variables
having weight less than 0.60 are omitted.
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between trivalent largely insoluble metal cations such as REEs, Sc
and V, hosted in detrital minerals, and chromium in surface
environments.

The third factor (F3) explains 17.2% of the total variance within
the dataset and has significant and positive weightings for Al2O3

and Ga. It is well known that gallium behaves the same way as alu-
minium and that bauxite can concentrate large amounts of the ele-
ment (Schulte and Foley, 2013). Thus F3 represents the factor
promoting the Al2O3 accumulation in karst bauxites, and also that
of Ga one, which both occur during dry climatic conditions (e.g.
Mongelli et al., 2014 and references therein).
The fourth factor (F4) includes significant and positive weights
for Fe2O3 and Co. During bauxitization iron oxi-hydroxides forms
under wetter climate whereas, during intense weathering, the
Co2+ solubility in the metal–O–H system under mildly alkaline to
acidic conditions throughout the whole Eh range is well estab-
lished (Gaillardet et al., 2003). Consequently, Co is available for
adsorption onto secondary minerals (e.g. Smith, 1999). Thus, the
Fe2O3-Co covariance observed in F4 represents the capability of
iron oxi-hydroxide to control Co through adsorption mechanism.
4.5. The significance of the outliers

As previously stated, outliers may reveal specific mineralisation
events. Among the critical metals Co, and at a lesser extent Ni, are
those showing the highest number of outliers, usually ranging well
above the maximum value (Fig. 3, Table 2). In the nine Co-outliers
samples, usually ranging above the maximum value, a correlation
having a certain degree of significance with Ni (r = 0.64, p < 0.1)
is observed. Co and Ni are considered a geochemical pair and, in
some cases, may concentrate in weathering products forming
under tropical climatic conditions (Berger et al., 2011). Bárdossy
(1982), for instance, reported in karst bauxites the occurrence of
bravoite from which Ni and Co migrated outward, toward the oxi-
dized zone of the pristine mineral. Thus, in the Co-outliers the
metal may be hosted in Ni-rich phases, likely concentrating in
the pool of minerals occurring in the lateritic profile (Herrington
et al., 2016).

Also the LREE distribution is characterized by the occurrence of
several outliers clearly evidencing the Ce dispersion. Among the
LREE association in karst bauxite, Ce fractionation is commonly
observed (e.g. Mongelli et al., 2014). Due to its low ionisation
potential, Ce behaves differently from the other REEs; therefore,
highly variable positive cerium anomalies can be observed in karst
bauxite deposits (McLennan, 1989) as a consequence of its peculiar
redox chemistry. The Ce-outliers are distributed in several subsets
(BS, SGR, GR and SN), where authigenic carbonate-fluoride and
phosphate Ce-rich minerals have been detected (Mameli et al.,
2007; Boni et al., 2013; Mongelli et al., 2014). Consequently, the
LREE outliers are indicative of the processes promoting cerium
accumulation in specific bauxite levels, and for this reason can be
profitably used during the exploration stage.

It is interesting to observe that HREE have no outliers whereas
yttrium, which is usually associated with the heavy rare earth ele-
ments, shows instead some outliers. The samples where these out-
liers are recorded can be observed in the SN subset. This suggests
that yttrium can be affected by low temperature hydrothermal



Fig. 4. Schematic representation of results of multivariate R-mode factor analysis and significance of outliers of Tethyan karst bauxites from Italy.
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events, like those interfering with the bauxites of the Nurra district
in Sardinia (Mameli et al., 2007).
5. Conclusions

In the karst bauxites of southern Italy and Sardinia Al-minerals
mostly form at the expense of kaolinite after silica leaching under
tropical climate promoting also TiO2 accumulation whereas
extreme wet climate favour the formation of iron phases. Re-
silification processes, due to Tertiary hydrothermal events, can
occasionally occur, like those affecting the Sardinian bauxite. Re-
silification events in the Sardinian bauxite are clearly associated
to the silica outliers thus demonstrating the effectiveness of uni-
variate statistics in unroofing specific mineralisation events. Uni-
variate statistics also indicate that some critical metals,
especially Co, Ni, and LREE, have a significant number of outliers.
The Co-Ni relationship associated to the outliers suggests that Co
is likely hosted in Ni-rich phases whereas Ce accumulation in
authigenic minerals, carbonate-fluoride and phosphate, is at the
origin of LREE outliers (Fig. 4).

Multivariate R-mode statistics applied to the outliers-devoid
database shows that most of the associated variance is explained
by factors represented by simple element associations having pos-
itive loadings such as TiO2-Nb, REEs-Sc-V, Al2O3-Ga, and Fe2O3-Co.
This suggests that in absence of specific mineralization events, Al-,
Fe-, and Ti-oxi-hydroxides plus detrital phases exert the main con-
trol on the distribution of most critical metals (Fig. 4). The fate of
the critical metal Cr appears to be different from those of other
critical trivalent and largely insoluble metals, being affected by a
redox chemistry promoting its mobility as Cr6+.

It has been observed that Y, whose behaviour usually mirrors
that of the HREE, in the considered bauxites does not follow this
behaviour in the outliers-devoid database, and has different out-
liers from those observed for the HREE. This behaviour may sug-
gest that, during bauxitization, Y may suffer a decoupling from
the REEs pool (Fig. 4).
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