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ABSTRACT

The Mount Vulture basin is one of the most important aquifers for drinking water and irrigation
supply in southern Italy. The volcanic aquifer mainly consists of pyroclastic and subordinate
lava flow layers. Aim of this study is to investigate for the first time the REEs’ geochemical
behaviour in the Mount Vulture groundwater assessing concentrations and fractionation
patterns and performing speciation calculation, in order to verify whether REEs’ geochemistry
records the geochemical processes occurring in this aquatic system. The study will also discuss
the flow system of the groundwater’s basin and possible controls on the REEs’ distribution
along the studied groundwater flow paths in the Mt Vulture.

The water samples were collected from springs and drilled wells during a field trip in the dry
season to record the highest concentration of dissolved elements. A cluster analysis highlights
the existence of two main subsets: a high EC (HEC, average EC = 2,495 us/cm) subset with
lower pH (average = 6.12), Eh (average = 421 mV), and DO (average = 2.48 umol/kg), and
higher T (average = 18.7 °C) values; and a low EC (LEC, average EC = 382 ps/cm)
characterised by higher pH (average = 6.50), Eh (average = 543 mV), and DO (average = 7.31
umol/kg), and lower T values (average = 15.4 °C). In the HEC subset, the Na*and HCOs are
significantly higher (Na* average = 410.7 mg/l, HCO3 average = 1176.6 mg/l) than in the LEC
subset (Na" average = 31.7 mg/l, HCOg3™ average = 198.6 mg/l). That suggests that the HEC and
LEC waters correspond roughly to the waters from the discharge zone and recharge zone,

respectively.

Overall, the groundwater exhibited REE concentrations well below 1000 ng/l, and the average
content measured in the discharge water is approximately three times higher than that of the
recharge water. In the recharge water, the shale normalised patterns are characterised by a more
negative average Ce anomaly (logCe*paas = —0.56), a more positive average Eu anomaly
(logEu*paas = 0.75), and a larger average (La/Yb)paas (log(La/Yb)paas =—0.12).

The observed relationship between Ce anomalies (Ce*) and dissolved oxygen (DO) supports
the idea that Ce oxidative scavenging, probably involving Fe/Mn oxyhydroxides, has a role in
determining the size and shape of the Ce”. Further, the less negative average size of the Ce* in
the discharge zone also suggests desorption of Ce as Ce®", according to previous findings on
the content of dissolved Fe and Mn. The desorption is related to changes in redox conditions,

according to the lower Eh and DO average values observed in the discharge zone compared to



the recharge zone. The lack of a significant correlation between Eh and Ce anomalies indicates
that, in addition to the aqueous chemistry, the source composition affects Ce*.

Although a significant correlation is observed between Eu anomalies (Eu*) and Eh and DO, the
strongly reducing condition promoting Eu** and Eu®* is never attained in the Mt. Vulture
aquifer. The largest Eu* are associated with the recharge zone where the average Eh and DO
values are higher. The volcanics occurring in the Mt. Vulture lithologies are characterised by
PAAS-normalised patterns with positive Eu anomalies due to the presence of feldspars. This
constraint indicates that, in the recharge zone, the size and shape of the Eu* of groundwater are
largely due to the dissolution of feldspars. In the discharge zone, most samples are in
equilibrium in terms of smectite content, and Eu?* adsorption onto the clay phase surface or its
inclusion in the mineral structure as an exchangeable cation, due to vicariance with Ca?* and

Sr2*, could explain the smaller average size of the Eu anomaly.

Further, the occurrence of secondary minerals preferentially scavenging LREE also explains
the difference in the LREE/HREE fractionation, indicated by the (La/Yb)raas index and
observed between the recharge and discharge zones.

Finally, speciation calculations reveal that dissolved REEs consist mainly of carbonato
complexes (LnCOs"), whereas the percentage of the dicarbonato complexes (Ln(COs3).)
increases in samples with circa-neutral pH. At acidic pH, the Ln®" species are important, and,
in the samples from discharge zone affected by a large amount of dissolved sulphate derived

by feldspathoids dissolution, the percentage of LnSO4* species is not negligible.

Overall the REEs’ distribution in the Mt. Vulture aquifer is originated by several mechanisms,
including weathering reactions involving volcanic rocks, the occurrence of secondary minerals,
and pH and redox control. Therefore, the REEs’ geochemistry is a powerful tool in assessing

the geochemical processes affecting the groundwater environment.



INTRODUCTION

Drinking water is a natural resource of increasing importance due to an intensifying demand.
Therefore, its major and trace elements content, as well as the environment influence on its
composition, are of special interest (Gob et al., 2013). The chemical composition of natural
water is determined by the interaction with rocks at depth (Frape et al., 2003; Bucher and Stober,
2010) or soil (Aubert et al., 2002) and by anthropogenic impacts (Kulaksiz and Bau, 2013). For
the protection and safe use of groundwater, it is important to recognize water origin, circulation

patterns and environmental influence.

In this scenario, Rare earth elements (REESs) distribution in groundwater has gained growing
attention due to the capability of this group, also consequently to the improvement of analysis
accuracy (e.g. Willis and Johannesson, 2011; Yuan et al., 2014), to elucidate water-rock
interaction (Dia et al., 2000; Leybourne et al., 2000; Hannigan and Sholkovitz, 2001; Worrall
et al., 2001; Biddau et al., 2002; Munemoto et al., 2015). In addition, the REEs distribution in
groundwater provides important information about physico-chemical conditions of the aqueous
system (Janssen and Verweij, 2003; Otsuda and Terakado, 2003; Gruau et al., 2004,
Johannesson et al., 2004; Tang and Johannesson, 2003, 2006; Choi et al., 2009; Johannesson et
al., 2005, 2011; Marsac et al., 2011; Stolpe et al., 2013; Davranche et al., 2015), and
groundwater flow paths and mixing (Johannesson et al., 1997, 1999; Ojiambo et al., 2003;
Tweed et al., 2006; Guo et al., 2010; Siebert et al., 2012).

REEs’ content in aqueous systems strongly depends on the degree of rock weathering (Moller,
2002). However, after REEs’ dissolution from the aquifer rocks, REEs’ removal from solution
by sorption and coprecipitation can occur. Therefore, in groundwater REEs’ concentrations and
fractionations patterns (e.g. Noack et al., 2014 and reference therein) are capable to add valuable
constraints on the evolutions experienced by the aquatic system during the flow in the aquifer
rock(s). In this respect, besides sorption mechanism (Liu et al., 2017, 2018, and reference
therein), the redox conditions, which may strongly affect the occurrence and the size of both
the Ce and Eu anomalies in groundwater (Smedley, 1991; Leybourne et al., 2000; Duncan and
Shaw, 2003; Gruau et al., 2004; Pourret et al., 2010; Guo et al., 2010; Yuan et al., 2014), as
well as, complexation processes (e.g. Johannesson et al., 1999; Dia et al., 2000; Willis and
Johannesson, 2011; Munemoto et al., 2015; Liu et al., 2016) can result in extensive fractionation
between the dissolved REE composition of groundwaters and that of the parent rocks during

the flow path.



It has to stress that, within this general scenario, there are relatively few studies on the
concentration and distribution patterns of REEs in CO2-rich groundwater (Négrel et al., 2000;
Moller et al. 2004, Choi et al., 2009).

In southern Italy, the Mt. Vulture hydro-mineral basin represents one of the most important
aquifer systems, pumped for drinking and irrigation supply. The aquifer core is mainly
composed of pyroclastic and subordinate lava flow layers of different permeability, which give
rise to distinct aquifer layers. The principal hydrogeological complexes are therefore volcanic
products, with high-medium permeability values. The structural hydraulic parameters and
anisotropy features of the aquifer are the major factors that control groundwater flow pathways
(Parisi et al., 2011a; Paternoster et al., 2016). The tectonic discontinuities act as deep
preferential groundwater flow and promote the mineralization processes of groundwater
(Paternoster et al., 2010).

The input of CO2-rich volcanic gases strongly influences the groundwater chemistry in the Mt.

Vulture area, which is heterogeneous between different sectors.

In the Mt. Vulture basin, they have recognized two different water types so far: a bicarbonate
alkaline-earth and alkaline type and sulfate-bicarbonate alkaline type (Paternoster, 2019 and
reference therein). The differences in composition suggest to be related to the complex
geological and hydrogeological contexts of the system, involving water interaction with
different aquifer rocks (Parisi et al., 2011b).

The following study aims to investigate for the first time the REEs’ geochemical behaviour in
the Mount Vulture groundwater assessing concentrations and fractionation patterns and
performing speciation calculation, in order to verify whether REEs’ geochemistry records the
geochemical processes occurring in this aquatic system. The study will also discuss the flow
system of the groundwater’s basin and possible controls on the REEs’ distribution along the

studied groundwater flow paths in the Mt Vulture.



CHAPTER 1
RARE EARTH ELEMENTS (REEsS)

1.1 Rare Earth Elements (REES)

The Rare Earth Element (hereafter REES) are 15 elements (Tab.1) that range in atomic number
from 57 (lanthanum) to 71 (lutetium); they are commonly referred to as the “lanthanides”. The
REE promethium (atomic number 61) is not included in discussion of REE because the element
is extremely rare and unstable in nature. In addition, Yttrium (atomic number 39) is commonly
regarded as an REE because it shares chemical and physical similarities and has affinities with
the lanthanides (Van Gosen et al., 2017).

So REE are (ordered by their atomic number): 57 — Lanthanum (La); 58 — Cerium (Ce); 59 —
Praseodymium (Pr); 60 — Neodymium (Nd); 61 — Promethium (Pm); 62 — Samarium (Sm); 63
— Europium (Eu); 64 — Gadolinium (Gd); 65 — Terbium (Tb); 66 — Dysprosium (Dy); 67 —
Holmium (Ho); 68 — Erbium (Er); 69 — Thulium (Tm); 70 — Ytterbium (Yb); 71 — Lutetium
(Lu). Traditionally, they divide into three groups: Light Rare Earth Elements (LREE), from
lanthanum to promethium; Medium Rare Earth Elements (MREE), from samarium to holmium;
and Heavy Rare Earth Elements (HREE), from erbium to lutetium.

Table 1 — lanthanide (REE) symbols, atomic weight, and ionic radius for coordination number 6 (Shannon, 1976).

ATOMIC IONIC
SYMBOL NUMBER RADIUS

(g mol) A)
Lanthanum La 138.9 1.03
Cerium Ce 140.1 1.01
Praseodymium Pr 140.9 0.99
Neodymium Nd 144.2 0.98
Promethium Pr
Samarium Sm 150.4 0.96
Europium Eu 152 0.95
Gadolinium Gd 157.2 0.94
Terbium Tb 158.9 0.92
Dysprosium Dy 162.5 0.91
Holmium Ho 164.9 0.9
Erbium Er 167.3 0.89
Thulium Tm 168.9 0.88
Ytterbium Yb 173 0.87
Lutetium Lu 175 0.86




Most of the REESs are not as rare as the group’s name suggests. We name them “rare earth”
elements because during the 18" and 19" centuries, most of them were identified as “earths”,
and, in comparison with other “earths”, such as lime or magnesia, they were relatively rare (Van
Gosen et al., 2017). Cerium is the most abundant REE, and it is actually more common in

Earth’s crust than is copper or lead (Lide, 2004).

All the REEs except promethium are more abundant than silver, gold or platinum in Earth’s
crust, on average (Lide, 2004). Thus, REEs are not rare in terms of average crustal abundance

but concentrated and economic deposits of REES are unusual (Adams and Staatz, 1973).
1.1.1 REEs geochemistry

All REEs are cations and electropositive and are commonly found together in Earth’s crust
because they share a trivalent charge (REEs®*) and similar ionic radii. Exceptions to the trivalent
charge are cerium, which may occur in a Ce** valence state and europium which can exist as
Eu?* (Van Gosen et al., 2017). Moreover, the lanthanides (lanthanum to lutetium) have a unique
property referred to as “Lanthanide contraction” (a term coined by Norwegian geochemist
Victor Goldschmidt). With each increase in the atomic number across the lanthanides group,
we add an electron to an inner incomplete subshell (4f) rather than an outer level. This property
of selectively filling inner levels results in a progressive decrease in the ionic radius of the

trivalent lanthanides ions from La3* to Lu®* (Fig.1).

The lanthanide contraction has two significant consequences: (1) it affects the fractionations of
the REEs to a high degree, which allows for their individual separation in geological
environments and in ore processing, and (2) it leads the REEs unusual and useful chemical and
physical properties, such as unique magnetic and (or) optical properties (Van Gosen et al.,
2017).

10
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Figure 1 — example of lanthanidic contraction.

In addition to the lanthanide contraction, REE abundances reflect the Oddo-Harkins rule
(Fig.2): REE with even atomic numbers have greater cosmic and terrestrial abundances then
adjacent REE with odd atomic numbers. Therefore, LREES are more strongly concentrated in
the continental crust than the HREEs (Fig.3).
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Figure 2 — example of Hoddo — Harkins effect.
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Figure 3 — rare earth elements abundances in the Earth’s crust (USGS).

In magmatic systems, the high-charge of the REEs cations hinders the aptitude of these
elements to achieve charge balance and fit into the structure of the common rock-forming
minerals, which have coordination sites best suited for valence state of 2 or 1. As a result, when
common silicate minerals (such as amphiboles, feldspars, and olivine) crystallize, most of the
REEs tend to remain in the coexisting melt. In contrast, europium often depletes in magmas
because it is incorporated into feldspar owing to its Eu?* valence state. Successive generations
of this process referred to as crystal fractionations, increase the concentrations of REES in the
remaining melt until individual REE-mineral-rich phases crystallize (Van Gosen et al., 2017).
Other factors such as temperature, pressure, fluid composition, magmatic convection, and
variation in mineral settling velocities can affect the partitioning of the REESs between a mineral
and the coexisting magma in addition to valence state (Henderson, 1984; McKay, 1989;
Kogarko et al., 2006).

In most rock-forming processes the REE are dispersed as minor or trace constituents of phases
in which they are not essential components. Nevertheless, all minerals could be divided into

three main groups according to their total REE content:

1) Minerals usually with very low REE concentrations. These include many of the
common rock-forming minerals.

2) Minerals containing minor amounts of REE, but not as essential constituents. Around
200 minerals contain more than 0.01 wt.% of the REE (Herrmann, 1970).

12



3) Minerals with major and usually essential contents of the REE. Over 70 minerals fall
in this category and include all the REE species together with a few minerals, which
are lanthanide-rich equivalents of low-REE minerals, such as allanite and yttrofluorite

(REE varieties of epidote and fluorite, respectively).

Igneous rocks can contain several hundred parts per million of the lanthanides, distributed
across both the major and accessory minerals (Henderson, 2013). Many of the REEs world
deposits are associated with carbonatites, which are igneous rocks derived from carbonate-rich
magmas rather than silica-rich magmas. This type of rocks has the highest REE concentrations
of any igneous rocks (Chakhmouradian and Zaitsev, 2012). In addition to carbonatites, the
REESs have a strong genetic association with alkaline igneous processes, particularly peralkaline
magmatism. Alkaline igneous rocks crystallize from silicate magmas and fluids enriched in
alkali elements and precipitate sodium- and potassium-bearing minerals, such as sodium- or
potassium-rich amphiboles and pyroxenes. Typically, alkaline igneous rocks are undersaturated
in silica so they could contain a little of quartz or none. Peralkaline igneous rocks are associated

with enrichments in REEs, typically more than most other igneous rocks.

In sedimentary rocks, such as carbonates and sandstones, clay minerals are usually present in
abundance. The latter have much higher REE concentrations than carbonate minerals or quartz
and may therefore contain the bulk of the REE in the rock as whole. The phyllosilicate minerals
(the clay and mica groups) do not concentrate the REE in igneous rocks, but acquire them
through surface adsorption as clays developed during weathering (Roaldset, 1975). Clay
minerals, as products of weathering of igneous minerals, tend to inherit and average the REE

distributions of their sources.

1.2 .1 Aqueous geochemistry of Rare Earth Elements

In aquatic systems, due to their slight solubility, REE concentrations are low, if we compare
them to REE concentrations in rocks. We ascribe the REE abundance in groundwater to the
interaction- along flow paths- with REE-bearing minerals, and it varies with groundwater
conditions including pH, redox conditions, and dissolved anions (Johannesson et al., 1999;
Smedley, 1991, Inguaggiato et al., 2015; Munemoto et al., 2015; Oliveri et al., 2019). However,
global REE variability in natural groundwater is very complex and dependent on local geology,

water flow paths mixing and chemical condition of groundwater (Noak et al., 2014).
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In the last years, with the development of inductively coupled plasma — mass spectrometry
(ICP-MS), analysis of REEs in aqueous solutions has become routines and consequently the
number of studies that analysed and interpreted REEs behaviour in different groundwater
environments has increased substantially (Willis and Johannesson, 2011; Yuan et al., 2014; Van
Gosen et al., 2017; Liu et al., 2019).

Numerous studies suggest that the solution and interface chemistry are the major controlling
factors of the REE concentration in aquatic systems (Goldstein and Jacobsen, 1988; Elderfield
et al., 1990; Sholkovitz, 1995, Tweed et al., 2006; Devranche et al., 2016). For example,
groundwater REE signatures have been shown to reflect those of host aquifers, and are,
therefore, useful tracers of flow where the mineralogy of different aquifers varies (e.g. Smedley,
1991; Johannesson et al., 1997a, b, 2000; Takahashi et al., 2002; Moller et al., 2003;
Inguaggiato et al, 2015; Oliveri et al., 2019). However, subsequent to REE dissolution from the
aquifer rocks, processes such as REE co-precipitation with secondary minerals (Patino et al.,
2003; Tweed et al., 2006; Inguaggiato et al., 2015; Oliveri et al., 2019), REE adsorption onto
ferromanganese oxides (Leybourne et al., 2008), and ferromanganese precipitation (Ohta and
Kawabe, 2001) sequestrate, largely, the aqueous REE from bulk solution. Bau (1999) showed
that the scavenged REE increased from approximately 10% at pH < 4.6 to more than 90% at

pH > 6 in the presence of dissolved Fe oxyhydroxide.

The decrease in ionic radius with atomic number (La®* = 1.03 A Lu = 0.861 A) can result in
preferential sorption of LREEs while HREEs remain in solution (e.g. Byrne and Kim, 1990;
Smedley, 1991; Johannesson et al., 2000; Biddau et al., 2002). In addition, the formation of
complexes influences the stability of REEs in solution. REE can form strong complexes with a
number of different ligands like carbonate complexes (Johannesson et al., 1997a, 1999 and
2000; Inguaggiato et al., 2015), sulphate ion complexes (Johannesson et al., 1996; Inguaggiato
et al., 2015, 2017; Oliveri et al., 2019), and phosphate ion complexes (Lee and Byrne, 1992).
Water is a strong ligand for trivalent (REE®*) and therefore forms a hydration shell around the
REE®" ions. The number of water molecules that a REE®* can bind varies between 8 and 9,
depending on the element and species considered (Ohta et al., 2008). In aqueous environments,
water molecules displace only if ligands with a small ionic radius are present at a high oxidation
state and with high electronegativity. In general, REE3* ions prefer donor atoms in the following
order of affinity: O > N > S. The resulting chemical species tend to form mainly ionic bonds
with REE within their unoccupied lower high-energy orbitals (Weber 2008). Furthermore, the

solution complexation and partition coefficients, describing the sorption of REE on amorphous
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ferric hydroxide, are influenced by dissolved carbonate ion (COs%) (Kawabe et al., 1999; Ohta
and Kawabe, 2000; Quinn et al., 2006). The enhanced REE solution complexation by carbonate
ions was reported to be a mechanism of the Fe distribution coefficient decrease (Quinn et al.,
2006). REE showed greater affinity for Mn oxides as compared to Fe oxides (Liu et al., 2018).
However, complexation with both of these oxides could be a bet sink of aqueous REE (German
and Elderfield, 1990). The REE sorptive behaviour showed a preferential uptake by Mn oxides
of LREE relative to HREE that resulted in a LREE enrichment in the solid phase
(Koeppenkastrop and De Carlo, 1992).

1.2.1.1 Normalized REE patterns

Usually, for the sake of convenience, the REE distribution in water and in natural materials is
reported as normalized REE patterns. Two geological reservoirs are used for the normalization,
the shales and upper continental crust. Therefore, the REE abundance is normalized to the Post-
Archean Australian Shale, PAAS (McLennan, 1989), North American shale composite, NASC
(Gromet et al., 1984), or upper continental crust, UCC (Taylor and McLennan, 1985).

A normalized REE pattern allows for the recognition of an anomalous concentration for an
individual REE as a positive or negative anomaly in an otherwise smooth pattern. This kind of

anomaly can occur in response to the redox behaviour of Ce and Eu quantified via Ce and Eu

anomalies such as Ce*= Ce(N)/y/La(N) x Pr(N) and Eu* = Eu(N)/y/Sm(N) x Gd(N) with
N equal to the normalized abundance. Process that convert Ce®* to Ce** include biologically
mediated oxidation (Moffett, 1990, 1994a, b) and abiotic oxidations on the surfaces of Mn
oxides (Koeppenkastrop and De Carlo, 1992; Sholkovitz et al., 1994; Ohta and Kawabe, 2001).
The reductions of Eu generally occurs a high temperatures and pressures, such as in
hydrothermal fluids (e.g., Michard et al., 1983; German et al., 1991; Klinkhammer et al., 1994).

Therefore, the REE pattern results from the combination of several processes able to induce
their fractionation like precipitation/dissolution, sorption onto colloids and particles and
complexation in solution with organic and inorganic ligands. Thus, the REE patterns
correspond to the REE pattern for the mineral sources modified by the sorption/complexation
constants of REE with ligands, colloids and particles. The result is highly diverse REE patterns
that can be measured by a degree of depletion or enrichment relative to heavy REE (La/Yb or
Sm/Yb ratios) or by whether or not anomalies are present (Davranche et al., 2015, 2016;
Inguaggiato et al., 2015; Oliveri et al., 2019).
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CHAPTER 2
GEOLOGICAL SETTING

2.1 Regional geological setting

The southern Apennine is an east-verging orogenic chain formed along the western edge of the
Apula microplate from Oligocene (Schiattarella et al., 2005). It is the segment of the circum-
Mediterranean orogenic system between the central Apennine to the north and the Calabria-
Peloritani arc to the south, bounded by the Ortona-Roccamonfina and the Sangineto tectonic
lines (Fig.4). Processes related to the genesis of the Tyrrhenian-Apenninic-Adriatic system
governed the evolution of the accretionary wedge. The Apennine deformation took place during

the Neogene until the lower Pliocene with an initial compressional deformation phase.
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Figure 4 — Sketch geological map of the central-southern Italy (from Bonardi et al., 2009).
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Its evolution has been directly determined by the relative motions of the European and African

plates and involves sedimentary successions of different paleogeographic domains (Dewey et

al., 1989). Therefore, the southern Apennine consists of a northeast verging thrust and fold belt

interposed between the back-arc Tyrrhenian basin, next to the westward subducting lonian-

Adriatic plate and the undeformed Apulian-Adriatic foreland to the East (Boccaletti et al., 1971;

Malinverno and Ryan, 1986; Beccaluva et al., 1989; Mantovani et al., 1993; Doglioni et al.,

1999). Its current structural settings are the result of both mainly compressive tectonic events,

related to the subduction followed by the rollback of the Adria plate, and the extensional

tectonics related to the opening, since the late Miocene, of the Tyrrhenian Sea (Malinverno and
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Figure 5 — Main stages in tectonic evolution of the southern Apennines and
related deformation phases (D1-D4). Relative plate motion from Dewey et

al., (1989), Mazzoli and Helman (1994) and Cello and Mazzoli (1999).

Ryan, 1986; Patacca and Scandone,
1989; Doglioni, 1991). Constraints
related to GPS measurements
2003;
Rosenbaum and Lister, 2004;
2005, 2006),
earthquake depths (Meletti et al.,
2000; Chiarabba et al., 2005), focal
mechanisms (Pondrelli et al., 2002,
2006)

(Hippolyte et al., 1994; Montone et

(Hollenstein et al.,

Serpelloni et al.,

and stress orientations
al., 2004) suggest the cessation of
subduction/rollback of the Adriatic
microplate. It also suggests a
development of extensional forces
in the southern Apennines after the
mid-Pleistocene (Okeler et al.,

2009).

Except for the remnants of an
internal Cretaceous-Paleogene
accretionary complex (Liguride and
Sicilide 1969;

units, Ogniben,

Bonardi et al., 1988; Mauro and Schiattarella, 1988; Patacca and Scandone, 2007), the southern

Apennine allochthony wedge is composed by Trias-Middle Miocene sediments. They derived
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from the deformations of two different paleogeographic domains: the Apenninic peritidal
carbonate platform (also known as Campania-Lucania platform or western platform), and the
Lagonegro basin (Pescatore et al., 1999). The development of the southern Apennines can be
divided into three main evolutionary stages. They base on the structural signature of the
different rock units, on the available biostratigraphic and radiometric data (Monaco and
Tortorici, 1995) and on plate tectonic reconstruction (Dewey et al., 1989; Mazzoli and Helman,
1994; Cello et al., 1995; Cello and Mazzoli, 1999; Mazzoli et al., 2001) (Fig.5):

e An oceanic subduction stage (Stage 1);
e Anobduction stage followed by the onset of accretion of the Apulian continental margin
(Stage 2);

e A collisional to post-collisional stage (Stage 3).

The deepest tectono-stratigraphic units of the southern Apennines Thrust Systems are
Mesozoic-Tertiary shallow-water carbonates stratigraphically overlain by upper Messinian and
Pliocene terrigenous marine deposits (Fig.6a). These rocks units constitute the buried Apulian
belt (Cello et al., 1989), which is tectonically overlapped, from bottom to top, by: (i) thrust
sheets derived from a Triassic to Miocene sedimentary succession deposited in a relatively deep
basinal domains located between the Internal and Apulian platforms (the Lagonegro-Molise
basin; e.g. Mostardini and Morlini, 1986 and reference therein) (Fig.6b); (ii) thrust sheets
derived from the deformation of platform carbonates and associated marginal areas bordering
the southern margins of Neothetys (the Internal platform; e.g. Scandone, 1982); (iii) thrust
sheets belonging to two groups of nappes derived from different paleotectonic domains which

are considered to be internal (i.e. located to the west) with respect to Internal Platform.
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Figure 6 — a) Simplified geological profile across the Calabr+ia-Lucania borderland area of the southern Apennines (modified
after Cello et al., 1990); b) schematic paleogeographic setting of the Apulian continental margin in Cretaceous times (not in

scale).
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The latter thrust sheets crop out extensively in the Calabria-Lucania borderland and in Cilento,
where they represent the highest structural units in the tectonic pile of the southern Apennines
Thrust Systems (Ogniben, 1969). They consist of:

1. Liguride complex — Upper Jurassic to Upper Oligocene sedimentary successions
incorporating ophiolitic suites (Bonardi et al., 1988) and including both blueschist-
facies rocks (Metamorphosed Liguride Terrain) and non-metamorphic to very low
grade lithologies (unmetamorphosed Liguride Terrain).

2. Calabrian complex — tectonic element made up of crystalline rocks traditionally
considered to be of Austroalpine (i.e. south Tethyan) affinity and to represent part of
an originally continuous Early Tertiary chain extending from the western Alps over
Alpine Corsica to southern ltaly, Sicily and North Africa (e.g. Haccard et al., 1972;
Alvarez, 1976; Amodio-Morelli et al., 1976). However, in more recent studies the
Calabrian nappes have been re-interpreted as representing remnants of the European-
Iberian plates (e.g. Dietrich,1988; Cello et al., 1995 and reference therein).

3. Sicilide complex — Upper Cretaceous to lower Tertiary sedimentary succession

composed mainly of varicoloured clays.

The paleogeographic attribution of these units is still uncertain, as the sedimentary succession
of the Sicilide complex has been considered either of internal origin (i.e., deposited west of the
Internal Platform) (e.g. Cinque et al., 1993; Monaco and Tortorici, 1995) or as part of the higher
portion of the Lagonegro basin succession, detached from its Mesozoic substratum during the
early phases of contractions and basin inversion (e.g. Mostardini and Merlini, 1986, and
reference therein; Casero et al., 1988). A further hypothesis, involving an early activation of
major detachment horizons cutting across the original basin architecture, possibly preceded by
minor normal fault reactivation (e.g. Butler, 1989), could also explain the occurrence of
truncated folds and faults within the detached tectonic units cropping out in southern Lucania
(e.g. Torrente, 1990; Mazzoli, 1992, 1993a).

2.2 Geodynamics and deformation pattern of southern Apennines

A system of left strike-slip faults, locally accompanied by tensional and compressional features,
dissected the Lucania Apennines since the middle Pleistocene (e.g. Patacca et al., 1990; Turco
et al., 1990; Catalano et al., 1993,2004; Cinque et al., 1993; Monaco 1993). In the northern
sector of the southern Apennines, from the Irpinia to the Matese zones, a series of tectonic

troughs, associated with NE-SW extension, were generated.
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Figure 7 - Plio-Quaternary evolution of the central Mediterranean region (from Viti et al., 2006). 1) Africa and Adriatic
continental domains; 2) lonian oceanic domain; 3) Thinned continental sector of the southern Adriatic plate; 4) Mid-Adriatic
and Apulian swells; 5) Pre-Late Miocene orogenic belts; 6) Plio- Quaternary accretionary belts; 7) Zones affected by moderate
(a) and intense (b) crustal thinning; 8) Corsica-Sardinia microplate; 9) Compressional features: outer front of the orogenic
belts (a), internal thrusts (b), anticline axes (c); 10) Main fault systems: normal (a), transcurrent (b). Plate motions (arrows)
are based on Dercourt et al., (1986) and Mantovani (2005). Motion rates are only indicative. Present coastlines and the paleo
position of Africa (thick line) are reported for reference in each evolutionary phase. A) Upper Miocene. NTB = North
Tyrrhenian Basin, SATZ = southern Adriatic Thinned Zone. B) Pliocene. Ga, M, S = Gargano, Murge and Salento sectors of
the Apulian swell, IA = Iblean-Adventure block, ME, SC, VH= Medina, Sicily Channel and Victor Hensen tectonic belt, Mt =
Mattinata fault, MV = Magnaghi-Vavilov basin, SV = Schio-Vicenza fault system. C) Lower Pleistocene. CA = Calabrian Arc,
M = Marsili basin, MAS = Middle Adriatic swell, NS = north Salento fault zone, SA = southern Apennines, SS = south Salento

fault zone. D) Upper Pleistocene.
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Contemporaneously, the axial and outer sectors of the belt underwent a fast uplift along with
the Calabrian Arc (e.g. Cinque et al., 1993; Westaway, 1993; Bordoni and Valensise, 1998;
Schiattarella et al., 2003), whereas subsidence occurred in some zone of the Tyrrhenian margin
of the belt (e.g. Romano, 1992). Some authors (e.g. Westaway, 1993; Cinque et al., 1993;
Mazzoli et al., 2006) suggested that the Quaternary accelerations of the uplift in the southern
Apennines and Calabrian Arc can be interpreted as an effect of the elastic rebound of the crust
in response to the detachment of the subducted lithosphere beneath that zone. Other authors
(e.g. Patacca and Scandone, 1989; Dewey et al., 1989; Turco and Zuppetta, 1998; Mattei et al.,
2004) explained the evolutions of the Tyrrhenian-southern Apennines system as an effect of the
gravitational sinking (slab-pull) of the lonian subducted lithosphere. Therefore, in the
framework of this interpretation, the system of left faults in the Lucania Apennines is
interpreted as the decoupling shear zone between the migrating Calabrian-Tyrrhenian wedge

(driven by the retreating lonian slab) and the Apenninic belt (Fig.7).

However, this interpretation is not consistent with a large amount of geological and geophysical
evidence (e.g. Finetti and Del Ben, 1986; Finetti et al., 2005a, and reference therein). This
evidence strongly suggests that the extruding wedge does not include the southern Apennines
since it is only constituted by the Calabrian block, bounded by the NE-SW Sangineto (e.g.
Patacca and Scandone, 2004) or by the E-W Palinuro decoupling strike-slip fault systems (e.g.
Finetti and Del Ben, 1986; Del Ben, 1993; Catalano et al., 2004). The last hypothesis effectively
explains the Quaternary deformation pattern in the surrounding regions, with particular regard
to the compressional (External Calabrian Arc) and tensional (Marsili basin) (Fig.7) features
respectively generated in the outer and internal boundaries of the escaping Calabrian wedge
(e.g. Finetti and Del Ben, 1986; Mantovani et al., 1997, 2001, 2006a; Catalano et al., 2004;
Mantovani, 2005). Furthermore, the development of the NW-SE left-lateral fault system in the
Lucania Apennines postdates the outward migration of the Calabrian wedge concerning the
southern Apennines which started from Pleistocene (e.g. Finetti and Del Ben, 1986; Patacca et
al., 1990; Catalano et al., 1993, 2004; Van Dijk and Scheepers, 1995). Anderson and Jackson
(1987) and Westaway (1992) hypothesized that the Quaternary extensional deformation in the
southern Apennines, such as in the whole belt, is the effect of divergence between Tyrrhenian
and the Adriatic plate (Fig.7). However, this hypothesis does not explain other major tectonic
events, such as the Quaternary fast uplift of the chain, the formation of the Matese-Benevento
and Campania-Lucania arcs in the late Pliocene-lower Pleistocene and the development of a
left-lateral strike-slip fault system in the Lucania Apennines since the middle Pleistocene.

21



Mantovani (2005) and Mantovani et al. (1997, 2002, 2006a) attempted to provide a coherent
explanation of the space-time distribution of all major tectonic events in the central
Mediterranean region. Around the middle Pleistocene, the deformation pattern in the southern
Apennines underwent a considerable change. The southernmost sector, the Lucania Apennines,
was dissected by a system of NW-SE left-lateral strike-slip faults, such as the Satanasso,
Montesano, Valsinni, Scuorciabuoi and Stigliano faults, accompanied by compressional and
tensional features at restraining and releasing stepovers respectively (e.g. Turco et al., 1990;
Catalano et al., 1993, 2004; Monaco, 1993; Casciello et al., 2002b).

Locally, as for instance in Mount Vulture area, NE-SW dextral strike-slip lineaments
accompany the main left-lateral features (e.g. Bonini and Sani, 2000). Transtensional and
transcurrent deformation continued in the Cilento-Pollino, Sele, Agri, Diano and Tanagro
troughs (e.g. Caiazzo et al., 1992; Cello et al., 2003; Maschio et al., 2005). Transpressional
deformation occurred in the Santarcangelo basin (e.g. Turco et al., 1990; Monaco et al., 1998;
Catalano et al., 2004).
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CHAPTER 3
MAGMATISM IN THE ITALIAN REGION

3.1 Magmatism in the Italian region

The kinematic reconstruction highlights an apparent link between the propagating tear faults
and the spatial and temporal distribution of magmatism (Fig.8). The Italian magmatism is
represented by a large spectrum of magmas ranging from subduction-related calc-alkaline and
ultra-potassic magmas to intraplate oceanic island basalts (OIB), and Mid Oceanic Ridge
Basalts (MORB) (Fig.9) (Peccerillo, 2005; Rosenbaum et al., 2008, and reference therein).
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Figure 8 - Reconstruction of the kinematic evolution of the Tyrrhenian Sea and the Apennine belt. The reconstruction shows
the development and propagation of slab tear faults during the segmentation of the retreating subduction zone. The
reconstruction images are snapshots at the minimum age of each time interval and show the accumulated magmatic activity
during each interval. The classification of magmas based on their geodynamic context is supported by geochemical evidence

from Rosenbaum et al., (2008; modified).

23



Rosenbaum et al. (2008) proved that the geochemical affinities of the Italian magmas are
generally consistent with their geodynamic model, thus further supporting the hypothesis that
the Apennine subduction zone was subjected to the segmentation through slab tear faulting.
However, this model does not attempt to explain all the complex features of the petrology of
the volcanic edifices (e.g. Peccerillo, 2001, 2005; Gasperini et al., 2002; Panza et al., 2007).

In the Tyrrhenian sea the early stage of magmatic activity, which followed abundant calc-
alkaline magmatism in Sardinia, was associated with 9-6 Ma intrusive and extrusive
magmatism in Capraia (3 — see the Fig.9 a, b, ¢, d and e for the number), Elba (12,13),
Montecristo (16) and Vercelli seamount (Fig.9a and Fig.9b). Magmatism appears immediately
above the Miocene subducting slab and is attributed to the subduction-related magmatic arc.
This magmatic arc was migrated eastward (Civetta et al., 1978) from Capraia, Vercelli
Seamount, Montecristo, and western Elba to eastern Elba and Giglio islands (17 — Fig.9c).
Direct evidence for subductions-related magmas is less clear in southern Tyrrhenian but there
have been suggestions for the existence of a submerged Pliocene subduction-related volcanic
arc (Sartori, 1989; Sartori et al., 2004). The location of this arc exactly corresponds to the
geometry of the subduction zone at 6-4 Ma (Fig.9c).

Moreover, further magmatism was generated by decompression melting of the asthenospheric
mantle in extensional regions and gaps in the slab corresponding to tear faults simultaneously
with the production of Pliocene subduction-related magmas. One of these tear faults propagated
from the northern tip of Corsica to southern Tuscany, producing mantle-derived shoshonites in
Capraia at~4.8 Ma. Further east, the crustal uplift in southern Tuscany and the production of
anatectic felsic magmas (San Vincenzo (5), Castel di Pietra and Gevorrano (8)) along the same
fault (Fig.9c) are also interpreted to result from the combination of slab tearing and arc
magmatism. Contemporaneous volcanism located along tear faults also occurred further south
in Anchise Seamount (42) and Ponza Island (27).
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Figure 9 - Spatial distribution and petrochemical affinity of young (<10 Ma) magmatic centres in the Italian peninsula, Sicily
and the Tyrrhenian Sea (after Peccerillo, 2005). OIB type magmatic centres in the African foreland (e.g., Hyblean Mountains,

Pantelerria, Linosa) and in Sardinia are not included. (From Rosenbaum et al., 2008; modified).
The latter was subjected to magmatism from 4.2 to 1 Ma (Cadoux et al., 2005), and is considered

as the northern end of the southern Tyrrhenian Pliocene arc (Sartori, 1989), which was

transected by the tear fault of the 41°N parallel line.

The distribution of some of the younger (4-2 Ma) magmatic activity was also focused along the
deeper tear faults (Fig.9d). This includes a cluster of subduction/tear-related magmatic centers
(Tolfa (19), Manziana (20), and Cerite (21)). In the south, the occurrence of magmatism in
Volturno (26) (> 2 Ma) and Ponza (27) (4.2 to 1 Ma) also coincide with slab tearing.
Subsequently, during the last 2 Ma (Fig.9e), the central Apennines were subjected to a
widespread tear-related magmatic activity and magmatism induced by breakoff of the

lithospheric slab (De Astis et al., 2006; Panza et al., 2007). This magmatic phase represents the
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geodynamic expression for the formation of the central Apennine asthenospheric window
following slab segmentation, and the local destruction of the subduction system (Rosenbaum et
al., 2008). Further south, arc magmatism in the Aeolian Islands was generated by the subduction

of the narrow lonian slab.
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Figure 10 - Simplified 3-D sketch of the subducting lithosphere beneath Italy showing the approximate spatial distribution of
tear faults and the geometry of the central Apennine slab window. Selected tear related and slab break off-related magmatic

centers are also shown (from Rosenbaum et al., 2008).

Mount Etna and Mount Vulture represent two most striking examples of asthenospheric
upwelling along with slab tear faults (Gvirtzman and Nur, 1999; Doglioni et al., 2001; Trua et
al., 2003; De Astis et al., 2006), (Fig.10). These volcanoes are located on the margin of the
Apulian foreland and are therefore much less affected by subduction processes. Mt. Etna is
characterized by a typical Ocean Island Basalt (OIB) composition with some arc signatures in
the younger products (Schiano et al., 2001) whereas the Mt. Vulture magmatic source is similar
to the Campanian-Pontine volcanoes (Vesuvius, Phlegraen Fields), but its position over the
edge of the Adriatic continental lithosphere resulted in a higher level of intraplate (OIB type)
mantle influence (De Astis et al., 2006; among many authors). The mineralogical variations and
chemical compositions of Plio-Quaternary Italian volcanic rocks cover one of the greatest
petrological ranges observed anywhere on Earth (e.g. Cundari, 1979; Peccerillo and Manetti,
1985; Civetta et al., 1989; Conticelli and Peccerillo, 1992; Serri et al., 1993; Cundari, 1994;



Stoppa and Wooley, 1997; Wilson and Bianchini, 1999; Lustrino et al., 2000; Conticelli et al.,
2002; De Astis et al., 2003; Peccerillo, 2005; Beccaluva et al., 2004).

The researchers who sustain the subductions-related models assume that many of these rocks
are similar to those found in active subduction zones, and commonly cite those rocks found in
the Aeolian Islands. However, when major and trace elements are plotted in various
geochemical diagrams the findings are ambiguous and it remains unclear as to whether the
rocks are subduction-related or whether they are the products of intra-plate magmatism (e.g.
Lavecchia and Stoppa, 1996). The potassic and SiOz-undersaturated nature of these rocks is of
particular interest since those features are difficult to assign to a particular tectonic setting using
the standard major and trace element geochemical diagrams. Transitional basalts and basaltic
calc-alkaline rocks mainly occur in the Tyrrhenian region and in the Aeolian insular arc.
However, rocks belonging to the so-called Mediterranean Series of Washington (1906)
dominate in peninsular Italy (Fig.8). The Mediterranean Series is composed of leucite-bearing,
SiOz-undersatured rocks (the HK-series, Appleton, 1972) such as leucite tephrites, leucite
phonolitic tephrites, leucite tephritic phonolites and leucites, which are atypical of subduction-
related environments. Italian leucites, commonly associated with leucite-free rocks (the K-
series) are located in the Roman-Campanian Region at Vulsini, Cimini, Sabatini, Albani, Ernici,
Roccamonfina, Vesuvius, at Vulture in Basilicata and VVulcanello in the Aeolian Islands. These
series contrast with most subduction-related rocks which are generally SiO»-saturated. Leucite-
bearing rocks can be found, but in very isolated cases, in subduction related settings although
shoshonites and calc-alkaline rocks (andesite-dacite) can also be found in continental rift
environments (Gupta and Fyfe, 2003).

The isolated occurrences of shoshonitic or leucitites rocks do not automatically imply
consuming plate margins. Na-alkaline rocks mainly occur in Sardinia, Sicily and the Sicily
Channel at the inner and southern side of the Tyrrhenian rift zone, whereas carbonatites and
kamafugites (e.g. K-melilitites) are present along the intra-Apennine graben system, at the outer
side of the Tyrrhenian zone. They occur in Umbria (San Venanzo, Polino, Collefabbri), in
Latium (Cupaello), in Abruzzo (Oricola, Grotta del Corvo) and Basilicata (Mount Vulture)
(Stoppa, 1988; Cundari and Ferguson, 1991; Stoppa and Lavecchia, 1992; Stoppa and Lupini,
1993; Stoppa and Cundari, 1995; Stoppa, 1996; Stoppa and Woolley, 1997; Stoppa and
Cundari, 1998; Stoppa and Principe, 1998; Comodi et al., 1999; Bailey and Collier, 2000; Jones
et al., 2000; Rosatelli et al., 2000; Barbieri et al., 2002; Panina et al., 2003; Stoppa, 2003;
Capitanio et al., 2004; Lavecchia and Creati, 2006; De Astis et al., 2006; D’Orazio et al., 2007).
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CHAPTER 4

MOUNT VULTURE VOLCANIC COMPLEX: GEOLOGICAL
AND PETROGRAPHYCAL FEATURES

4.1

volcano

Origin, tectonic evolution and volcanic history of Mount Vulture

Mount Vulture is located at the easternmost border of the Apennine compressive front (Fig.11),

on the leading edge of the southern Apennines accretionary prism, along the southern border of
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Figure 11 - Sketch map of central-southern Italy with the main occurrences
of the Quaternary volcanism and the front of the Apennine prism (Scrocca,

2006), (by D Orazio et al., 2007).

the ENE-trending Ofanto graben. It

represents the easternmost
occurrence of the Quaternary Italian
volcanism and is the only volcano of

peninsular central-southern Italy.

The genesis and evolution of Mt.
Vulture volcano took place during
the recent deformation of the frontal
part of the south Apennines chain.
More recent tectonic shortening
occurred at the belt front, leading the
of  both  Plio-

Pleistocene sediments (Pieri et al.,

deformation

1997b) and Quaternary volcanic

(Beneduce and Schiattarella, 1997). Moreover, a widely documented extension is still active

along the Apennines axis (Ortolani et al., 1992; Amato and Selvaggi, 1993). The active belt is

also affected by Plio-Quaternary strike-slip faults mainly oriented according to N120+10° and

N50-60° trends (Schiattarella, 1996, 1998, and reference therein) and locally by low-angle

normal faults (Ferranti et al., 1996, and reference therein). The continental crust has a maximum

thickness of about 30 km beneath the axis of the Southern Apennines chain (Locardi and

Nicolich, 1988), decreasing to 10-15 km in Tyrrhenian area whereas reaches to 30-35 km in the

foreland (Ventura et al., 2007) and beneath the Mt. Vulture complex (Corrado and Rapolla,
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1981; Corrado et al., 2005). Moving from the Tyrrhenian Sea toward the chain axis, the
lithosphere thickness increases from 30 to 90 Km and reaches up to 100 Km in the Mount

Vulture area and Adriatic foreland (Calcagnile and Panza, 1981).

The volcanic building of Mt. Vulture was formed at the intersection between the NW-SE
(Apenninic) and NE-SW (Ofanto-Sele) fault system (Ciaranfi et al., 1983), changing from
transpressional to transtentional conditions during the Middle Pleistocene (Beneduce and
Schiattarella, 1997), on the eastern side of the Apennine chain, where the Apennine thrust front
overlaps the Apulia carbonate foreland (La Volpe et al., 1984; Schaittarella et al., 2003). The
faults and fracture
populations system,
occurring in both volcanic NS
units and  sedimentary
bedrocks, highlight the
interplay between
volcanogenic deformation

and tectonic evolution. The

orientations of faults and
fracture sets mirror the

arrangement of the morpho-

lineaments and changes : y
concerning the centre of the .7
volcano. Three Main  Figure 12 — Block-diagram showing the possible lithospheric setting of the areas
morpho-tectonic stages, adjoining the Vulture Line (from Schiattarella et al., 2005, modified).
characterized by different fault kinematics, affected the Quaternary volcanic deposits and the
adjoining sedimentary successions. An important tectonic deformation occurred between the
early and middle Pleistocene. The presence in the volcanic units of N120°+10° trending strike-
slip faults, which represent a regional feature of the southern Apennines, and NE-SW directed
extensional faults suggest a tectonic control over the deformation of the volcanic complex
(Schiattarella et al., 2005). In this setting, a set of N40-50° trending deep faults was generated.
The transfer structure, known as the Vulture line, crosses the entire chain-foreland system
(Schiattarella et al., 2005). It was active both during the Upper Pliocene — Lower Pleistocene

contractional regime and the Middle-Upper Pleistocene extensional stages (Fig. 12). The
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Vulture line is the expression of system faults cutting the entire chain-foreland system
(Schiattarella et al., 2005).

This discontinuity could be considered as the surface expression of sub-vertical lithospheric
tear faults in the Adriatic slab below the southern Apennines originated as a consequence of
variation in the velocity of subduction rollback along the length of the subduction system
(Govers and Wortle, 2005; D’Orazio et al., 2007). Rosenbaum et al., (2008), based on the deep
structure revealed by seismic tomography, proved the presence of a slab tear faults in the

southern Apennines, which acted at depth of 100-340 km with NE-SW surface orientation.

The lithospheric tear faults are linear seismic velocity discontinuity that separates a distinct slab
segment with positive P wave seismic anomalies. Some authors suggest that Mt. Vulture is
located on an along-dip vertical slab window (Doglioni et al., 1994; Schiattarella et al., 2005;
D’Orazio et al., 2007).

The volcanic activity took place from Middle to Upper Pleistocene, starting about 0.75 Ma and
ending about 0.13 Ma, years ago (Brocchini et al., 1994; Buettner et al., 2006). Over the years
several studies have tried to explain the origin of the Mt. Vulture magmas. Beccaluva et al.
(2002) suggested that the magmas of Mt. VVulture were generated by lithospheric mantle sources
and enriched in Na-alkali silicate/carbonatite anorogenic components, that were subsequently
affected by orogenic subduction-related K-metasomatism, analogous to that which modified
the magma sources of RCP. Moreover, Downes et al. (2002), based on trace elements studies,
indicated that the lithosphere beneath Mt. Vulture had already undergone an extensive partial
melting before being affected by silicate melt metasomatism, related to subduction. A few years
later De Astis et al. (2006) observed that the magmatism was principally derived from an
intraplate mantle source (OIB-like), originated from eastern inflow from beneath the Adria-
Africa plate after subduction and detachment of the Adria slab (Fig.13), but which was modified

by subduction-related processes (Beccaluva et al., 2002; Melluso et al., 1996).
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Figure 13 - Three-dimensional cartoon of the southern Italy and southern Tyrrhenian Sea (from De Astis et al., 2006). Thick

Adria Micro-plate
Detached Slab

arrows indicate the hypothesized directions of mantle inflows from the Adria (Africa) plate and the Tyrrhenian Basins. The
southern Italy mantle experienced different types of metasomatism by subduction-related sedimentary melts or supercritical
liquids (Mount Vulture) and fluids (Campanian Province volcanoes). The depths of the detached and lying flat slab beneath
southern Apennines are derived from tomographic images of P-wave velocity anomalies (in Wortel and Spakman 2000).

Recently, D’Orazio et al. (2007) showed that the metasomatized mantle wedge below the
Campanian/Tyrrhenian region flows eastward and eventually joins the Adriatic mantle beneath
Mount Vulture area through its injection into the vertical slab window, creating the hybrid

source of the magmas feeding Mt. Vulture volcano (Fig.14).

Adriatic Plate T Mt. Vulture
M

mantle flow

Figure 14 - Cartoon showing the vertical slab window inferred beneath the Southern Apennines. The relative eastward mantle
flow enriched of fluids/melts from the Adria Plate subduction could have converged and flowed into the slab tear sourcing
Mount Vulture volcano. T, Tremiti line (E-W); M, Mattinata line (E-W); O, Ofanto graben (ENE-WSW) (from D ’Orazio et
al., 2007).
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4.2  Geological and petrological framework of the study area

The volcanic building of Mt. Vulture consists of about 700 m thick mainly pyroclastic deposits
and subordinate lava flows and domes, owing to both explosive and effusive activities
(Brocchini et al., 1994; Serri et al., 2001; Giannandrea et al., 2004). A first stratigraphic study,
which allowed to reconstruct the geological history of the Mt. Vulture volcano, was proposed
by La Volpe and Principe, (1991). Several years later, Schiattarella et al. (2005) and
Giannandrea et al. (2006) revised the whole previous volcanic stratigraphic units proposed by
La Volpe and Principe (1991) performing a new study based on UBSU (Unconformity
Boundary Stratigraphic Units; Salvador, 1987; 1994). The hold six volcanic units were grouped
into two main Supersynthems: The Monticchio and Mt. Vulture Supersynthems. These two
supersynthems are separated by paleosol suturing the pseudo-tectonic structure, called Grigi
Valley - Fosso del Corbo Fault, responsible for the down-throwing, of about 100 meters, of the
southern half volcanic edifice probably with a south-western sector calderic collapse (Boenzi
etal., 1987). The Mt. Vulture Supersynthem is composed of lava and pyroclastic flows ranging
in composition from basanites and foidites to phonolites; it is attributed to older volcanic
products. The Monticchio Supersynthem represents the result of the most recent explosive
eruptions containing ultramafic xenoliths and megacrysts of clinopyroxene, amphibole, olivine,
and phlogopite. These last volcanic deposits have a carbonatite-melilitic composition (Stoppa
and Principe, 1997), although the primary origin of the carbonatite fraction is still a topic of
debate (D’Orazio et al., 2007, 2008; Stoppa et al., 2008).

The volcanic products have a strongly silica undersaturated character with alkaline potassic to
ultrapotassic affinities (De Fino et al., 1982, 1986) and range in compositions from foidites
(nephelinites, halynites, leucitites) and melilites (plus basanites and tephrites) to phonolitic
tephrites, phonolites and trachytes (Melluso et al., 1996; Beccaluva et al., 2002; De Astis et al.,
2006). The large Na and S contents of the Vulture magmas (Marini et al., 1994) result in the
widespread presence of sodalite-group phases among the feldspathoids (De Fino et al., 1982;
Di Muro et al., 2004). Feldspars and feldspathoids are the main mineralogical phases of
pyroclastic deposits and lava flows (De Fino et al., 1986; Beccaluva et al., 2002). The last
eruptions produced multiple WNW-ESE aligned monogenic cones (Giannandrea et al., 2004)
with a carbonatitic-melilititic composition (Stoppa and Principe, 1997). The fluvio-lacustrine
sediments are pre-, syn-, and post-volcanic deposits and crop out in the southern and peripheral

sectors of the volcano. These deposits consist of clayey-sandy conglomerate with intercalations
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of pyroclastic products (Units of the Fiumara di Atella and Fosso dello stroppito catchments;
Giannandrea et al., 2006). The bedrock consists mainly of deep-sea sediments belonging to
units ranging from the early Triassic to the lower-middle Miocene (Fig. 15) (Boenzi et al., 1987;
Principe and Giannandrea, 2002). Radiolarites and limestones of the Apulian platform reach a
depth of about 5 km beneath the Meso-Cenozoic substratum units (La Volpe et al., 1984).
Martinis and Pieri (1964) reported a Triassic evaporate horizon in the carbonates of the
Mesozoic Apulian platform in a well (Forestay Umbra — 1) drilled not far from the volcanic
structure of Mt. Vulture. Morphological features and structural analysis show that the
geomorphology of the Mt. Vulture area is widely due to the interplay between volcanogenic
doming and regional tectonics. The fracture-fault system consists of two main orthogonal sets
oriented N120°£10° and N40°- 50° (Schiattarella et al., 2005).

OSO MONTE VULTURE ENE

Fiumara I'Arcidiaconata

Fiume Ofanto

1000— metr

0 2000 4000 metri
[ IS N E— E—

Figure 15 - Deep geological cross-section through the Vulture area (from Schiattarella et al., 2005). Labels: C-Ol =
Cretaceous to Oligocene “Argille Varicolori” — and “Flysch Rosso” — like successions; M1 = Numidian sandstone (lower
middle Miocene); M2 = Serra Palazzo Fm (upper Miocene); P = Pliocene clastic deposits; P-Q = Plio-Quaternary foredeep
deposits; Q = Quaternary volcanics and epiclastic sediments; T1, T2 and T3 = thrust sequence (different tones of grey show

different tectonic units).

4.2.1 Structural framework

The morpho-structural evolution of the Mt. Vulture volcano is contemporary with the more
recent deformation phases of the front of the South-Apennine chain, which was typically
contractional in the Pleistocene (Pieri et al., 1997). The control of the tectonic structure of the
chain front on the deformation of the volcanic apparatus is highlighted by some faults that

follow the orientations of the regional tectonic lines with direction N120° + 10° (Schiattarella,
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1998). Some researchers studied the interactions between these deformations through the
analysis of tectonic lineaments families, present both in volcanic deposits and in quaternary
sediments (Beneduce and Giano, 1996; Beneduce and Schiattarella, 1997; Schiattarella, 1998).

Fractures consist of high-angle systems, grouped in two main orthogonal families, (Fig.16).
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Figure 16 — Azimuthal diagrams of high angle or subvertical fracture systems in the Vulture volcanites (from Beneduce and
Schaittarella, 1997; modified); in the box, diagram of total fractures. Morpholineaments of the Mount Vulture area and
adjacent areas (from Beneduce and Giano, 1996; modified); on the side, azimuthal diagrams relating to the morpholineaments

of the volcanic area and those of the pre-volcanic substrate.
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The orientations of these pairs varies with the position concerning the centre of the volcanic
building and shows a typically concentric-radial pattern (Beneduce and Giano, 1996). This
pattern results from the volcanic activity, i.e. pulsations of magma chamber and pre-eruptive
deformation of the soil, eruptions, and calderic collapse. The presence of reverse or
transpressive fault is relevant in several places. A paleo-soil fossilized a flower structure
(Fig.17), generated by left-transcurrency along surfaces with direction N120°. The synthematic
unity of the Valle dei Grigi-Fosso del Corbo (484 + 8 ka; Brocchini et al., 1994) lies on the

paleo-soil.

SO Sintema N

Valle dei Grigi - Fosso del Corbo
ﬁ/ colluvioni attuali

paleosuolo M18

Sintema di Barile

2 metri

©/®

Figure 17 - Flower structure affecting the Barile Synthem, located close to Case Lopes locality (Schiattarella et al., 2005).

The normal faults, with an anti-Apenninic trend, instead form conjugate systems, generated by
extension in the anti-Apenninic direction (NE-SW). The conjugate systems affect all Mt.
Vulture’s products to testify to a more recent extensional deformation affecting the front of the
chain with the axis of maximum extension in an anti-Apenninic direction (Schiattarella, 2005).
These elements allow to place a chronological upper constraint on the deformation activity
expressed by transcurrent faults with a reverse component in the Vulture area, which confirm
the transition from transpressive to extensional conditions during the middle Pleistocene also
in Vulture zone. The landscape changed radically with the extensional activity. Faults with
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different orientations and pluridecametric displacement disarticulated the volcanic building.
The last phases of volcanic activity take place on an apparatus already dismembered by tectonic
events and dissected by the hydrographic network, which appears as a landscape with strong
structural control. In conclusion, the three tectonic-evolutionary stages that affected the
Quaternary volcanites and the adjacent sedimentary deposits during the Pleistocene, were
preceded by an important tectonic event under contractional conditions accompanied by

structural transfers and local extension to the NW-SE axis.

4.2.2 Bedrock sedimentary Units

Meso-Cenozoic bedrock Units

The Meso-Cenozoic bedrock is mainly composed of Neogene orogenic prism elements (Prosser
et al., 1996) which include both basin pelagic sediments (Lagonegro Units, Scandone, 1967;
1972) and the terrigenous sediments of the Irpinia Units (Cocco et al., 1972; Pescatore, 1978).
It was produced by the initial compressional tectonic phases due to the westward subduction of
the Adriatic microplate. The sedimentary successions of the Meso-Cenozoic bedrock from the

oldest to the youngest are:

e PESCOPAGANO FORMATION — “FLYSH ROSSO AUCTT.” (CRETACIC-OLIGOCENE;
PESCATORE ET AL., 1999). The formation is constituted mainly by marly clay, grey,
brown, and red, laminated, with intercalation of massive and gradated calcarenites,
thickness 10-50 cm (pelagic and turbiditic deposits).

e PAOLA DOCE FORMATION (UPPER OLIGOCENE- LOWER MIOCENE; PESCATORE ET AL.,
1999). It is composed of medium and fine grain calcarenites alternated with marly
limestones, marls, and calci-siltites; bed thickness 10-40 cm. The total thickness of 150
m.

e NUMIDIAN SANDSTONE “FLYSCH NUMIDICO AUCTT.” (BURDIGALIAN-LANGHIAN?). The
Numidian sandstone outcrop like monoclines with NW-SE and N-S directions, mainly
characterized by coarse, massive, yellowish quartz-arenites (thick-beds up to 9 m; thin-
beds of 30-80 cm) with decimetric interlayers of clayey marls (turbiditic deposits). Total
thickness up to 300 m.

e SERRA PALAZZO FORMATION (UPPER BURDIGALIAN-SERRAVALLIAN; GALLICCHIO AND
MAIORANO, 1999). It is composed of yellow stratified sandstones, grey siltites, and

greyish silty clays with interlayered greyish calcarenites (turbiditic deposits). Whitish
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calc-siltites and calcarenites (thin beds 4-8 cm) with wave-ripple laminations and
interlayers of calcareous marls (pelagic and turbiditic deposits).

FAETO FLYSCH (UPPER BURDIGALLIAN-SERRAVALLIAN). The flysch is constituted by
gray, whitish marly clays and silts with intercalations of calcarenites, marly limestone,
and sandstones: thin beds 5-30 cm (turbiditic deposits). Total thickness 300-400 m.
MARLY CLAY cOMPLEX (CRETACIC-LOWER MIOCENE). This complex shows an intense
tectonic deformation and is separated from the previous formations by a tectonic
contact. It is composed of red, green, and grey chaotic and strongly deformed clays and
marly clays, with olistolites up to 300 m, made up of quartz-arenites and arkoses.

Miocene Units unconformably laying on the Meso-Cenozoic bedrock

CERRETA-B0OsCO DI PIETRA PALOMBA SANDSTONE. It lays unconformably on the Meso-
Cenozoic bedrock, showing heterogeneous features, inferred to the presence of lateral
changes of different lithological terms. The Unit is mainly composed by massive coarse
yellow sandstones (thick-beds 7-8 m) alternated with massive conglomerates (thick-
beds 4-5 m) eteropic with yellowish sandstones (thick-beds (10-50 cm) with Bouma
sequences Ta-b, Th-c, and Ta-c, alternated with thin grey clays and marly clays, laterally
correlated with intercalation of sandstones with Bouma sequences Ta-c and Th-c
(turbiditic deposits).

4.2.3 Plio-Pleistocene pre-volcanic units

The Plio-Pleistocene pre-volcanic units constitute the more recent part of the sedimentary

succession of the Ofanto river basin that was classified as a piggy-back basin by Hippolite et

al. (1994b). It consists of deposits inferred to the uplift of the southern Apennine during the

Upper Pliocene — Lower Pleistocene, when took place the separation of the Ofanto River Basin

and the Bradanic Foredeep. The Plio-Pleistocene pre-volcanic units are included in the

Fiumara di Atella Supersynthem, which was divided into two Synthems:

DIFESA SYNTHEM (UPPER PLIOCENE; GIANNANDREA, 2003). It is composed of massive,
pebble-supported, coarse-grained conglomerate, with trough cross-bedding and rare
intercalations of sands, silts and clays with lamination (marine fan-delta). The Unit
reaches its maximum thickness of 400 m close to the Ofanto River in La Difesa locality.
MONTE SIRICO SYNTHEM (UPPER PLIOCENE — LOWER PLEISTOCEN). This Synthem

represents the ending part of the Ofanto River Basin formation and reaches a maximum
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thickness of 250 m. It is composed of sedimentary facies associated to an endoreic basin,
constituted of massive, pebble-supported, coarse-grained conglomerate, characterized
by both planar-bedding and cross-bedding, with intercalation of sand, silt and clay with
thin lamination (deposits of floodplain and alluvial fan) and rare fossils (plant fragments

and loose bones of continental mammals).

4.2.4 Units of Mount Vulture volcano

Mt. Vulture’s volcanites and clastic and epiclastic deposits, as previously stated, were classified
using Vulcan-Stratigraphic units (UVS) until a few decades ago (La Volpe and Principe, 1989).
However, the UVS did not allow us to gather the volcanic deposits together with the clastic and
epiclastic deposits of the associated sedimentary basins and prevented internal subdivisions of
the volcanites themselves. Recently, as part of the CARG-CNR project (Sheet 451 “Melfi” and
Sheet 452 “Rionero in Vulture”), Giannandrea et al. (2006) were able to update the stratigraphic
division by introducing the Unconformity Boundary Stratigraphic Units (UBSU; Salvador,
1987, 1994) (Fig.18).
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Figure 18 — Scheme of the stratigraphy of Mt. Vulture volcano subdivided in two Supersynthem (from Giannandrea et al.,
2006; modified).

The new stratigraphic framework has allowed to elaborate a more detailed evolutionary history
of the volcanic activity of Vulture and to connect the volcanic activity to the larger-scale
geological variations that affected the external face of the southern Apennines (Giannandrea et
al., 2006).

The whole volcanic units were grouped into the Supersynthems of Monte Vulture and

Monticchio, which are traceable on a regional scale in all Quaternary sedimentary basins. The
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two Supersynthems are divided in Synthems and Subsynthems which are relative to the volcanic
activity from the Middle-Pleistocene to Upper-Pleistocene.

» MONTE VULTURE SUPERSYNTHEM (MIDDLE-PLEISTOCENE)

The Monte Vulture Supersynthem is the oldest and volumetrically important Supersynthem and
forms the base of the volcano (Giannandrea et al., 2006). It crops out mainly in Toppo San
Paolo area and includes the volcanic products that formed the volcanic building, including
volcanites from different eruptive phases. The base of the Supersynthem is represented by either
an erosive surface, which affected the whole quaternary sequence of the Bradanic Foredeep, or
a paleosoil in the areas not affected by erosion. The Supersynthem is topped by paleosoil M18
(La Volpe and Principe, 1989; 1991) (Fig.19), which seals the tectonic phase responsible for
the dismemberment of the volcanic edifice and the collapse of its SW quarter. The Monte

Vulture Supersynthem includes the Foggianello, Barile, and Melfi Synthems.
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Figure 19 — Stratigraphic sketch of the Mount Vulture and Monticchio Supersynthems (Giannandrea et al., 2006; modified).
In figure are shown the different paleosoils (by La Volpe and Principe, 1989; 1991).

e FOGGIANELLO SYNTHEM. It is the oldest synthem and presents trachytic veins among its
products (Principe and Giannandrea, 2006). The trachytic veins are characterized by
large k-feldspar and plagioclase phenocrysts (Hieke Merlin, 1967) and crop out East of
Melfi. The genesis of these products, dated 730 £ 20 Ka (Brocchini et al., 1994),
probably marks the beginning of Vulture’s activity, followed by a short quiescent phase,

evidenced by a massive epiclastic breccia. Ash deposits (fall and pyroclastic deposits)
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and two ignimbrite units are present on the top of epiclastic breccia and are separated
from each other and the underlying deposits by two paleosoils.

The Foggianello synthem crops out in Atella, along the Fiumara dell’Arcidiaconata and
in the locality of Foggianello and Gaudianello (Giannandrea et al., 2006). It is divided
into three subsynthems: Spinoritola, Campanile, and Fara D Olivo subsynthems. The
Spinoritola subsynthem is the basal unit. It is composed of the products of the first
phases of volcanic activity, linked to the intrusion of veins along the fractures oriented
in the N 30-40° direction. The subsynthem also includes the trachy-phonolitic dikes that
cross-cut the sedimentary substrate (Flysch di Faeto, Giannandrea et al., 2004). The
dikes crop out on the Spinoritola hill and probably their breakup formed the pebbles and
blocks found in the conglomerates and breccia of subsynthem, outcropping downstream
of the same hill. This first intrusive phase was followed by a pyroclastic phase
(Subsynthem of Campanile), also associated with a lava activity, highlighted by the
presence of lava stone in the pyroclastic deposits. The trachy-phonolitic ignimbritic
units A and B of Fara D ‘Olivo Subsynthem are on the top of the Subsynthem of
Campanile (Hieke Merlin, 1967; De Fino et al., 1982, 1986; Crisci et al., 1983). The
ignimbrites are organized in metric banks of centimetric pumice in a massive medium
ash matrix (pumice and ash pyroclastic flow; La Volpe & Principe, 1989) and
subordinately with cross-stratification. Subsequently, a calderic depression formed due
to the emptying and subsequent collapse of the magma chamber. In this depression, a
lake basin was formed. Later, during a long period of quiescence, morphogenetic
processes produced large volumes of epiclastic deposits (erosive phase “Flaminia” in
Bonadonna et al., 1998).

BARILE SYNTHEM. The deposits of Barile synthem lay on the erosional surface that affects
the ignimbrites. These deposits consist of huge volumes of volcanites that formed the
stratovolcano of Mt. Vulture. The Barile synthem crops out on the whole building of
Mt. Vulture and is formed both by volcanites in primary facies and by epiclastic fluvio-
lacustrine sediments of the Melfi, Atella, and Venosa basins (Giannandrea et al., 2006).
This unit is represented by the phonolithic lava dome (De Fino et al., 1982) of Toppo
San Paolo (646.3 + 6.7 ka in Brocchini et al., 1994) at the bottom. Upward is present a
thick alternation of decametric layers of lapilli, pumice and tephritic and foiditic scoria
(De fino et al., 1982), which present at different stratigraphic heights numerous paleo-
soils and erosional surface. In the upper part of the unit pyroclastic flow deposits are

present. They are formed by massive ash that contains decametric lava blocks with
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intercalations of lava flows. The lava flows have a scoriaceous and massive texture and
a composition from foiditic to tephritic/basanitic (De Fino et al., 1982).

Fall deposits (decametric layers of grey-greenish lapilli, pisolitic ash) and pyroclastic
flow (624 + 35 ka in Brocchini et al., 1994) close the synthem. The volcanic products
were emitted by several volcanic buildings divided into the subsynthems of Toppo San
Paolo, Rionero, Vulture-San Michele, and Ventaruolo (Giannandrea et al., 2006).

The Toppo San Paolo subsynthem consists of a lava dome located on the north-eastern
edge of Mt. Vulture. The lava dome has an age of 646.3 + 6.7 ka (Brocchini et al., 1994)
and a phonolitic composition (k-feldspar, leucite, hatiyna, clinopyroxene, and garnet;
De Fino et al., 1982). The pyroclastic deposits of the Rionero subsynthem lie on the lava
dome, separated by epiclastic deposits and an erosive surface (Giannandrea et al., 2006).
The Rionero subsynthem is formed by both pyroclastic deposits (fall and surge deposits)
and by epiclastic deposits of alluvial and lacustrine environments laterally correlated,
outcropping on the edges of the central building (Giannandrea et al., 2006). Two
different overlapping sequences (sequences A and B) are present in the volcanic
products, probably deriving from several contemporary eruptive centers.

Sequence A, the Masseria Boccaglie unit, consist mainly of pyroclastic surge deposits
and subordinately of fall deposits. Sequence B, the Barile-Rionero unit, is composed of
a dense alternation of pyroclastic fall deposits and subordinately by pyroclastic surge
deposits. These deposits, consisting of scoria and pumice lapilli and ash, are organized
in layers of different thickness ranging from decimetre to meter (Giannandrea et al.,
2006).

The Vulture — San Michele subsynthem constitutes the main volcanic building (Principe
& Giannandrea, 2006). Its product consists of a juvenile ash matrix, in which blocks
and lava bombs up to one meter in diameter and rare metric blocks of layered tuffs are
scattered. These deposits are attributed to “block and ash flow” pyroclastic flows, to
which thin lava flows (foidites, tephra-foidites, tephrites, and basanites) are intercalated
(Hieke Merlin, 1967; De Fino et al., 1982; 1986). The age of lava flows ranges between
601 + 7 and 629.6 £+ 4.7 ka (Brocchini et al., 1994).

The Vulture — San Michele succession is cut by a series of dikes (tephrites and basanites,
Giannandrea et al., 2006) along the Grigi Valley. The construction of volcanic cone died
down with the Vulture — San Michele subsynthem and a phase of progressive destruction

of the relief began.
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The Ventaruolo subsynthem (624 + 35 ka, Brocchini et al., 1994) is the final term of
Barile synthem. It consists of ash with laminated and wave structures (surge) and
multiple “block and ash flow type” pyroclastic flow units. Layers of gray-greenish fall
lapilli and numerous layers of massive fall ash and subordinately with laminated and
wave (surge) structures are intercalated with pyroclastic flows. Sands and pelites with
volcanic elements in cm-size beds with planar lamination and through cross-bedding
(lacustrine deposits) and massive layers of coarse-grained volcanic sands (lahar) are
present at Incoronata, near Melfi (Giannandrea et al., 2006).

MELFI SYNTHEM. Volcanic products and epiclastic deposits (Gaudo and Solagne
Arcidiaconta subsynthems) are between the Ventaruolo subsythem and the next
Monticchio supersynthems. They formed the Melfi synthem, which is characterized by
two lava flows (Castello di Melfi and Piano di Croce subsynthems).

The Melfi synthem is represented by the lava flow of Melfi Hauynophyre (Hieke Merlin,
1967; 557 + 7 ka in Bonadonna et al., 1998), which was formed after a quiescent phase
of about 40 ka (Schiattarella et al., 2005).

The Castello di Melfi subsynthem consists of epiclastic deposits and lacustrine deposits
of ash, silt, and clay in thinly laminated layers of a small lake. The thin lava flow of the
hauynophyre is located above these thinly laminated layers (Giannandrea et al., 2006).
The lava flow also presents a columnar fracture, probably caused by the deposition in
the waters of the underlying lake (Giannandrea et al., 2006).

The lava flow of Piano di Croce subsynthems is the most extensive that crops out on
Mt. Vulture. It, like the hauynophyre, has a particular abundance of hauyna phenocrysts

that give it a very particular chemism.

» MONTICCHIO SUPERSYNTHEMS (MIDDLE-UPPER PLEISTOCENE)

The volcanic deposits of Monticchio supersynthems were generated after a long period of

inactivity of the Mt. Vulture volcano (Schiattarella et al., 2005). They are mainly linked to

a hydromagmatic activity and are often associated with small monogenic eruptive centers.

These monogenic centers are characterized by a limited dispersion of the deposits, by the

presence of abundant volcanic clasts with ultrafemic composition and xenolith of mantle

origin, and by a compositional and petrochemical affinity (Jones et al., 2000; Rosatelli et

al., 2000; Downes et al., 2002). Very important are the carbonatitic and melilitic products

(132 + 12 ka in Brocchini et al., 1994) of the two Monticchio Maar (Principe & Stoppa,
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1994; Stoppa & Principe, 1997) and two diametric eruptive centers that crop out along the

Arcidiaconata valley (Principe & Giannandrea, 2006). 2

The Monticchio supersynthem is divided into Valle dei Grigi — Fosso del Corbo and Laghi

di Monticchio synthems, which include volcanic products distributed on the slopes of Mt.

Vulture and also outside it (Giannandrea et al., 2006). Terraced alluvial deposits

outcropping in the valley of River Ofanto and Fiumara di Atella (Giannandrea, 2004),

grouped respectively in the Conza della Campania and Fosso Dello Stroppito synthems,

also belong to the Monticchio supersynthem.

VALLE DEI GRIGI — FOSSO DEL CORBO SYNTHEM. It includes volcanic products emitted
by three eruptive centres. Two of these are correlated with the products of Masseria di
Cuscito and Imbandina subsynthems and are located along the north-western side of Mt.
Vulture. The third eruptive center, instead, the Casa Lopes subsynthem, is positioned on
the south-eastern side of Mt. VVulture (Giannandrea et al., 2006).

The Masseria di Cuscito subsynthem consists of three depositional units. Deposits of
fine-grained cross-laminated ashes and lapilli (pyroclastic surge) and impact sags and
massive breccia rich in ultrafemic nodules form the first unit. The second unit, separated
from the first unit by an erosive surface, consists of a breccia similar to that of the first
layer and finally the third deposit is made of medium-fine laminated ash. All deposits
come from a small tuff ring (Giannandrea et al., 2006).

Volcanic products erupted from a small volcanic center on the northern slope of Mt.
Vulture characterizes the Imbandina subsynthem. These products show abundant
ultrafemic volcanic clasts and mantle xenoliths (Jones et al., 2000; Rosatelli et al., 2000;
Downes et al., 2002) and crop out in the north-western portion of the volcanic building
near the eruptive center of Serra di Lupo. The subsynthem includes an 8 m thick
carbonatitic lava flow, intercalated between two massive deposits of proximal
pyroclastic breccias, similar to those of Masseria di Cuscito subsynthem, and some thin
layers of laminated ash (pyroclastic surge; Giannandrea et al., 2006).

The Case Lopes subsynthem lays on the deposits of the stratigraphic marker M18 (La
Volpe et al., 1984; La Volpe & Principe, 1989; 1991), the limit that separates the Monte
Vulture supersynthem from the Monticchio supersythem. It includes three different
volcanites sequences separated by erosive surfaces related to three different eruptive
centers. The first sequence includes finely laminated fine ashes, to which a bank of

basanitic black slag is superimposed (Hieke Merlin, 1967), age of 484 + 8 ka (Brocchini
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et al., 1994). Pyroclastic flow deposits composed of scoria banks, fine and coarse ash,
with surge wave, impact structures, and abundant sedimentary lithics are above the first
sequence. Stratified ash with wave structures (pyroclastic surge) closes the sedimentary
succession (Giannandrea et al., 2006).

LAGHI DI MONTICCHIO SYNTHEM. The volcanic deposits produced by five different
eruptive centers constitute the synthem. They are grouped in the Casa Rossa, Piano
Comune, Lago Grande, Lago Piccolo, and Serra di Braida subsynthems, related to a
tectonic and magmatic system different from the one previously active (Giannandrea et
al., 2006).

The Casa Rossa subsynthem crops out along the Ofanto river beneath travertine deposits
correlated with the Caperroni subsynthem (Giannandrea, 2004), the most recent
terraced unit in the river valley. It includes both sedimentary and volcanic deposits.
Laminated brown ash (pyroclastic surge) are at the center of the sedimentary succession
whereas at the top is an explosive massive breccia bank. Layers of cross-laminated ashes
are in the marginal area of the outcrop (pyroclastic surge). Tufysitic lapilli, similar to
those of Lago Piccolo subsynthem, are scattered throughout the sedimentary succession
(Giannandrea et al, 2006).

Beds of cm-thick ashes, from fine-grained to coarse-grained, with both parallel
lamination and cross lamination (pyroclastic surge), locally with pisolites or mm-size
vesicles (vesiculated tuffs), form the Piano Comune subsynthem. Clayey silts with
varved fine-grained sands and diatoms are locally present at the top of the sequence.
Black strombolian lapilli fallout deposit from the Fontana dei Faggi center
(Giannandrea et al., 2006).

The volcanic products of Lago Piccolo and Lago Grande subsythems, which crop out
around the two Maars occupied by the Monticchio lakes, are above the Piano Comune
subsynthem. The two successions consist of cross-laminated ash layers (pyroclastic
surge), locally hardened by precipitation of primary carbonate (Stoppa and Principe,
1997, and 1998), alternated with levels of lapilli and fall blocks (Giannandrea et al.,
2006).

The Lago Piccolo subsynthem is a sequence of alternating cm-thick ash and lapilli beds,
both massive and cross-laminated (pyroclastic surge), with abundant sedimentary and
ultrafemic (spinel lherzorlites) lithics. The magmatic fraction is made up of tuffisitic

lapilli and ash. The lapilli, with a concentric structure, have mega crystals or ultrafemic
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nodules originating in the mantle at the core. The concentric structure of lapilli suggests
that magma has risen in a very short time (Stoppa & Wolley, 1997).

The Lago Grande subsynthem sequence has an average finer-grained size. It consists of
beds of dm-thick ash and lapilli, both massive (fall deposits) and with cross-lamination
(pyroclastic surge) and subordinate massive ash deposits with sparse lithics (ash flows).
The magmatic fraction is made up of cm- to m-size bombs causing impact sags and ash
(Stoppa & Principe, 1997 and 1998; Giannandrea et al., 2006). The age of the tuffisitic
lapilli is 132 + 12 ka (Brocchini et al., 1994).

The outermost subsynthem, the Serra di Braida subsynthem, consists of a sequence of
ash and lapilli deposits with cross-laminations (pyroclastic surge) alternating with
massive deposits with mm-size vesicles (vesiculated tuffs) and abundant sedimentary
lithics (sandstones). The magmatic fraction is formed by tuffisitic lapilli with nuclei of

pyroxene and olivine crystal aggregates (Giannandrea et al., 2006).

4.2.5 Post-volcanic units (Upper Pleistocene)

The post-volcanic units belong to the Monticchio Suprsynthem. They consist of units of Mount
Vulture volcano and related sedimentary basins that are grouped into different synthems. These
synthems represent the units of the Fiumara di Atella and Fosso Dello Stroppito catchments,

and units of Ofanto catchment.
> THE UNITS OF THE FIUMARA DI ATELLA AND FOSSO DELLO STROPPITO CATCHMENTS.

They are characterized by three order terraced alluvial deposits, which provide the uplift of the
Vulture area determining alternate periods of sedimentation and erosion too. The units are
represented by the Fosso Dello Stroppito synthem, which in its turn includes the Spaccatornesi,
Ponte Giulio, and Piano di Garda subsynthems. The lower limit of the synthem is a thick, red

paleosoil.

e Pi1ANO DI CARDA SUBSYNTHEM (MIDDLE PLEISTOCENE). It consists of bedded carbonate
deposits of high porosity with wavy structures, locally with plant fragments (travertine)
(Giannandrea et al., 2006).

e PIANO DI GIULIO SUBSYNTHEM (MIDDLE PLEISTOCENE). The subsynthem includes

matrix-supported massive conglomerate with trough cross-bedding (alluvial deposits)
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and bedded carbonate deposits with sparse pebbles (travertine) (Giannandrea et al.,
2006).

e SPACCATORNESI SUBSYNTHEM (MIDDLE-UPPER PLEISTOCENE). It is formed by clast-
supported massive conglomerate with dark red sandy matrix (alluvial deposits) and
bedded carbonate deposits with sparse pebbles (Giannandrea et al., 2006).

> THE UNITS OF OFANTO CATCHMENT.

The units include the Conza della Campania synthem, which comprises the alluvial terraces of

the Ofanto river, consistent with the present river framework.

e CAPERRONI SUBSYNTHEM (MIDDLE-UPPER PLEISTOCENE). It consists of red pebble- and
mud-supported conglomerates, locally covered by thinly laminated clays and silts
(alluvial deposits), bedded carbonate deposits of high porosity with wavy and radial
structures and, locally, with plant fragments (travertine) and whitish laminated sands

(eluvial-colluvial deposits) (Giannandrea et al., 2006).

> PLIO-QUATERNARY UNITS (UPPER PLEISTOCENE-PRESENT).

The units of the Upper-Pleistocene-Holocene consist of chaotic heterogeneous-heterometric
deposits with variable lithofacies from clays to big blocks with clayey-sandy matrix (landslide
deposits). More recent units (Holocene-present) are represented by deposits of morphological
low formed by fine-grained sediments and laminated clays and silts of lacustrine origin. The
Plio-Quaternary units consist of fully deposits Ubiquitary Units and Ubiquitary Units under
depositions.
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CHAPTER 5

HYDROGEOLOGY OF THE MOUNT VULTURE VOLCANIC
AQUIFER SYSTEM

5.1 Hydrogeology of the Mount Vulture aquifer

The Mt. Vulture basin, an area of about 180 km, is one of the most important aquifer system of
southern Italy and has extremely complex hydrogeological features (Celico and Summa, 2004;
Spilotro et al., 2005; Paternoster et al., 2008; Parisi et al., 2011a). The volcano hosts two
volcanic maar lakes formed about 130 ka ago inside the caldera (Laurenzi et al., 1993), called
Laghi di Monticchio, designed as Site of Community Importance (S.C.l. - Council Directive
92/43/EEC).

The surface drainage network constitutes the natural delimitation of the water catchments. The
Ofanto river stream drains the western side of the Mt. Vulture volcano. The river course, due
to the progressive uplift of the volcano, underwent displacements in N and NW directions. The
Fiumara di Atella river, flowing in the Ofanto river with E-W direction, drains the south side
of the volcano. Finally, the Fiumara Arcidiaconata river drains the North and East sides of the

volcanic edifice.

The magmatic, pyroclastic and sedimentary sequences and their successive arrangements and
tectonic-volcanogenic deformations influence the permeability and anisotropy features of the
aquifer. NW-SE, NNW-SSE and E-W normal faults (Beneduce and Giano, 1996; Schiattarella
et al., 2005) affect the Mount Vulture volcanic edifice originating a concentric radial pattern
jointed to the volcanic activities. The concentric radial pattern controls the evolution of area
drainage system, who is predominantly oriented in NW-SE and E-W directions (Ciccacci et al.,
1999). In this context, notable importance has the Grigi Valley - Fosso del Corbo fault, which
crosses the volcanic edifice in WNW-ESE direction (La Volpe and Principe, 1991), in the
proximity of some important mineral water springs. This fault caused the downthrown, of about
100 meters, of the southern part of Mt. Vulture volcano, probably by calderic collapse (Boenzi
et al. 1987), which accomplish an important draining role and widely affects the preferential
groundwater flow path. The long-time of the volcano activity (Buettner et al., 2006) caused the

deformed state of the stratigraphic units that permits to prefigure the groundwater flow

47



directions. The flow directions are related to the attitude of strata and the local
geomorphological situation. The tectonic and structural discontinuities act as deep preferential

groundwater flow and promote the mineralization processes of the water.

5.1.1 Hydraulic proprieties of the aquifer host rocks

Mount Vulture hydrogeological basin exhibits a wide range of chemical, mineralogical,
structural and hydraulic proprieties, owing mostly to variations in rock type and the way the

rock was ejected and deposited.

The volcanic aquifer surface occupies an area of about 130 km? (13 km x 10 km). Furthermore,

the aquifer reaches a maximum thickness of approximately 1500 meters at the center.

Mainly pyroclastic and subordinated lava flow layers constitute the aquifer core, with different
permeable units that locally give rise to distinct overlaid interconnected aquifers (Parisi et al.,
2011a). The permeability of volcanic rocks is variable. It is due mainly to their mode of
emplacement, the tectonic history, and on weathering processes that often modify the
permeability features. The volcanic rocks vary widely in origin, chemical composition and
texture, as well as in their capability to transmit water. Pleistocene volcanic rocks host the most
productive aquifers in the Mt. Vulture area. The vacuolar and fractured lava flows have a
hydraulic conductivity of about k~10 cm s, whereas in the tuff and the incoherent pyroclastic
deposits, permeable only for porosity, is less and equal to k~10° cm s, The fluviolacustrine
and gravel deposits of the Fiumara di Atella Supersynthem, outcropping manly in the S-SW
and S-SE sectors, have a value of about k~102 cm s (Parisi et al., 2011a). These different
lithological units locally give rise to an overlaid interconnected water bodies, since low
permeability discontinuity layers are present (Spilotro et al., 2006). The permeability,
anisotropy, and structural features of the aquifer are the main factors that control groundwater
flow pathways. The piling up of volcanoclastic products outside the central area probably
produce a high-medium permeability at large scale. Toward the south-southeast, the volcanic
aquifer thickness decreases considerably inducing an important groundwater discharge. In this
area, the Fiumara di Atella Supersynthem deposits constitute a local extension of the volcanic
aquifer whit a relatively low groundwater circulation. Therefore, primarily the properties of the
rock matrix and secondarily the existing fracture network control the flow direction and rates
(Parisi et al., 2011a; Fig. 20).
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Figure 20 - Hydrogeological map of the Mt. Vulture basin showing the main hydrogeological complexes (by Parisi et al.
2011a). The contour interval for the piezometric surface is 30 m. The map and the location data are provided in UTM Zone 33
coordinates, using the European Datum of 1950. Geology base map by Giannandrea et al. (2004).

The permeability values of the aquifer host rocks vary from the highest to the lowest altitudes
of the Mt. Vulture basin. The hydrogeological complexes have permeability ranging from
middle-high to low. Volcanic products and secondary conglomeratic-sandy complex represent
the main hydrogeological complexes. The volcanic products, with high-medium permeability
values composed mainly by pyroclastic deposits and subordinate lava flows, are the principally
aquifer host rocks of the hydrogeological basin. They consist of mainly pyroclastic deposits
and, to a lesser extent, by lava flows. Instead, the conglomeratic-sandy complex, from Plio-
Pleistocene pre-volcanic to the fluvio-lacustrine Post-volcanic units, has medium permeability
values. The marly-clayey deposits complex, the calcareous-marly complex, and the arenaceous-
conglomeratic-clayey complex, representing the bedrock sedimentary Units (from the Meso-
Cenozoic Units to the Miocene Units unconformably laying on the Meso-Cenozoic bedrock),
correspond to the sedimentary rocks much less permeable than the overlying volcanoclastic
products (Parsi et al., 2011a).

5.1.2 Groundwater flow pathways

Recently, Celico and Summa (2004) and Spilotro et al. (2006) proposed two conceptual
hydrogeological model for the Mt. Vulture aquifer. Celico and Summa (2004), determined two

independent hydrogeological basins: the first one located in the north-east sector (Melfi-Barile
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area) and the second one located in the south-southeast sector (Monticchio-Atella area),
respectively. Two faults delimited the Monticchio-Atella basin, namely by the Grigi Valley —
Fosso del Corbo fault to the north and the Southern fault to the south. Instead, a radial axes
drainage characterizes the Melfi-Barile hydrogeological basin. The alternation of permeable

rocks, locally determines the existence of more inter-communicating basal layers.
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Figure 21 - Water-table map shows the irregularities of the piezometric surface. The circles drawn with black dotted lines
encompass the irregularities of the constant head contour lines. The Grigi Valley—Fosso del Corbo Fault is shown as a red

line. The map and the location data are provided in UTM Zone 33 coordinates, using the European Datum of 1950. The contour

interval used for the piezometric surface is 40 m. The arrows show the groundwater flowpaths (by Parisi et al., 2011a).

Later Spilotro et al. (2005; 2006) proposed a new conceptual hydrogeological model for the
Mt. Vulture volcanic aquifer system. The surface drainage network constitutes the natural
delimitation of the water catchments, where the pseudo-tectonic structure of Grigi Valley —
Fosso del Corbo Fault is the only drainage axis widely affecting the preferential groundwater
flow path. The magmatic and pyroclastic sequences and their successive arrangements and
tectonic-volcanogenic deformations condition the permeability and anisotropy features of the
volcanic aquifer, causing locally shallower groundwater flows. Furthermore, the spring regime
shows a slightly seasonal variations flow, with higher values in spring and lower values in
autumn. In this context, a possible mixing between shallow groundwater with a short residence
time and deeper groundwater with the longest residence time does not exclude (Spilotro et al.,
2005).
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Recently, Parisi et al. (2011a) showed that groundwater flow within the volcanic aquifer
circulates from the highest to the lowest altitudes according to radial streamlines. Moreover,
the radial distribution of the volcanoclastic products may favour the groundwater flow from the
highest altitudes towards the marginal areas, according to the model suggested by Spilotro et
al. (2006). Parisi et al. (2011a) suggested the presence of three main sectors within the Mt.
Vulture hydrogeological system. The main recharge zone located in the W-NW sector of the
volcano edifice close to the drainage axis (Grigi Valley — Fosso del Corbo Fault) and two main
discharge zones located in the S-SE and N-NE sectors (Fig.21). The groundwater, with an
isotopic signature close to that of rainwater, moves along radial flow paths toward the lowest
elevations in the S-SE and N-NE sectors but with differences in length and depth. So the
geological, geomorphologic, and hydrogeological features of the Mt. Vulture area influence the
general trend of horizontal groundwater flow, from the recharge areas towards the outflows

sector.
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CHAPTER 6

REESs signature of the Mount Vulture’s aquifer rocks

6.1 REEs signature of the aquifer rocks

The REEs distribution of the aquifer rock(s) impacts on the REEs’ signature of the related
groundwater (e.g. Duvert et al., 2015). Moreover, in the recharge zone, the REEs’ pattern of
groundwater is mostly inherited from the solid matrix (Willis and Johannesson, 2011).
However, properties and processes such as the overall chemistry of the solution, pH and Eh
environmental conditions, and sorption and complexation phenomena can drastically modify

the groundwater REEs’ patterns.

In the Mt. Vulture basin, as previously discussed, the aquifer rocks are Quaternary volcanics.
The older volcanic products are lavas and pyroclastics, ranging in composition from basanites
and foidites to phonolites (Beccaluva et al., 2002). More recent eruptions produced carbonatitic-
melilititic rocks (D’Orazio et al., 2008) that may include ultramafic xenoliths and megacrysts

of clinopyroxene, amphibole, olivine, and phlogopite.

Table 2 - Mt Vulture rocks average REEs abundances and fractionation indexes; Eu* =

Eu(PAAS)//Sm(PAAS) » GA(PAAS), Ce* = Ce(PAAS) /y/La(PAAS) x Pr(PAAS). Data from Beccaluva et al. (2002) and
D’Orazio et al. (2008)

PAASNORMALIZED La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Lla/Yb Eu*  Ce*

Clynopyroxenite 3,59 3,52 - 4,87 507 585 4,42 - 25 - 127 - 072067 49% 124 0,88

Basanite 4,63 3,80 - 4,01 3,89 4,60 3,34 - 217 - 1,22 - 09 0,87 484 1,28 0,8
Foidite 551 4,78 - 4,73 4,61 526 399 - 262 - 154 - 120109 460 1,23 0091
Tephrite 582443 - 4,23 38 443329 - 219 - 133 - 105103 551 124 084
Melilite 557 531 - 582627 7,06 566 - 3,69 - 202 - 154138 362 118 094
Hauynofiro 828 6,13 - 545492582 4,15 - 249 - 150 - 1,24 1,24 666 1,29 0,83
Phonolite 7,37 503 - 3,47 2,54 2,81 2,07 - 1,17 - 0,78 - 0,70 0,65 10,50 1,23 0,83
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In recent studies, Beccaluva et al. (2002) and D’Orazio et al. (2008) determined the REE
abundances of different volcanic rocks of Mt. Vulture basin. These data were used to determine
the average concentration values of each type of rock, reported as post-Archean average shale
(PAAS) normalized values in Table 2. The available data show that, overall, volcanics share
very similar REEs’ (PAAS) normalised patterns. Moreover, the patterns show a significant light
REE (LREE)-heavy REE (HREE) fractionation, ranging from the (La/Yb) paas = 3.62 value of
average Melilite to the (La/YDb) paas = 10.50 of average phonolite (Fig.22 and Table 2). In
contrast, the Ce and Eu anomalies are very homogeneous, fluctuating in the 1.18-1.29 and 0.83-

0.94 range, respectively.
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Figure 22 — Mt. Vulture rocks REEs patterns (PAAS normalized).
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CHAPTER 7

SAMPLING AND ANALYTICAL PROCEDURES

7.1 Sampling and analytical procedures

Before the sampling survey, was performed a census of springs and drilled wells, in order to
define a suitable number of sampling sites representative of the Mt. Vulture hydromineral basin.
Sampling sites are located roughly in the N-NW, SE, and NE sectors of the study area, mainly

within the volcanic products. Fig.23 shows the site locations.

The research project reports analytical data for 37 water samples among drilled wells used for

irrigation and drinking water supply and some springs (Fig.23 and 24).

The water samples were collected (Table 3) during a field trip in the dry season (July — August

2018) to record the highest concentrations of dissolved elements (REE and major constituents).
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Figure 23 - A) Geological sketch map of Mt Vulture (modified from Giannandrea et al., 2004). The localization of sampling
site (red, blue and black circle) and code of water sample are shown; B) Schematic cross-section of Mt Vulture (modified from
Giannandrea et al., 2004).

55



Table 3 -Location of water samples.

Sample Location Latitude Longitude  Altitude
WGS84 meters
V1 Atella 4524392 554433 391
V2 Atella 4525617 555266 473
V3 Atella 4525307 553893 442
V4 Rapolla 4536801 556565 360
V5 Atella 4525587 555239 471
V6 Rapolla 4536741 556710 351
V7 Rapolla 4536736 556721 352
V8 Rapolla 4536740 556770 342
V9 Monticchio Sgarroni 4531630 548297 571
V10 Gaudianello 4533377 549547 560
V11 Gaudianello 4533378 549543 560
V12 Gaudianello 4532964 549053 642
V13 Gaudianello 4532487 549968 730
V14 Gaudianello 4533614 547355 406
V15 Gaudianello 4533433 549598 562
V16 Gaudianello 4532345 550225 773
V17 Gaudianello 4531969 549179 639
V18 Rapolla 4536022 557372 391
V19 Mt. Vulture 4532677 555026 907
V20 Atella 4527196 554894 540
V21 Rionero 4529754 554830 631
V22 Rionero 4530931 555333 678
V23 Barile 4534637.4 557118 515
V24 Rapolla 4535383 557365 468
V25 Rapolla 4535004 556953 510
V26 Rionero 4527945 555837 535
V27 Gaudianello 4532746 549319 647
V28 Gaudianello 4532331 549677 683
V29 Gaudianello 4532541 549669 684
V30 Atella 4526867 556228 494
V31 Melfi 4537214 552681 603
V32 Melfi 4537540 552697 581
V33 Rapolla 4535472 555317 586
V34 Melfi 4537417 552836 585
V35 Gaudianello 4532345 550225 773
V36 Atella 4527139 551611 540
V37 Monticchio Bagni 4532890 548125 548
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7.1.1 Groundwater sampling

Before collecting the sample, we purged the wells by pumping for at least 30 min, and until the
pH, specific conductance, and water temperature stabilized to ensure the groundwaters sampled
represented water from the aquifer and not from the boreholes.

Figure 24 — Spring of bubbling water near the Atella river.

We stored all water samples for chemical analysis in high-density polyethylene (HDPE) bottles
with watertight caps, after rinsing each bottle at least twice with sampled water, and after
filtration through a 0.20 um Millipore filter for cations and REEs analysis. All the HDPE sample
bottles used to collect samples for the determinations of REEs were previously acid-washed in
the laboratory. Samples for cations and REEs analyses were preserved by acidifying to pH of
~2 with Suprapure HNO3z (67%). All collected samples were stored at 4 °C until analysis.
Moreover, we made a record of every sample collected, and a unique sample number and date
identified every bottle, marked on each bottle using a waterproof pen. Other sufficient
information like unique sample identification number, the date, exact location, and the water
temperature were recorded in a sample book in the field at the sampling site, at the time of

sample collection to provide the possibility of sample identification at a later date. For fixing
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the sampling points, we used the Global Positioning Systems (GPS), as they supply accurate
sampling position data.

7.1.2 Insitu analysis

The physico-chemical parameters (temperature, pH, Eh, conductivity, and dissolved oxygen)

g 5 T were measured in situ with high-resolution multiparametric

probes (Orion 5 star; Fig.25), after appropriate calibrations
in the laboratory before each sampling campaign. The total
” alkalinity and dissolved SiO> were also determined in situ
by titration with HCI (0.1 mol/l) using a mixed (methilred-
bromocresol  green) indicator and a portable
spectrophotometer by the heteropoly blue method (Boltz
and Mellon, 1947), respectively.

7.1.2.1pH

Figure 25 — in situ filtration and . . ] o
measurement of physico-chemical The pH is a numerical scale used to specify the acidity or
parameters of a water sample.

basicity of an aqueous solution. The pH scale is logarithmic
and inversely indicates the concentrations of hydrogen ions in the solution (a lower pH indicates
a higher concentration of hydrogen ions). It is linked to the formula used to calculate pH
approximates the negative of the base-ten logarithmic of the molar concentrations of hydrogen
ions in the solution. More precisely, pH is the negative of the base-ten logarithm of the activity
of the hydrogen ion. Knowing the pH value in natural waters is very important, since many

chemical and biological processes occur only for certain pH values.

The pH of the water was determined using the potentiometric method. The method involves
measuring the difference in potential between the measuring electrode and a reference electrode

with a known potential with the aid of a pH meter.

The probe is generally a glass electrode consisting of a spherical glass membrane, permeable
to H™ ions. Inside, it contains the reference electrode in contact with a solution of hydrochloric
acid buffered at a known pH using a saline bridge. In the water sample, between the two
interfaces of the glass membrane is a difference in potential. It is a function of the difference
between the concentration of the hydrogen ion in the internal solution, buffered at a known pH,
and the external one (Guilizzoni et al., 1998). Therefore, the difference in potential between the

measuring electrode and the reference electrode with the known potential gives the pH value.
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Before use, we calibrated the probe. We performed the calibration by building a two-point

calibration curve using two standard buffers at pH 4 and 7.

7.1.2.2 Electric conductivity

Conductivity is a measure of the passage of alternating current. Natural waters show ionic
conductivity because positively and negatively charged ions are dissolved in them, which act
as carriers of electric charges. Therefore, conductivity gives an idea of the total concentration

of ions dissolved in the water.

Electrical conductivity increases with the concentration of electrolytes, as well as with the
temperature; since temperature influences conductivity values, we generally report the specific

electrical conductivity at 25 ° C in uS / cm.

Very pure water, the one with lower ionic content, has a very low electrical conductivity,

whereas groundwater has usually values between 100 and 1000 uS/cm.

We used a probe that works as a quadrupole immersion cell with an integrated temperature
sensor for the measurement of electrical conductivity. This electrode reduces the electrode
polarization effect, which is a frequent problem with dipolar electrodes. Four platinum rings
prevent the passage of current through the measuring circuit. The electrical current is applied
only between the outermost pair of the rings, allowing the internal pair to measure the voltage
of the solution without polarization phenomena. We set the instrument on the reference

temperature of 25 ° C and the percentage correction factor per degree centigrade of 2.30.

We set these parameters, together with the cell constant value verified with the calibration,
when we created the working method. The conductivity meter returns conductivity values
already corrected for the cell constant and referred to the temperature of 25 ° C. Experimentally,
before proceeding with the determinations on the water samples, we determined the cell
constant of the electrode. We used a standard Crison solution of KCI at a concentration of
0.0100 £ 0.0005 M with a specific conductivity of 1413 uS / cm for the verification of the cell
constant. We set the cell value obtained on the conductivity meter in the cell constant function,

to automatically correct all the measurements made on the samples.
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7.1.2.3 Eh and Dissolved oxygen

The redox conditions of groundwater strongly affect the mobility and persistence of many
contaminants in groundwater. Redox conditions determine whether some chemical
constituents, like arsenic and manganese, are released from the aquifer rocks and sediments into

the groundwater.

Redox processes require one chemical species that donates electrons and another chemical
species that accepts those electrons. As a chemical species donates electrons, it is “oxidized,”

and as the other species accepts electrons, it is “reduced.”

If dissolved oxygen is present in the water, it is the preferred electron acceptor, and the water
is oxic. The atmosphere is the source of the dissolved oxygen in water, so the redox conditions
in an aquifer near where recharge occurs usually are oxic. If no dissolved oxygen is present, the
water is anoxic. However, there are other chemical species (nitrate, manganese, iron, sulfate,
and carbon dioxide, in that order) that can accept electrons in oxygen’s place. Redox processes

typically are enabled by bacteria, which use the energy produced by the reactions.

The redox conditions of the groundwater can be a powerful indicator of contaminants that might
be present at elevated concentrations. For example, concentrations of arsenic and manganese
are more likely to be present at levels that exceed human-health benchmarks in anoxic
groundwater, and concentrations of uranium, selenium, and nitrate are more likely to exceed

their threshold groundwater.

Groundwater age is often related to redox conditions. In general, young, recently recharged
groundwater is likely to be oxic, and older groundwater (groundwater that recharged hundreds,
thousands, or even millions of years ago) is more likely to be anoxic. In most aquifers, older
groundwater is more likely to be anoxic than younger groundwater because there has been more
time for chemical reactions that consume dissolved oxygen to occur. However, redox conditions
can vary a lot across short distances because of small-scale variability in aquifers like the
irregular distribution of organic-rich layers, or the presence of reduced minerals along fractures,

for example.

ORP measurement

ORP stands for oxidation-reduction potential, which is a measure, in millivolts, of the tendency

of a chemical substance to oxidize or reduce another chemical substance. The principle behind
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the ORP measurement is the use of an inert metal electrode (platinum, sometimes gold), which,
due to its low resistance, will give up electrons to an oxidant or accept electrons from a
reductant. The ORP electrode will continue to accept or give up electrons until it develops a
potential, due to the build-up charge, which is equal to the ORP of the solution. The typical
accuracy of an ORP measurement is £5 mV. Sometimes the exchange of electrons between the
ORP electrode and certain chemical substances is hampered by a low rate of electron exchange
(exchange current density). In these cases, ORP may respond more strongly to a second redox

couple in the solution (like dissolved oxygen). It leads to measurement errors.

We used a 5-star Orion probe for the measurement of the ORP values. Before proceeding with
the determinations on the water samples, we calibrated the sensor with an Orion™ ORP
Standards for Redox/ORP Electrodes.

RDO® Optical Dissolved Oxygen Technique

The amount of oxygen that dissolves in the water depends on many factors: whether there is
adequate time and adequate mixing to fully saturate the water, the water temperature, the air
pressure, the salt content of the water, and whether there are substances in the water which
consume the oxygen. Since the oxygen content is important for many biological and chemical
processes, measurement of the amount of oxygen actually dissolved in a water sample is of

great importance.

We used the RDO® Optical Dissolved Oxygen Technique for the measurements of dissolved
oxygen in the water samples. In particular, we used an RDO optical probe equipped with an
optical cap. An air calibration was performed in water satured air to calibrate the probe. In
particular, a sponge was moistened in the calibration sleeve with distilled water. The sponge
was then inserted into the sleeve without touching the water-saturated sponge. Finally, we

proceeded with the calibration.
7.1.2.4 Alkalinity

We determined the total alkalinity of the samples by acid-base titration, using previously
standardized hydrochloric acid. We performed titration in two stages; in the first step, we

consider the reaction:

CO3% ag) + H*(ag) = HCO3(ag)
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Therefore, we titrated the solution containing both salts using phenolphthalein as an indicator.
We determined only the carbonate at the shading point (pH~8) since the bicarbonate initially
present had not yet reacted. We calculated the moles of carbonate from the volume of HCI used
for the titration and from its concentration, taking into account that the ratio between carbonate

and hydrochloric acid is 1:1.

Afterwards we added the methilred to the solution as an indicator. The bicarbonate present in

the solution reacted with HCI according to the reaction:
HCO3(ag) + H (ag) — H2CO3(aq)

with the formation of carbonic acid. The latter decomposed into water and carbon dioxide
according to the reaction:

H2CO3(aq) - HZO(I) + COZ(Q)

The gaseous carbon dioxide moved away from the solution, and therefore, the reaction became
irreversible. Finally, we determined the number of bicarbonate moles from the volume of HCI
used for the titration and its concentration. The ratio between bicarbonate and hydrochloric acid
is1: 1.

7.1.2.5 Dissolved Silica

The dissolved silica was determined in situ by the heteropoly blue method (Boltz and Mellon,

1947) with a portable spectrophotometer (Fig.26).

Spectrophotometry is defined as a technique which involves provisions for continuously
varying wavelength of the central band and therefore, measuring the absorption of radiation
with wavelength by the sample. It is a convenient and direct technique that does not affect
changes in the composition and properties of the experimental solutions. The applicability of
the spectrophotometry to the determination of traces of metals, non-metals, and organic
compounds is one of the main reasons for the broad utilization of photometric methods of

analysis.

In spectrophotometric analysis, the intensity of radiation, transmitted by an absorbing medium
placed between the light source and the detector, is measured as a function of wavelength. The
graph between the intensity of radiation transmitted or absorbed, and the wavelength is called
the absorption spectrum and is characteristic of the absorbing component and provides the basis

for qualitative analysis.
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The intensity of radiation absorbed or transmitted is also a measure of concentration, and this
forms the basis for the quantitative analysis. The upper limit of '
spectrophotometric methods is, in general, the determination of
constituents which are present in quantities of less than 1 or 2

percent.

For the measurements of dissolved silica, we used a portable
multi-parameter photometer pHoto Flex following the
heteropoly blue method (Boltz and Mellon, 1947). In particular,
we added Silica HR Molybdate and Silica HR Acid RGT to
obtain heteropoly blue. Boltz and Mellon (1947) showed that in

acidic solution, soluble silica condenses with molybdate ions to

give molybdisilicic acid, which upon reduction, under suitable

conditions, forms a heteropoly blue. Moreover, we added Silica Figure 26 - Dissolved silica
L. . L . i determination with portable

HR Citric Acid to avoid interference with possible phosphate photometer pHoto Flex.

and dissolved arsenic. The blue colour produced was

proportional to the concentration of dissolved silica.
7.1.2.6 Temperature

The water temperature has a marked influence on some organoleptic and physical
characteristics. A low temperature makes flavours and smells less evident and makes the water
more pleasant. An increase in temperature causes, for example, a faster formation of organ -
halogenated compounds in water disinfected with chlorine and its derivatives, an increase in

the growth of microorganisms, or an increase in electrical conductivity.

We can measure the water temperature with a mercury or electric thermometer. In the case of
easily accessible waters, it can be carried out indifferently with mercury thermometer or with
electronics probes. Instead, for checking difficult to reach waters, such as those contained in
tanks or wells without pump equipment, it is advisable to use an electric probe equipped with a

cable of adequate length or a reversing thermometer.

We measured the temperature of the water samples through a mercury thermometer with a
sensitivity of 0.1 ° C. We immersed the bulb of the thermometer in the water until the thermal

equilibrium was reached, recording the height of the mercury column for each sample.
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7.1.3 Laboratory analysis

The water samples were analysed in the laboratory to determine the concentration of the major

elements (anions and cations) and REEs.

7.1.3.1 Major dissolved ions

The concentrations of the major dissolved ions (anions and cations) in the water samples of the
Mt. Vulture basin were determined with the ion chromatography technique. This technique
allows us to separate and define the ionic components in a solution, exploiting the different

reaction characteristics of the analytes.

The separation of the different ionic components in solution is possible due to their different
interaction with the mobile and stationary phases.

The input system, the separator column, the detection system, and the data processing system
with a recorder constitute an ion chromatograph (Fig. 27).

The analysis technique consists of an ion exchange that takes place between the mobile phase

containing the sample and the stationary phase present inside the separator column.

The analysis begins with the introduction of the sample through the mobile phase, which is

generally a buffer solution that can contain small quantities of organic solvents.

An injector injects the sample into the system. The sample loading is carried out at atmospheric
pressure. After switching the injection valve, the sample is transported to the separator by the

mobile phase. Typical injection volumes are between 10 puL and 100 pL.

High Performance Liquid Chromatography

(HPLC)

¥ PC for Data
Acquisition

'| 1 HPLC Column : ?
i \ Injector ‘ @ ; :
Solvent Pup Detector Waste

Figure 27 — Components of a High Performance Liquid Chromatography. Image from www.microbenotes.com.
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Within the column, the migration and separation of the different ionic components takes place
based on the distribution of each between the two phases (mobile and stationary). The choice
of a suitable stationary phase and chromatographic conditions determine the quality of the
analysis. The column tubes consist of an inert material such as epoxy resins. In general,

separation is achieved at room temperature.

The stationary phase, located inside the column, is generally made up of polymeric resins, and
has the function of retaining the solvent. Functional groups with electric charges are bound on
the molecular skeleton of these polymeric resins, which can reversibly exchange the introduced
solution. During the separation, the ion behaviour depends on the balance established between

it and the active ionized groups of the resin.

A detector is at the exit of the separator column that allows the determination of the various
substances; it consists of a conductimetric cell which allows to obtain the retention times,

different for each ion.

The chromatograph gives as output a graph called “chromatogram” consisting of the instrument
signal as a function of time. The chromatogram provides both quantitative and qualitative
information. Therefore, each peak in the graph identifies a particular ion. The retention time is
the amount of time a compound spends to cross the column and corresponds to the top of each
peak in the chromatogram. The higher affinity of a substance for the stationary phase results in
a longer retention time. The residence time in the column depends on pH, ion size and charge

and is usually quoted in units of seconds or minutes. This information is qualitative.

Instead, the area subtended by the curve provides quantitative information since it is
proportional to the concentration of the separate ion. We determine the concentration by
comparing the peak area with the analyte calibration curve, constructed with a series of
reference solutions at different known concentrations. The precision of the instrument is
calculated by analysing the same sample several times and computing the relative standard
deviation for each species. Moreover, we determine the accuracy of the method by analysing a
reference sample with a known composition and comparing the analytical data with the values

shown in the sample certificate.

Major ions determinations were carried out at the University of Calabria on unacidified (F-, CI
, NOgz, and SO4+%) and acidified (Sr*, Na*, K*, Ca?*, and Mg?*) water samples separate aliquots

using high-performance liquid chromatography (HPLC, Dionex DX-120; Fig.28).
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Figure 28 - HPLC, Dionex DX-120.

The electroneutrality was estimated to check on the completeness and accuracy of the analysis:
Electroneutrality (€) = [CAT-AN]/[CAT+AN] x 100(%),

where CAT and AN represent the sum of the measured cations and anions, respectively. Values
above + 5% indicate an analytical error in the measurements (Matthess, 1982). This threshold

was never exceeded in the analyses performed in this study.

7.1.3.2 Rare earth elements

The REEs' concentrations were determined by inductively coupled plasma-mass spectrometer
(ICP-MS) at the National Institute of Advanced Industrial Science and Technology (AIST,
Tsukuba, Japan).

Rare earth elements analyses are widely used in geology, environmental science and
archaeology. Over the past decade inductively coupled plasma-mass spectrometry has become

an important source of rare earth data on geological material.
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This technique consists of the combined use of an ionizing plasma torch ICP (Inductively
Coupled Plasma) and an MS mass spectrometer (Mass Spectrometry), which has the function
of separating and detecting the ions produced. It is an analytical technique based on the
separation and individual analysis of ion masses (atomic or molecular) and relative abundances

in the gas phase.

In mass spectrometry, discrimination of ionic species takes place according to the mass/charge
ratio (m/z). That implies the presence of an ionization source, capable of converting the
components of the sample into ions, and a mass analyser, necessary to separate the ions
according to their m/z ratio. As a final result, a mass spectrum is obtained, which represents the

intensity of the ion as a function of the m/z ratio.

Generally, in an ICP-MS analysis, the sample is introduced atomized by the central tube of the
torch through an argon flow. The aerosol of the sample arriving in the plasma collides with free
electrons, Ar atoms, and Ar + ions and is atomized and ionized. The analyte is then transformed
from liquid aerosol into solid particles and finally into a gas. When it reaches the analytical area
of the plasma at an approximate temperature of 6000 - 7000 ° K, it will be in the form of excited
atoms and ions representing the elemental composition of the sample. Therefore, atoms lose an
electron becoming ions with a single positive charge. The plasma is then aspirated and

transported to the detector, which defines the various elements according to the mass.

However, the technique is also characterized by some drawbacks; the occurrence of spectral
interferences being the most important one (Tan and Horlick, 1986; Dams et al., 1995; Balcaen
et al., 2015). Several approaches for coping with spectral overlap have been suggested, such as
(matrix-matched) blank subtraction, mathematical correction, cold plasma conditions (Sakata
and Kawabata, 1994), trace/matrix separation, alternative methods for sample introduction, or
aerosol desolvation (Minnich and Houk, 1998). Although the application of one of these
procedures, or a combination thereof, can lead to accurate results for a wide range of analyte
elements and sample types, more straightforward and universal approaches have been
developed over the last 20 years. They include the high-resolution sector-field (SF) ICP-MS
instruments (Jakubowski et al., 2011) and quadrupole (Q)-based instruments equipped with a
collision/reaction cell (CRC) (Feldmann et al., 1999; Tanner and Baranov, 1999; Yamada et
al., 2002).

Very recently (2012), it was put on the market the ICP-tandem mass spectrometer (MS/MS)
(Fernandez et al., 2012; Balcaen et al., 2013), often also referred to as triple quadrupole ICP-
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MS (or ICP-QQQ) (Fig.29). The main difference with the traditional ICP-CRC-QMS systems
is the introduction of an additional quadrupole (Q1) in front of the CRC, which can be operated
as a mass filter, thereby only allowing ions with one m/z-ratio to enter the cell. This leads to a
better control over the reactions taking place in the cell and more insight into the reaction

mechanisms and the origin of the reaction product ions observed (Balcaen et al., 2015).

ICP-MS/MS

Rejects all masses

except m/z of the

target product ion
(eg., T, ™)

| X f Reaction |
- T - product ion

[l (e.g.,*A’R*)

Rejects all )
masses except | Reaction
m/z=x gas R
_ feg.m)

AT+ N

Figure 29 - Schematic representation of the operating principle of the tandem mass spectrometer system, functioning in MS/MS
mode, leading to an interference-free determination of *A* (at the mass of a reaction product ion). A stands for analyte element,

| for interference; from Balcaen et al., 2015.

For the measurement of REEs concentrations, we used an Agilent 8800 Triple Quad (Fig. 30).
The instrument can be used in different modes of operation, depending on the nature of the
analyte, the matrix elements found in the samples, and the requirements of the analysis in terms

of, among other, detection limits and sensitivity (Balcaen et al., 2015).

&

Figure 30 - Agilent 8800 Triple Quad with on-line elution/on-line measurement system and ultrasonic bath.
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For the determination of those elements that are hindered by spectral overlap, the
collision/reaction cell can be pressurized with a (reactive or non-reactive) gas. Instead, Q1 can
be used as an ion guide or bandpass (“single quad” mode - comparable to a typical ICP-CRC-
MS system) or as a mass filter (“MS/MS” mode). While the addition of a non-reactive gas (e.g.,
He) in the cell, in combination with kinetic energy discrimination, can lead to a strong reduction
of many polyatomic interferences. It is widely accepted that the reaction mode is often more
efficient than the collision mode, especially for some key elements (e.g., S, P, Se) and when
aiming at ng L - level analysis (Tanner and Baranov, 1999). Moreover, with a non-reactive
gas, only polyatomic ions can be banned from the quadrupole mass spectrometer, while the use
of reactive gases also allows for a reduction of isobaric overlap (Balcaen et al., 2015).

With a reactive gas, spectral overlap can be reduced in two different ways (Fig. 31). Reactions

can be induced to:

- Convert the interfering species into a new species that does not longer interfere with the

determination of the analyte ion at its natural isotopic mass (on-mass mode), or

- Convert the analyte ion into a reaction product ion, which can be determined free from
interference at another mass-to-charge ratio than that of the original analyte ion (mass-shift

mode).
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Figure 31 - Example of the added value of the double mass selection mode (MS/MS) for the determination of As in complex
matrices. With Q1 used as an ion guide only, spectral interferences are remaining, while operation in MS/MS-mode allows for
an interference-free determination of As when using O2 as a reaction gas; from Balcaen et al., 2015.
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To avoid isobaric interference between LREE and HREE, we used the mass-shifted mode and
in particular the oxygen reaction mode. The oxygen reaction mode induces the formation of an
oxide ion at a new mass of mx + 16, where mx is the mass of the analyte; therefore, the mass
of the analyte ion shifted to a new mass away from the original interference, so the new mass

is obtained by adding an oxygen atom.

Before proceeding with the analyses, we performed a pre-concentration process on the samples
that showed low REE content. These samples were defined through a preliminary analysis in

which the roughly concentrations of each sample were determined.

We used the co-precipitation method proposed by Zhu et al. (2010) to pre-concentrate the REES
in the water samples prior to the measurements. First, appropriate quantities of Fe(NOs)z and
NH4OH4 solutions were consecutively added into the water samples to obtain Fe(OH)s
precipitates. Then, the Fe(OH)s precipitates, used for enriching the REEs, were collected in a
syringe filter aided by suction. The syringe filters were connected, one by one, to an on-line
elution/on-line measurement system through which the Fe(OH)s precipitate was eluted by 2
mol/L HNOz3 solution and introduced in the ICP-MS instrument for the determination of the
REEs concentrations. During the elution, an ultrasonic bath was applied to obtain a smooth

elution profile of REEs from the syringe filter (Fig.32).
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Figure 32 — Schematic structure of the coprecipitation system, from Zhu et al., 2010.

The detection limits were <0.098 pg/l for all REEs. The analytical relative standard deviation
(RSD) precision was 12% for La; 14% for Ce; 10% for Pr, Sm, and Nd; 7% for Gd, Th, and
Dy; 18% or higher for Lu, Er, Ho, and Yb; and 28% or higher for Tm and Eu.

70



CHAPTER 8

DATA PROCESSING
8.1 Data processing

The data obtained on the water samples from the chemical analyses (concentrations of the major
dissolved elements and rare earths) and the in situ determinations (T, pH, EC, DO, and
alkalinity) were processed through the dedicated Geochemist's Workbench software for

thermodynamic calculations and the Past3 software for cluster analyses.

8.1.1 Geochemist’s workbench
The Geochemist's Workbench (GWB) is an integrated set of interactive software tools for

solving a range of problems in aqueous chemistry. The graphical user interface simplifies the

Gwd) GEochemist’s | use of the geochemical code.
12/ Workbench®

Aops Docs  Vdeo  Settngs Support Upgrade The GwWB is an
integrated geochemical modelling package used for
balancing chemical reactions, calculating stability
diagrams and the equilibrium states of natural waters,
tracing reaction processes, modelling reactive transport,

g i 1, [ plotting the results of these calculations, and storing the

T editthermo data

Figure 33 — GWB graphic interface.

related data.

GWB reads datasets of thermodynamic equilibrium
constants (most commonly compiled from 0 to 300 °C
along the steam saturation curve) with which it can calculate chemical equilibria.
Thermodynamic datasets from other popular programs like PHREEQC (Parkhurst, 1995;
Parkhurst and Appelo, 1999), WATEQ4F (Ball and Nordstrom, 1991), and Visual MINTEQ
have been formatted for the GWB, enabling comparison and validation of the different codes
(Gustafsson, 2010). The GWB can couple chemical reactions with hydrologic transport to
produce simulations known as reactive transport models. GWB can calculate flow fields
dynamically, or import flow fields as numeric data or calculate directly from
the USGS hydrologic flow code MODFLOW (Bethke and Yeakel, 2014).
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For the treatment of the data of this study, | used the GWB Student Edition, which consists of
7 programs (Fig. 33):

e GSS stores analyte and sample data in a spreadsheet specially developed to work with
the GWB set of software tools.

¢ Rxn automatically balances chemical reactions, calculates equilibrium constants and
equations, and solves for the temperatures at which reactions are in equilibrium.

e Act2 calculates and plots stability diagrams on activity and fugacity axes.

e Tact calculates and plots temperature-activity and temperature-fugacity diagrams and
projects the traces of reaction paths.

e SpecE8 calculates species distributions in aqueous solutions and computes mineral
saturation and gas fugacities. SpecE8 can account for the sorption of species onto
mineral surfaces according to a variety of methods, including surface complexation and
ion exchange.

e Gtplot graphs SpecES8 results and GSS datasets, including on xy plots, ternary, Piper,
Durov, and Stiff diagrams.

o TEdit displays, modifies, and creates the thermodynamic and surface reaction datasets

used by the various GWB applications.

8.1.1.1 Data store (GSS)

The water samples data were stored in a spreadsheet on the GSS program. Once the data was
loaded, the sheet was loaded into the gtplot program for the construction of binary diagrams, in
the SpecE8 program for the calculation of the aqueous speciation, and in Act2 program for the
construction of the activity plot. Furthermore, with the GSS program, it was possible to
calculate the saturation of minerals and the activities of the aqueous species used for the

construction of the activity plots.

8.1.1.2 Act2 (Activity plot)

The Act2 program was used for the construction of the activity plots. These plots show the
stability fields of minerals in equilibrium with the aqueous solution and the predominance of
aqueous species in chemical systems, using activity, fugacity, activity or fugacity ratio, pH, or

Eh as variables of the axes.

The program refers to a thermodynamic database to compute the different plots. Each

thermodynamic database contains the following information:
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e The activity model used to calculate the activity coefficients (for example the Debye -
Huckel model);

e The list of elements with their molar weight;

e The list of basic species (for example As(OH)s?) with information about the ionic
charge, the ionic size, the molar weight and the number of elements that formed the
species;

e The list of aqueous species with information about the ionic charge, the ionic size, the
molar weight and the elements that form the aqueous species;

e The list of minerals whose formula, molar volume, molar weight and species in a
reaction are reported;

e The list of gaseous species with their molar weight;

e The list of gaseous species and oxides with their molar weight.

The first step was to define the most suitable thermodynamic database for the geochemical
context of Mt. Vulture basin. We chose the thermo.dat database (Bethke, 1992). Finally,
through an iteration process with the thermodynamic database, the program calculated and
graphically returned the activity plot. It was possible to insert the representative marker point
of each sample in the activity plot by loading the spreadsheet previously saved in the GSS

program.

8.1.1.3 SpecES8 (aqueous speciation and saturation index)

SpecE8 is a program designed to compute the distribution of species in aqueous solutions, the
mineral saturation, and the fugacity of gases. In this study, SpecE8 was used to determine
aqueous REE species in water samples and saturation index.

It was necessary to provide the program with input data to calculate the distribution of the REESs'
species in the water samples. The measured physicochemical parameters (T, pH, Eh, electric
conductivity, and dissolved oxygen) and concentrations of major elements and REEs were used

as input parameters for the calculations.

Thermodynamic calculations were performed using the database “thermos.com.v8.r6+.dat”
(Bethke, 1992). The equilibrium constants for aqueous REE species in the groundwater system

used for the speciation and saturation calculations are listed in Table 4.
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Table 4 - Formation constants (log units) for aqueous REE species.

LnCI"™  Ln(COs)2” LnCOs* LnF** LnOH*"  LnSO4*
La -0.31 9.36 3.21 -3.85 8.64 -3.61
Ce -0.31 8.9 2.93 -4.22 8.42 -
Pr -0.31 8.58 2.77 -4.22 8.27 -
Nd -0.31 8.49 2.62 -4.37 8.13 -3.6
Sm -0.31 8.13 2.48 -4.37 7.99 -3.63
Eu -0.31 8.03 24 -4.44 7.91 -3.64
Gd -0.31 8.18 2.48 -4.59 7.91 -
Tb -0.23 7.56 24 -4.66 7.83 -3.59
Dy -0.23 7.46 2.33 -4.66 7.83 -3.57
Ho -0.23 7.66 2.26 -4.73 7.76 -3.54
Er -0.31 7.54 2.18 -4.73 7.76 -3.51
Tm -0.23 7.39 211 -4.81 7.69 -3.48
Yb -0.16 7.36 2.04 -4.81 7.61 -3.46
Lu 0.06 7.29 2.04 -4.81 7.61 -3.44
Ref. [b] [a] [a] [b] [c] [d]
a) Luo and Byrne (2004); b) Migdisov et al. (2009); c¢) Haas et al. (2005); d)

Schijf & Byrne (2004).

The software performed the thermodynamic calculation through a series

of iterations of a

specific algorithm with the chosen thermodynamic database. The iteration process continues

until optimal convergence with the input data is achieved.
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The program returns as output a .txt file in which are reported:

e The general characteristics of the water sample like hydrofacies, TDS, alkalinity, water
activity;

e The distribution of agueous species;

e The mineral saturation states;

e The gas fugacity.

8.1.2 Past3

Past3 is free software for scientific data analysis. It has functions for data manipulation,
plotting, univariate and multivariate statistics, ecological analysis, time series and spatial
analysis, morphometrics, and stratigraphy. This program was originally designed as a follow-
up to PALSTAT, a software package for paleontological data analysis written by P.D. Ryan,
D.A.T. Harper and J.S. Whalley (Ryan et al. 1995). Through continuous development for more
than twenty years, PAST has grown into a comprehensive statistics package used not only by
paleontologists, but in many fields of life science, earth science, engineering, and economics.

We used Past3 software for a cluster analysis and for the univariate statistical analysis of water

samples.

The hierarchical clustering routine produces a dendrogram’ showing how data points (rows)

can be clustered.
Three different algorithms are available:

» Unweighted pair-group average (UPGMA). Clusters are joined based on the average distance
between all members of the two groups.

* Single linkage (nearest neighbour). Clusters are joined based on the smallest distance between

the two groups.

* Ward’s method. Clusters are joined such that the increase in within-group variance is

minimized.

For Ward’s method, a Euclidean distance measure is inherent to the algorithm. For UPGMA

and single linkage, the distance matrix can be computed using 13 different measures.
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In this study, we used the algorithm paired groups (UPMGA) and similarity index Gower to

identify separate groundwater subsets.

The univariate analysis computes a number of basic descriptive statistics for one or more
samples. In this study the mean, the median, the standard deviation, the Pearson correlation

coefficient (r):

e Mean (x) = %

e The median of the sample. For n odd, the given value such that there are equally many

values above and below. For n even, the average of the two central values.

e Standard deviation (s) = \/ﬁZ(Xi - X)?
e Pearson’sr is the most commonly used parametric correlation coefficient. It is given by:
Si(Xi — X)(Yi— Y)
r =
VI(Xi—X)? J(Yi-Y)?
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CHAPTER 9

RESULTS

9.1 Groundwater physico-chemical features and major solutes

Groundwater geochemistry deals with defining the processes that control the chemical

composition of the groundwater produced by the different aquifer systems. However, the

heterogeneity of many aquifer systems makes it complicated to define the processes that control

the groundwater geochemistry. This heterogeneity is due to the different geological conditions

of the formation of the different rocks that compose the aquifers.

Table 5 - physical parameters and subset of water samples. EC = electrical conductivity; T = temperature; DO = dissolved

oxygen;, — = no value; TDS = total dissolved solid; HEC = high electrical conductivity;, LEC = low electrical conductivity.

Sample Flow T pH EC Eh DO TDS Subset
I/sec °C us/cm 25°C mV pm/kg mg/L

V1 - 21.4 6.8 13030 320 2.8 14072 -
V2 0.01 201 6.9 19250 276 199 20790 -
V3 0.16 165 6.4 5680 302 1.45 6134 HEC
V4 0.33 171 6.3 2920 473  3.97 3154 HEC
V5 0.04 189 5.8 830 529 2.42 950 HEC
V6 - 195 6.7 7700 373 577 8316 HEC
V7 - 199 6.7 6160 388 5.36 6653 HEC
V8 - 173 6.4 3590 505 4.24 3877 HEC
V9 0.09 17.1 59 1467 405 1.15 1584 HEC
V10 0.80 13.5 6.0 1313 390 0.70 1418 HEC
Vi1l 1.00 13.3 5.6 806 495 1.23 870 HEC
V12 1.00 19 5.9 1079 522 2.86 1165 HEC
Vi3 5.00 16.5 5.6 601 454  3.03 649 HEC
Vi4 3.00 15.8 6.2 2486 374 3.20 2685 HEC
V15 1.26 16.3 5.9 457 505 5.40 454 LEC
V16 4.00 16.7 5.7 421 528 5.30 455 LEC
V17 3.48 163 6.1 592 527 4.24 639 LEC
V18 0.69 15.2 6.5 353 550 8.69 381 LEC
V19 0.06 152 6.7 260 474  6.60 281 LEC
V20 45.00 158 7.0 321 420 9.08 347 LEC
V21 55.00 144 6.1 287 507 8.23 310 LEC
V22 78.00 135 5.8 269 512 7.62 291 LEC
V23 8.00 188 6.8 395 471 3.75 427 HEC
V24 33.00 17.3 6.6 510 520 8.06 551 LEC
Va5 44.00 14.8 6.6 331 503 7.43 357 LEC
V26 8.00 16.2 6.5 428 522 7.84 462 LEC
V27 500 21.7 59 1240 244 0.74 1987 HEC
V28 1.50 19 5.8 1240 4559  1.26 1339 HEC
V29 250 218 59 1503 472  0.55 1623 HEC
V30 39.00 149 6.2 403 456  8.52 435 LEC
V31 6.00 13.2 7.2 24 606 8.55 242 LEC
V32 10.00 159 7.0 283 599 920 306 LEC
V33 6.00 147 7.0 302 819 8.32 326 LEC
V34 8.00 15.7 7.1 315 709 8.19 340 LEC
V35 4 16.7 5.7 421 528 5.30 455 LEC
V36 0.1 143 7.2 700 526 5.50 756 LEC
V37 0.43 193 6.1 2750 307 0.48 2970 HEC
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The Mt. Vulture groundwater shows large fluctuations in the physico—chemical parameters,
according to the complex geological context of the studied area. The physico parameters are
shown in Table 5 and Fig. 34.
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Figure 34 - Box and wisker plots of physico-chemical parameters of groundwater samples.
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The temperature ranges from a minimum of 13.2 °C to a maximum of 21.8 °C. The water
samples can be classified as cold water and slightly thermal waters, when the temperature
values showed values higher (21.8 °C) than the mean measured values (17.2 °C). The term
“slightly thermal water” was introduced by Nathenson et al., (2003) for springs that do not meet
the numerical criterion of Reed (1983) but have a temperature higher than non-thermal springs

and usually have also dissolved constituents normally found in thermal waters.

The pH and Eh parameters also show heterogeneity in the measured values. pH ranges from
slightly acidic to neutral (pH 5.6 — 7.2), whereas Eh range between 244 mV to 819 mV.
However, conductivity and dissolved oxygen show the main fluctuations in the waters of the

Vulture basin, ranging respectively between 19,250 — 224 ps/cm and 9.2 — 0.5 pmol/kg.

The mean Total Dissolved Solid (hereafter TDS) values of collected waters were estimated
using the regression line equation computed by Parisi (2009) for the Mt. Vulture hydro-mineral

basin
TDS=1.08 x EC
where EC is the electrical conductivity.

The TDS values range from 242 mg L™ to 20,790 mg L*. According to the Freezy and Cherry
classification (1979), most of the groundwaters are freshwaters (59.5%) whereas the 35.1% of
the samples are classified as brackish water type. Only two water samples (sample V1 and V2)
are classified as saline water type, with very high TDS values (14,072 mg L and 20,790 mg
L1, respectively) (Table 6).

Table 6 — classification of water samples according to the TDS values (Freeze and Cherry, 1979).

Nr. of

TDS (mg L) Classification Sample 1D %
samples
V5, V11, V13, V15, V16, V17, V18, V19, V20, V21, V22, V23, 59.
<1000 Fresh water type 22

V24, V25, V26, V30, V31, V32, V33, V34, V35, V36 5

35.

1000 - 10000 Brakish water type V3, V4, V6, V7, V8, V9, V10, V12, V14, V27,V28, V29, V37 13 L
10000-100000 Saline water type V1, V2 2 5.4
> 100000 Brine water type 0.0

Due to the high variability of physico-chemical parameters, a cluster analysis was performed
on the water samples using the software PAST3, implemented with the algorithm paired groups

(UPMGA) and similarity index Gower to identify separate groundwater subsets. The
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dendrogram obtained from the analyses highlight the existence of two main subsets (Fig. 35):
a high EC (HEC, average EC = 2,495 us/cm) subset with lower pH (average = 6.12), Eh
(average = 421 mV), and DO (average = 2.48 umol/kg), and higher T (average = 18.7 °C)
values; and a low EC (LEC, average EC = 382 us/cm) characterised by higher pH (average =
6.50), Eh (average = 543 mV), and DO (average = 7.31 umol/kg), and lower T values (average
=15.4°C) (Table 5and 7, and Fig. 36).

Table 7 - Physico-chemical parameters, chemical composition, SREE and fractionations indexes of HEC and LEC subsets. EC

= electrical conductivity, DO = dissolved oxygen, HEC = high electrical conductivity subset; LEC = low electrical

conductivity.

2+ + + 2+ 2+

Subset T pH EC(25°C) Eh DO  Sr Na K Mg Ca € NOs S0s° F  HCOs SiO:z
°C us/em  mv  um/kg mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l

HEC Average 18.6 6.1 2494.7 4214 25 0.6 4107 559.0 37.0 126.3 106.3 11.5 397.8 0.8 1176.6 90.2
Median 19.0 6.0 15030 4540 24 05 162.6 49.0 285 1122 357 104 169.5 0.7 1079.7 97.8
Stdev. 1.7 04 21363 829 1.7 0.4 5004 39.2 259 584 140.7 10.7 5284 0.6 731.7 152

LEC Average 154 6.5 3821 5451 73 02 317 177 80 301 16.2 113 151 05 1985 715
Median 15.5 6.6 342.0 524.0 8.0 0.2 304 16.1 6.2 240 144 7.7 124 0.4 158.6 69.7
St.dev. 1.1 0.5 1242 925 1.5 01 83 68 56 164 52 90 86 03 920 220

Samples V1 and V2 do not fall into either group based on the anomalous conductivity values
measured (13,030 and 19,250 uS/cm, respectively), although the T, pH, Eh and DO values fall

within the range of values measured for the HEC subset (Table 5).
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Figure 35 - Dendrogram resulting from cluster analysis performed with the software PAST3 implemented with the algorithm
paired groups (UPMGA), similarity index GOWER.
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Table 8 - Chemical composition of water sample. D.L. = detection limit, bdl = below detection limit, HEC = high electrical

conductivity, LEC = low electrical conductivity.

SAMPLE S Na* K Mg* ca® o Nos so” F  HCOs, SiO, Error Subset
mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l %

D.L. 0.1 0.1 01 01 01 02 01 05 01 0.1 0.7

V01 bdl 2952.6 2879 67.8 74.1 804.4 25.2 34969 bdl 3940.6 16.3 -4.95 -
V02 bdl 4819.6 751.4 105.8 30.4 950.2 18.5 5058.8 bdl 61976 218 1.11 -
V03 bdl 1132.8 175.0 65.5 130.4 2315 bdl 9879 1.3 27694 63.8 -492 HEC
Vo4 bdl 545.7 49.0 104 112.2 1514 182 561.6 1.2 10675 816 -3.56 HEC
V05 bdl 925 23.1 125 773 212 104 705 10 4026 898 3.38 HEC
Vo6 bdl 1633.8 106.7 19.8 167.4 480.8 13.8 1771.4 bdl 2366.8 83.4 -3.20 HEC
Vo7 bdl 13389 94.5 19.7 955 3884 89 13942 2.1 2068.0 80.0 -494 HEC
V08 bdl 719.3 56.0 17.6 87.7 1963 37.8 7525 13 1079.7 706 -1.26 HEC
V09 bdl 121.5 34.6 40.8 127.1 27.8 bdl 1324 bdl 8479 103.8 -4.71 HEC
V10 0.6 163.5 48.1 62.7 1865 298 bdl 169.5 0.3 12139 100.8 -3.08 HEC
Vil bdl 773 282 233 853 202 4.4 445 0.8 536.8 103.2 -0.71 HEC
V12 0.2 912 295 285 99.8 315 184 496 05 6222 97.8 -1.56 HEC
V13 04 506 34.7 135 517 143 09 115 00 3843 103.2 -1.21 HEC
V14 0.4 368.5 88.7 40.1 205.8 53.0 21.1 2504 bdl 15921 63.3 -1.94 HEC
V15 0.3 413 242 100 39.2 188 bhdl 166 04 2867 962 -3.62 LEC
Vie 04 426 31.7 11.8 398 260 73 119 04 2928 103.8 -2.46 LEC
V17 bdl 399 243 220 550 252 33 387 09 3599 874 -420 LEC
V18 03 313 150 63 234 158 152 354 04 1342 69.0 -3.02 LEC
V19 03 252 76 48 187 108 22 112 05 1338 574 -3.17 LEC
V20 01 247 15.2 6.1 185 105 315 127 15 1220 700 -4.21 LEC
V21 01 278 200 42 163 114 143 86 0.2 1403 86.8 -2.69 LEC
V22 02 246 17.7 44 183 155 134 82 03 1220 854 -0.62 LEC
V23 bdl 33.7 158 7.0 27.0 220 121 16.8 0.2 1769 764 -3.53 HEC
V24 0.0 435 181 29 30.7 143 45 185 0.7 2074 806 -4.85 LEC
V25 01 295 13.1 54 223 142 7.7 154 0.2 1586 69.1 -4.16 LEC
V26 0.2 313 144 102 339 220 31.3 13.7 04 1708 694 042 LEC
V27 0.7 162.6 51.6 70.0 177.0 357 1.0 184.8 0.3 12139 105.0 -3.70 HEC
V28 bdl 779 427 384 1023 270 0.7 294 0.2 7564 103.6 -3.94 HEC
V29 1.3 1209 615 64.1 162.2 373 11 1035 0.7 1104.1 107.8 -2.70 HEC
V30 01 326 191 81 284 127 204 118 05 1769 834 175 LEC
V3l 02 189 154 26 122 120 63 68 02 976 432 -343 LEC
V32 01 211 135 63 246 138 98 96 0.2 1525 544 -404 LEC
V33 04 272 168 43 185 126 1.8 141 05 1464 575 -3.44 LEC
V34 01 237 143 59 228 144 60 93 03 1586 531 -461 LEC
V35 04 427 316 11.7 399 261 73 120 04 2923 103.0 -2.47 LEC
V36 01 419 66 192 796 156 93 175 03 4209 180 -2.12 LEC
V37 bdl 251.9 62.7 957 251.3 389 bdl 232.0 bdl 17995 986 -3.55 HEC
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The waters belonging to the two groups, classified through the piper diagram, also show
differences in chemical composition (Table 8). The LEC waters have a bicarbonate alkaline-
earth and alkaline composition, whereas the HEC waters have both a bicarbonate alkaline-earth
and sulphate-bicarbonate alkaline compositions. Finally, samples V1 and V2 have a

bicarbonate-sulphate-alkaline composition (Fig.37).

® LcC
O HEC

B vive

% meqg/kg

Figure 37 - Piper diagram. HEC = High electrical conductivity, LEC = Low electrical conductivity

Generally, the bicarbonate represents the major dissolved anion and shows a good correlation
with the TDS (R? = 0.95), which shows positive correlation also with Na* (R?=0.99), K*
(R?=0.89), CI' (R?=0.96), and SO+* (R?=0.98) (Fig.38).
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Figure 38 - Plot correlation between HCOs vs. TDS; Na* vs. TDS; K* vs. TDS; CI- vs. TDS and SO4% vs. TDS. LEC = low

electrical conductivity, HEC = high electrical conductivity

Moreover, in the HEC subset, the Na* and HCOs" are significantly higher (Na" average = 410.7
mg/l, HCO3 average = 1176.6 mg/l) than in the LEC subset (Na" average = 31.7 mg/l, HCO3s
average = 198.6 mg/l) (Fig.39 and Table 7 and 8). That suggests that the HEC and LEC waters

correspond roughly to the waters from the discharge zone and recharge zone, respectively.
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Figure 39 - Box and wisker plots of Na* and HCOs™ detected in HEC and LEC subsets. HEC = high electrical conductivity, LEC =
low electrical conductivity, + = average.

More generally, the observed differences between the two subsets are consistent with the
conceptual hydrogeological model of Parisi et al. (2011a) because they are related to the aquifer
radial symmetry and indicate lower solute contents in the recharge zone; furthermore, W-NW
and S-SE flow directions are clearly recognised (Fig.40). The two flow paths are characterised
by an increase in EC and Na" and HCOz3™ content and a decrease in Eh and DO contents along
the flow directions (Fig.41).
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Figure 40 - Geological sketch map of Mt. Vulture (modified from Giannandrea et al., 2004). The localization of sampling site
(red, blue and black circle), flow direction and code of water sample are shown.
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Figure 41 - Variation of physico-chemical values, of Na* and HCO3~ along the S-SE and W-NW paths.

86



9.2 REEs' distribution and fractionation indexes in groundwater

Measured concentrations of REE in Mt. Vulture’s groundwater are summarized in Fig. 42,
Moreover, the REES' concentrations and related log-transformed fractionation indexes
normalised with respect to an average shale standard (Post Archean Australian Shales, PAAS,
Taylor and McLennan, 1985), including ratios of LREE to HREE ((La/Yb) paas), Ce anomaly
(Ce*pans), and the Eu anomaly (Eu*paas), for the two separate groundwater subsets are

presented in Table 9 and Table 10. The PAAS normalised patterns are shown in Fig. 44.
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Figure 42— REE concentration distribution in groundwater samples.

The concentration of total dissolved REEs (XREEs) in water samples fluctuates over several
orders of magnitude whereas individual elements fluctuate with atomic number (i.e., the
observed “zigzag pattern”) (Fig.42). This fluctuation of abundance is attributable to the
Oddo—Harkins rule, which asserts that, other than hydrogen, elements with even atomic
numbers are more abundant than adjacent elements having odd atomic numbers (Harkins,
1917). This fluctuation gives rise to the common practice of normalizing REE data to a
reference standard, for example an average shale or chondritic meteorite, that also exhibits the
Oddo—Harkins effect (McLennan, 1994).
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Table 9 - REEs concentrations and fractionation indexes of water samples. HEC = high electrical conductivity subset, LEC =
low electrical conductivity, LOD = limit of detection, LOQ = limit of quantification. logEu*Paas = log(Eu (Paas)/\/Sm(Paas)

x Gd (Paas)), logCe*Paas = log(Ce (Paas)/ VLa (Paas) % Pr (Paas)) .

Sample la C¢c Pr Nd Sm Eu Gd Tbh Dy Ho E Tm Yb Lu ZREE log(la/Ybpsss l0gCe¥pas 10BEU¥ps5s Subset
ng/l ng/l ng/l ng/l ng/l ngfl ng/l ng/l ng/l ng/l ng/l ng/l ng/l ngfl ngfl

LOD 0.038 0.083 0.009 0.034 0.014 0.017 0.014 0.006 0.010 0.003 0.009 0.002 0.104 0.001

Loq 1209 2.199 0.238 1.245 0.328 0.190 0.499 0.329 0.377 0.076 0.176 0.024 2.195 0.025

Vi 319.00 101.96 9.45 34.60 833 248 850 1.68 11.03 3.16 11.27 2.03 13.79 2.55 529.82 0.15 -0.37 0.14 -
V2 5238 419 050 185 090 008 031 004 032 007 025 002 011 003 61.03 135 -0.73 -0.14 -
V3 8052 2334 245 851 164 037 165 027 184 049 215 038 280 0.58 127.00 0.20 -0.42 0.03 HEC
va 30.40 2674 368 1576 3.82 179 565 099 686 174 693 105 879 139 115.60 -0.60 -0.23 0.26 HEC
V5 14413 92.77 1570 59.12 12.03 3.77 1475 223 1426 330 11.43 168 1068 193 387.77 -0.07 -0.35 0.12 HEC
' 23048 57.92 634 2480 6.56 4.88 10.65 2.31 2143 6.64 3297 6.27 7358 9.25 494.09 -0.55 -0.46 0.44 HEC
V7 4022 77.26 4.87 1941 456 080 7.09 1.68 1579 522 28.00 515 4815 7.81 266.00 -1.23 0.10 -0.18 HEC
V8 2903 1131 115 437 115 091 187 038 361 119 538 099 854 165 7151 -0.70 -0.34 0.47 HEC
V9 4491 2478 283 1266 337 111 632 116 1059 347 1398 231 1852 3.16 188.05 -0.79 -0.30 0.06 HEC
V10 178.53 169.34 31.30 166.11 40.00 14.47 68.62 10.69 79.12 21.23 73.88 10.18 72.08 11.51 947.06 -0.75 -0.28 0.11 HEC
Vil 7152 80.89 1491 7237 17.77 6.96 2658 4.25 28.80 7.66 26.19 3.93 26,51 4.49 392.85 -0.74 -0.24 0.18 HEC
V12 30.28 3325 558 2945 819 4.10 16.09 2.69 20.88 5.84 21.02 3.23 2467 3.53 208.79 -1.01 -0.23 0.23 HEC
V13 3809 4464 8.04 3875 1045 576 17.85 3.02 21.57 598 2139 331 2417 4.16 247.8 -0.98 -0.23 0.30 HEC
Vi4 5463 1890 5.57 2444 563 185 889 155 13.33 336 1342 211 1634 235 17238 -0.58 -0.60 0.09 HEC
V15 56.14 1046 2.89 1546 381 257 533 085 613 160 6.00 091 6.61 117 119.93 0.20 0.78 -0.04 LEC
V16 1594 1998 4.88 30.00 934 7.14 1563 2.58 17.82 455 1623 231 1543 275 164.59 0.66 121 0.36 LEC
V17 1526 934 160 823 311 339 422 088 628 192 818 169 2700 341 9450 0.28 091 0.23 LEC
V18 100.21 855 198 7.87 179 29 195 028 197 056 1.8 025 191 031 13246 -0.25 0.28 -0.61 LEC
V19 11537 3233 1543 6340 1176 3.02 1195 1.65 11.18 2.87 1093 155 10.07 1.83 293.35 0.46 1.04 0.19 LEC
V20 1023 395 091 363 079 210 071 010 069 015 050 007 059 009 2451 -0.82 -0.30 -1.14 LEC
V21 60.25 33.56 10.63 4528 848 228 889 126 726 185 611 095 795 121 19596 0.27 0.79 -0.02 LEC
V22 4460 2224 598 2633 816 7.09 893 141 779 191 712 137 3618 141 180.52 0.28 0.85 0.14 LEC
V23 4357 1460 235 947 211 662 231 034 220 054 210 032 224 041 89.20 -0.27 0.32 -0.49 HEC
V24 4464 625 142 550 117 119 111 017 112 028 092 015 098 0.18 65.07 0.44 -0.74 0.69 LEC
V25 7341 1294 325 1375 387 372 422 082 460 119 372 067 376 0.74 130.66 0.05 -0.71 0.64 LEC
V26 6462 487 123 513 147 154 181 035 202 054 1.8 032 197 037 88.06 0.30 -0.90 0.65 LEC
V27 88.65 140.30 20.21 102.84 27.11 10.21 50.20 8.57 66.01 17.37 63.35 9.55 72.89 11.64 688.90 -1.06 -0.12 0.11 HEC
V28 29.01 2784 393 1948 631 831 11.21 2.01 1748 526 2145 3.67 2437 457 184.88 -1.14 -0.22 0.67 HEC
V29 62.95 121.91 17.92 105.49 34.19 15.35 68.98 12.13 91.18 24.54 88.77 13.29 89.66 16.16 762.52 -1.35 -0.08 0.17 HEC
V30 1448 7.09 250 11.68 290 278 3.83 0.61 433 122 517 100 944 222 6930 -1.13 -0.57 0.59 LEC
V31 22.83 1887 275 9.08 149 236 121 016 091 015 051 006 0.59 005 61.02 0.74 -0.26 0.92 LEC
V32 11.06 451 080 3.06 069 232 064 008 071 017 069 0.08 077 010 25.68 0.10 -0.46 122 LEC
V33 967 325 048 170 033 297 031 004 031 007 028 002 038 004 19.83 0.46 -0.46 1.64 LEC
V34 9.07 297 058 215 055 270 047 009 054 014 051 007 049 007 2043 0.14 -0.52 1.40 LEC
V35 13.67 21.18 486 31.64 1002 6.88 1539 2.66 17.53 4.63 1594 227 1619 261 16548 -1.23 -0.22 0.42 LEC
V36 2494 365 059 243 059 145 065 009 063 013 047 005 046 004 36.17 0.81 -0.66 1.05 LEC
V37 4117 6850 2.02 947 293 071 493 096 847 264 1117 187 1430 254 17168 -0.74 0.24 -0.06 HEC

Each of the dissolved rare earths is present in higher concentrations in the HEC subset.
Therefore, the XREE contents is higher in the HEC subset (average =322 ng/l) than in the LEC
subset (average = 105 ng/l) (Table 10 and Fig. 43).

88



225 ® HEC

200+
1754 *
1504
1254

100+

REE ngl/l

754 L] .

504 °

la Ce Pr Nd Eu Gd Tb Dy Ho Er Tm Yb Lu

120
105+ LEC
90+

754

60 ]

REE ng/l

451

304

la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

o N o 9
o o o 9
o o o o

(2]
(=]
(=]

> REE ng/l

w
(=]
S

]
o
o

N

HEC LEC

N
(=]
o

Figure 43 — REE concentration distribution in HEC and LEC subsets. HEC = high electrical conductivity subset; LEC = low

electrical conductivity.
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Table 10 - 2REE and fractionations indexes of HEC and LEC subsets. HEC = high electrical conductivity subset; LEC = low
electrical conductivity, logEu*Paas = log(Eu (Paas)/NSm(Paas) *x Gd (Paas)), logCe*Paas = log(Ce (Paas)/ La (Paas) *
Pr (Paas)) .

Subset IREE log(La/Yb)pass logCe*pans logEu*pans
ng/l
HEC Average 322.2 -0.71 -0.25 0.24
Median 208.8 -0.74 -0.24 017
St.dev. 258.7 0.44 0.21 031
LEC Average 104.9 -0.12 -0.56 0.75
Median 91.3 0.07 -0.52 0.65
Stdev. 749 0.69 0.20 042

The PAAS normalized pattern (Fig.44) shows an important fractionation between light REE
(LREE) and heavy REE (HREE) (average (La/YDb) paas = -0.71) for the HEC subset. In
addition, a moderate Ce*paas (average = -0.25) and Eu*paas (average = 0.24) anomalies are
observed (Fig.45 and Table 10). Instead, the LEC subset shows a minor fractionation between
LREE and HREE (average (La/Yb)paas = -0.12) and a less marked Ce anomaly (average
Ce*paas = -0.56) than the HEC subset whereas the Eu anomaly is generally more important
(average Eu*paas = 0.75) (Fig.45 and Table 10).

[REE]sample/[REE]PAAS

10
la Ce B WMNd Sm EBu Gd Tb Dy Ho Er Tm Yb Lu

Figure 44- REEs shale normalized pattern of V1, V2, LEC and HEC subsets. HEC = high electrical conductivity, LEC = low

electrical conductivity.
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Figure 45 - Box and wisker plots of fractionation indexes measured in HEC and LEC subsets. HEC = high electrical
conductivity, LEC = low electrical conductivity.

Cerium anomalies do not exhibit the expected negative trend with redox potential in water
samples. The lack of a negative trend is probably because the mechanism is a function of both
source composition and aqueous chemistry. A slight positive correlation is instead observed
between Eu*paasand Eh; the positive trend is more evident in LEC subset (R?=0.49) (Fig.46).
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Figure 46 -Groundwater Post-Archaean Average Shale (PAAS) Ce anomaly (Ce*) and Eu anomaly (Eu*) as a function of

reported redox potential (Eh); HEC = high electrical conductivity, LEC = low electrical conductivity.

The XREEs and log-transformed fractionation indexes show large fluctuations along the flow
directions (see Fig. 40 and Fig.47), suggesting that local factors, such as lithological differences
in the aquifer rocks, may affect the REEs' distribution. However, some rough trends can be
identified, such as the log(La/Yb)paas increase and the log(Eu*paas) decrease toward the

discharge zone in both flow paths (Fig. 47).
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Figure 47 - Variation of Y REE concentrations and of REEs’ fractionation indexes along the S-SE and W-NW paths.

9.3 REES’ speciation

The results of the REE speciation are shown in Figs. 48 and 49. The model indicates that the
REEs in the sulphate-bicarbonate alkaline groundwater samples (V1 and VV2) are predominantly
complexed with carbonate ions, including both carbonato complexes LnCOs" and dicarbonato
complexes Ln(CO3)2°, where Ln indicates any of the 14 naturally occurring lanthanides. The
importance of dicarbonato complex increases with increasing atomic number. For instance, the
percentage of Yb(COs3),™ predicted to occur in solution is, for both the samples, well above 60%
(YbCOs™ below 35%), whereas that of La(COs)," is well below 40% (LaCOs* above 50%). The
rest of the REEs in solutions are observed as LnSO4" (LaSO4* 9-18%, YbSO4" < 1%) and, at a

very minor content, as Ln3* (Ln®* < 3%).

In the LEC subset, the carbonato complexes are predicted to be largely prevailing in most of

the water samples, increasing in percentage with increasing atomic number. The LaCOs*
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species fluctuates in the range of 7-86% whereas YbCOs" fluctuates in the range of 49-93%. In
the V16, V22, and V35 samples, which are characterised by more acidic pH values (pH = 5.7-
5.8), the LREE (La-Nd) are predicted to exist mostly as free metal ions Ln*" (V16: La®* =
72.8%; V22: La®" = 77.6%; V35: La** = 69.5%). More generally, the importance of free metal
ions in this subset, even excluding the samples V16, V22 and V35, is generally not negligible
(La®*: 3.3-64.4%; Yb®*: 0.1-13.5%). The relevance of the dicarbonato complex, which
increases with the atomic number, is associated to samples with a pH of ~7, such as V20 (pH =
7,Yb(CO3)2" =8.5%), V31 (pH = 7.2, Yb(COs3)2” = 10.6%), V32 (pH = 7, Yb(COs)2” = 10.7%),
V33 (pH = 7, Yb(COz3)2" = 9.9%), V34 (pH = 7.1, Yb(COs3), = 14.0%), and V36 (pH = 7.2,
Yb(COs3)2” =33.9%). The importance of the LnSO4" species decreases with increasing atomic
number (LaSO4": 0.6-18.9%, YbSO4*: 0.1-3.5%). The LnF?* species increase with increasing
atomic number (LaF?*: 0.1-6.9%, YbF?*: 0.1-15.9%), whereas the amounts of LnOH?* and
LnCI?* are always negligible.

In the HEC subset, the predicted general trends are very similar to those observed in the LEC
subset. The carbonato complexes are largely prevailing in most of the samples, increasing in
percentage with increasing atomic number. The LaCOs" and YbCOs" species fluctuate in the
range of 8-76 and 44-90%, respectively. In the samples V11 and V13, which are characterised
by the most acidic pH values within the subset (pH =5.6), the LREE are predicted to exist
mostly as free metal ions Ln3* (V11: La®* = 57%, V13: La®* = 79%).

The relevance of free metal ions in the HEC subset, even by excluding the samples V11 and
V13, is not negligible (La®* = 4-57%; Yb®" = 0.4-15%). The dicarbonato complexes, which also
in this case increase with the atomic number, appear to be relevant mostly in the samples having
pH close to neutrality, such as V6 (pH = 6.7, Yb(CO3), = 43.4%), V7 (pH = 6.7, Yb(COs3)2 =
40.9%), and V23 (pH = 6.8, Yb(COz3),2" = 8.2%).

The importance of the LnSO4* species decreases with increasing atomic number (LaSO4* = 4.5-
44.4%, YbSO4* = 0.3-9.1%) whereas that of the LnF?* species increases with increasing atomic
number (LaF?" = 0.5-8.0%, YbF?" = 0.5-25.6%); both the LnSO4" and the LnF?* species can
reach higher percentage values in this subset than in the LEC subset. Finally, the percentage of

the LnOH?* and LnCI?* species are always negligible.
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Figure 48 - Distribution of REEs complexes dissolved in V1, V2 and HEC subset.
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S-SE and W-NW flow paths indicates that the LnCOs" and Ln®" are the prevailing species
(Fig.50). In the S-SE path, the large fluctuations associated with the LnCOsz* and Ln®*
throughout the flow direction are related to pH variability. In the W-NW path, LnCO3" tends to

increase, and Ln®" tends to decrease towards the discharge zone, and the pH tends to increase
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constantly. Finally, in both the flow paths, an increase in predicted percentage of LaSO4*

species toward the discharge zone is observed.
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CHAPTER 10

DISCUSSION

10.1 Groundwater geochemistry and REEs' signature

In the previous chapter (Results -Groundwater physico-chemical features and major solutes) it
has been shown that the groundwater in the discharge zone (HEC subset) have Na*, Ca%*, CI,
S04%, and HCO3 contents one order of magnitude higher than those in the recharge zone (LEC
subset, Table 7). This pattern is clearly observed also along the N-NW and S-SE flow paths.
Moving from the recharge zone to the discharge zone along the two flow paths, Na* and HCOs
shows very similar trends (Fig.41) suggesting that the water-volcanic rock interaction is the
main factor in the groundwater chemistry. Moreover, the high SO4?* abundances associated to
the sulphate-bicarbonate alkaline hydrofacies is generally linked to the leaching of
feldsphatoids of the sodalite group (Paternoster et al., 2010) because the sulphur isotopic values
of groundwater in the Mt. Vulture aquifer match those measured in the undersaturated alkaline
volcanics (Marini et al., 1994). The availability of a significant amount of SO4% is also at the

origin of the LnSO4"* species importance in the HEC subset, especially as concerns the LREE.
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However, more generally, both the subsets are largely under-saturated with calcite, gypsum,
and halite (Table 11, Fig.51), suggesting limited residence times. Within this scenario, the only
exceptions are in samples V1 and V2, which are oversaturated with dolomite, and some sample
close to saturation with calcite (samples V1, V6, and VV36) probably as a consequence of locally
CO2 supply from the depth in correspondence with main tectonic structures (Caracausi et al.,
2013, 2015; Caracausi and Paternoster, 2015; Sinisi et al., 2016) (Fig.52).
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Figure 52— Map of deep COz output (log molyr) of fluids in the Mt. Vulture line (from Caracausi et al., 2015). HEC = High

electrical conductivity, LEC = low electrical conductivity.
As for the REEs, despite the differences observed in the size of fractionation indexes, both the
subset shows relevant changes with respect to the general trend associated with the volcanic
rocks of the Mt. Vulture area, indicating that groundwater does not inherit volcanics REE
signatures. As previously stated, the REE are dominantly complexed by carbonate ions, which
form progressively stronger carbonato and dicarbonato complexes with increasing atomic
number. The groundwater in the aquifer are thus MREE- and HREE-enriched relative to
LREEs, a trend generally observed worldwide (Noack et al., 2014). It is generally assumed that
the REE patterns in groundwater are controlled by several processes including complexation,

chemical weathering, adsorption and desorption, redox control, and pH (Dia et al., 2000;
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Johannesson et al., 2005; Tang and Johannesson, 2006; Pourret et al., 2010; Guo et al., 2010;
Willis and Johannesson, 2011; Noack et al., 2014; Vazquez-Ortega et al., 2015; Liu et al., 2016,
2019). Therefore, the pH is thought to exert the greatest control as an independent variable over
dissolved REEs with more acidic water resulting in enrichment with dissolved REEs (e.g.
Worrall and Pearson, 2001; Janssen and Verweij, 2003). Overall, the relationship between the
pH and the content of dissolved REEs in this study is observed to be significant (n = 37; r = -
0.39, a < 0.05; Fig.53a). Further, excluding few samples, mainly grouped along the W-NW
flow path and characterised by relatively high REEs’ content (>REE > 500 ng/l: V1, V6, V10,
V27, V29), the correlation of the pH with dissolved REEs is stronger (n = 33; r = -0.48, a <
0.01; Fig.53b), supporting the idea that pH exerts the main control on dissolved REEs in the

Mt. Vulture aquifer.
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Figure 53 — bivariate plots Y REE vs pH. LEC = low electrical conductivity, HEC = high electrical conductivity. A) all samples,
B) samples V1, V6, V10, V27, and V29 are not plotted in the diagram.
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In addition, more acidic pH promotes the existence of the LREEs in solution as free ions
whereas at basic pH, the ratio of dicarbonato to carbonato species increases. It has also been

suggested that the role of HCOz", when pH is more basic, is not negligible (e.g. Liu et al., 2016).

However, the HCO3z™ -dissolved REEs correlation is not significant (n = 37, r = 0.23) and it is
also interesting to observed that the samples of the HEC subset having > REE > 500 ng/l have
HCOz3 contents close to the subset average (1178 mg/l; V10 = 1214 mg/l, V27 = 1214 mgl/l,
V29 = 1104 mg/l), suggesting that the role of HCO3™ on the dissolved REEs is negligible
(Fig.54).
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Figure 54 — bivariate plot Y REE vs. HCOs'. LEC = low electrical conductivity subset, HEC = high electrical conductivity
subset.

However, in this study, the carbonato LnCOs" species, especially those involving HREEs, are
predicted to prevail overall based on the (La/Yb)paas values observed, generally depicting an
HREE enrichment relative to LREE in groundwater, especially in the discharge zone, and

suggesting a preferential scavenging of the LREES exerted by secondary minerals.

The REEs scavenging exerted by clay minerals (e.g. Johannesson and Hendry, 2000), and
especially Fe(111)/Mn(1V) oxy-hydroxides (Dia et al., 2000; Gruau et al., 2004; Pourret et al.,
2010; Pourret and Davranche, 2013; Liu et al., 2016, 2019), also coupled with co-precipitation,
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and their possible reductive dissolution may affect the REEs’ pattern of groundwater, as well
as that of streamwater. For instance, Steinmann and Stille (2008) showed that, during
streamwater transport, LREEs might preferentially coprecipitate with iron oxy-hydroxides in >
0.45 um particles, affecting the LREE/HREE fractionation ratio and the Ce anomaly of the <
0.45 pm-particle stream water fraction.

Parisi et al., (2011b) showed that, especially in the discharge zone of the Mt. Vulture area, the
amount of dissolved Fe and Mn might, in a few cases, reach concentrations of some thousands
of pg/l, probably due to the reductive dissolution of oxyhydroxides.

The samples grouped along the W-NW flow path having > REE > 500 ng/l (V10, V27, V29)
are characterised by very low contents of DO, well below 0.1 pmol/kg, and the sample V27
sample shows the minimum Eh value (244 mV) throughout the path. Similarly, the VV1 sample,
which has the highest REEs’ concentration (530 ng/l) in the S-SE flow path shows very low
DO (2.8 umol/Kg) and Eh values (320 mV).

Overall, this suggests that the redox-controlled stability of Fe/Mn oxyhydroxides can
significantly affect the amount of REEs in solution and the shape of the REEs’ patterns. In this
study, the reductive dissolution of Fe/Mn oxyhydroxides in the discharge zones can
preferentially release LREE in solution (e.g. Tang and Johannesson, 2006) causing the observed
reduction in the (La/Yb)raas average values compared to that in recharge zone, leading to flatter

shale-normalised patterns (Willis and Johannesson, 2011).
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Table 11 - lonic strength and saturation index (SI) of water sample. HEC = high electrical conductivity; LEC = low electrical

conductivity.

Sample lonicstrength Sl Dolomite Sl Calcite Sl Halite SI Gypsum Subset

molal logQ/K logQ/K logQ/k logQ/k

V1 0.172 1.34 0.03 -4.41 -0.92 -

V2 0.259 1.52 -0.17 -4.16 -1.3 -

V3 0.067 0.52 -0.26 -5.27 -0.91 HEC
V4 0.034 -1.2 -0.75 -5.73 -1.01 HEC
V5 0.009 -3.3 -1.94 -7.28 -1.78 HEC
V6 0.096 0.7 0.15 -4.83 -0.65 HEC
V7 0.077 0.45 -0.1 -4.99 -0.93 HEC
V8 0.042 -0.85 -0.74 -5.5 -1.04 HEC
V9 0.016 -1.77 -1.32 -7.07 -1.44 HEC
V10 0.023 -0.73 -0.82 -6.93 -1.27 HEC
Vil 0.009 -3.43 -2.12 -7.39 -1.97 HEC
V12 0.012 -2.12 -1.48 -7.13 -1.89 HEC
V13 0.006 -4.23 -2.5 -7.7 -2.67 HEC
V14 0.03 -0.26 -0.45 -6.34 -0.45 HEC
V15 0.005 -3.64 -2.21 -7.66 -2.61 LEC
V16 0.005 -4.24 -2.54 -7.51 -2.75 LEC
V17 0.007 -2.35 -1.65 -7.56 -2.17 LEC
V18 0.004 -2.85 -1.81 -7.85 -2.47 LEC
V19 0.003 -2.47 -1.61 -8.09 -3.03 LEC
V20 0.003 -1.69 -1.28 -8.12 -2.99 LEC
V21 0.003 -4.36 -2.56 -8.03 -3.19 LEC
V22 0.003 -5.49 -3.12 -7.95 -3.15 LEC
V23 0.004 -1.55 -1.17 -7.68 -2.74 HEC
V24 0.004 -3.78 -1.33 -7.75 -2.63 LEC
V25 0.004 -2.5 -1.62 -7.91 -2.83 LEC
V26 0.001 -2.23 -1.54 -7.71 -2.75 LEC
V27 0.023 -0.95 -0.96 -6.86 -1.26 HEC
V28 0.012 -2.16 -1.55 -7.27 -2.13 HEC
V29 0.02 -1.05 -1.02 -6.97 -1.51 HEC
V30 0.004 -3.32 -2.06 -7.92 -2.86 LEC
V31 0.002 -2.02 -1.34 -8.17 -3.39 LEC
V32 0.004 -1.36 -1.06 -8.09 -3 LEC
V33 0.003 -1.73 -1.22 -8 -2.94 LEC
V34 0.004 -1.16 -0.96 -8 -3.31 LEC
V35 0.005 -3.9 -2.37 -7.51 -2.75 LEC
V36 0.01 0.75 0.08 -7.75 -2.4 LEC
V37 0.033 0.14 -0.41 -6.66 -1.11 HEC
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10.2 Redox conditions and origin of the Ce and Eu anomalies

The differences in the Eh and DO values between the LEC and HEC subsets, as well as their
decreasing trends along the two flow paths, suggest that redox buffering processes occur in the
Mt. Vulture aquifer. As previously stated, the sulphate-bicarbonate alkaline groundwater of the
aquifer, i.e. that associated with the discharge zone, has higher dissolved iron and manganese
contents than those of the bicarbonate alkaline-earth and alkaline groundwater of the recharge
zone (Parisi et al., 2011b), supporting the idea that Fe/Mn reduction is an important redox

buffering process in the area.

It has been suggested that the Ce anomaly in groundwater reflects changes in redox conditions
along the flow path (e.g. Dia et al., 2000; Gruau et al., 2004; Guo et al., 2010; Yuan et al., 2014;
Liu et al., 2016) as a consequence of oxidative scavenging due to Ce®* oxidation to Ce** and

further adsorption/coprecipitation involving Fe/Mn oxyhydroxides.

The significant negative correlation observed in the Mt. Vulture aquifer between the DO and
Ce anomaly (n = 37; r = -0.57, a < 0.05; Fig.55) suggests that redox conditions are important
in controlling the size and shape of the Ce*paas. Further, although the groundwater is
characterised by an overall negative Ce anomaly and not clearly defined Ce*paas trends along
the two flow paths, the HEC subset shows a smaller average size of the anomaly (Ce*paas = -
0.25) compared to the LEC subset (Ce*paas = -0.56). This finding, coupled with what reported
in Parisi et al. (2011b) relatively to dissolved iron and manganese, indicates that preferential
desorption of Ce3* occurs in the lower DO zone, i.e. in the discharge zone represented by the
HEC subset, according to a three stage mechanism (Bau, 1999; Dia et al., 2000) involving initial
sorption of Ce?*, partial oxidation of Ce®*" to Ce** promoting cerianite (CeO2) precipitation, and
final preferential desorption of Ce®* compared to Ce**. The lack of a significant correlation
between Eh and Ce*paas may suggest that, in addition to the aqueous chemistry, the oxidative
scavenging is affected by source composition, as proposed by Noack et al. (2014) based on the
low significance of the Eh-Ce*paas correlation determined with a worldwide groundwater

dataset.
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Figure 55 - Groundwater Post-Archaean Average Shale (PAAS) Ce anomaly (Ce*) as a function of dissolved oxygen. LEC =

low electrical conductivity, HEC = high electrical conductivity.

The europium anomaly Eu*paas exhibits a positive correlation with both Eh (n = 37; r = 0.75,
a<0.01)and DO (n=37;r=0.65, a <0.01) (Fig.56) although, similarly to what observed for
the Ce*paas, not clearly defined trends are observed along the two flow paths.
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Figure 56 - Groundwater Post-Archaean Average Shale (PAAS) Eu anomaly (Eu*) as a function of dissolved oxygen (DO)

and redox potential (Eh). LEC = low electrical conductivity, HEC = high electrical conductivity.
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It is well known that positive Eu anomalies in groundwater have been mainly related to the
preferential mobilisation of Eu?* (e.g. Guo et al., 2010) under highly reducing conditions (e.g.
Brioschi et al., 2013) requiring, at ag, = 10 and circa-neutral pH, Eh lower than -035 V
(Brookins, 1988) (Fig.57). In such case, a larger positive Eu*paas should be observed in the
discharge zone, i.e. in the HEC subset, and toward the end of the flow paths. However, the
largest Eu*paas are observed in the LEC subset where the average Eh (543 mV) and DO (7.3
pumol/kg) values are decidedly higher than in the HEC subset (Eh = 421 mV; DO = 2.5
pumol/kg). Further, the environmental condition promoting the stability of divalent dissolved

europium, namely highly reducing Eh, has never been detected in the Mt. Vulture groundwater.
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Figure 57 — Eu Eh-pH diagram (from Brookins, 1988); LEC = low electrical conductivity, HEC = high electrical conductivity.

Positive Eu anomalies in groundwater may also derive from water-rock interactions involving
europium-rich minerals, especially feldspars (e.g. Feng, 2010; Ma et al., 2011; Brioschi et al.,
2013; Vazquez-Ortega et al., 2015; Liu et al., 2016). In the Mt. Vulture, the volcanic lithologies
show positive Eu*paas, and feldspars are frequently detected (Beccaluva et al., 2002; D’Orazio
et al., 2008; Mongelli et al., 2013, 2014), supporting the hypothesis that size and shape of the
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Eu*paas Of groundwater in the recharge zone, i.e. in the LEC subset, originated by the

dissolution of feldspars.

The dissolved silica content in the discharge and recharge zone is comparable (HEC average
SiO2 = 90.2 mg/l; LEC average SiO2=71.5 mg/l). In the logaSiO(aq) vs loga(Na*/H") activity
diagram (Fig.58), although the most samples are in equilibrium in terms of Kaolinite, several
HEC samples are close to kaolinite-smectite boundary or fall in the smectite range. This suggest
that precipitation of a T-O-T clay phase probably contributes to reduce the content of dissolved

silica in the discharge zone and play a role in the adsorption phenomenon.
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Figure 58 - loga SiO2(aq) vs loga Na+/H+ activity plot. HEC = high electrical conductivity, LEC = low electrical conductivity.

In the discharge zone, i.e. in the HEC subset, where most samples are in equilibrium with a 2:1
clay mineral lowest Eu*paas may involve, in addition to the partial oxidation of the Eu?* pool,
Eu?* adsorption onto the clay phase surface or its inclusion in the mineral structure as

exchangeable cations due to vicariance with Ca?" and Sr?*,
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CONCLUSION

Groundwater collected from the Mt. Vulture aquifer can be categorised into recharge and
discharge water subsets based on their physico-chemical features. Overall, the groundwater has
REE concentrations well below 1000 ng/l, and in the discharge zone, the average content is
approximately three times that in the recharge zone. In the recharge zone, the shale normalised
patterns are characterised by a more negative average Ce anomaly, a more positive average Eu

anomaly, and a larger average (La/Yb)paas.

The observed relationship between Ce anomalies and DO supports the idea that Ce oxidative
scavenging, probably involving Fe/Mn oxyhydroxides, has a role in determining the size and
shape of the Ce anomaly. Further, the less negative average size of the Ce anomaly in the
discharge zone also suggests desorption of Ce as Ce**, according to previous findings on the
content of dissolved Fe and Mn. The desorption is related to changes in redox conditions,
according to the lower Eh and DO average values observed in the discharge zone compared to
the recharge zone. The lack of a significant correlation between Eh and Ce anomalies indicates

that, in addition to the aqueous chemistry, the source composition affects Ce*.

Although a significant correlation is observed between Eu anomalies and Eh and DO, the
strongly reducing condition promoting Eu®* and Eu?* is never attained in the Mt. Vulture
aquifer, and the largest Eu* are associated with the recharge zone where the average Eh and
DO values are higher. The volcanics occurring in the Mt. Vulture lithologies are characterised
by PAAS-normalised patterns with positive Eu anomalies due to the presence of feldspars. This
constraint indicates that, in the recharge zone, the size and shape of the Eu* of groundwater are
largely due to the dissolution of feldspars. In the discharge zone, most samples are in
equilibrium in terms of smectite content, and Eu?* adsorption onto the clay phase surface or its
inclusion in the mineral structure as an exchangeable cation, due to vicariance with Ca?* and

Sr?*, could explain the smaller average size of the Eu anomaly.

Further, the occurrence of secondary minerals preferentially scavenging LREE also explains
the difference in the LREE/HREE fractionation, indicated by the (La/Yb)paas index and

observed between the recharge and discharge zones.

Finally, speciation calculations reveal that dissolved REEs consist mainly of carbonato

complexes (LnCOs"), whereas the percentage of the dicarbonato complexes (Ln(CO3)2)
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increases in samples with circa-neutral pH. At acidic pH, the Ln®" species are important, and,
in the samples from discharge zone affected by a large amount of dissolved sulphate derived

by feldspathoids dissolution, the percentage of LnSO4* species is not negligible.

Overall the REEs’ distribution in the Mt. Vulture aquifer is originated by several mechanisms,
including weathering reactions involving volcanic rocks, the occurrence of secondary minerals,
and pH and redox control. Therefore, the REEs’ geochemistry is a powerful tool in assessing

the geochemical processes affecting the groundwater environment.
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