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Preface

High concentrations of potentially toxic elements (PTEs) in surface and near-
surface environment may be attributed to both anthropogenic sources, including
industrial and agricultural activity, and geogenic source, mainly due to natural
weathering of rocks.

Considering the geogenic sources, ultramafic rocks (e.g., dunite, peridotite,
pyroxenite, and serpentinites) are among the most critical from the environmental
point of view; in fact, besides the common occurrence of asbestos minerals
(Schreier et al., 1987; Cheshire and Guven, 2005; Alexander et al., 2007; Hseu
et al.,, 2007; Kumarathilaka et al., 2014; Tashakor et al., 2014), they are
characterized by high contents of Cr (up to 16000 ppm; Stueber and Goles,
1967), Ni (up to 7733 ppm; Savov et al., 2007), Co (up to 950 ppm; Garnier et al.,
2009), and other PTEs which can have potential harmful impact on ecosystems
and human health if released into soils and waters during weathering and
pedogenic processes (Brooks, 1987). As a matter of the fact, weathering of
ultramafic rock produces ultramafic soil containing high concentration of PTES,
including Cr, Ni, and Co (Oze et al. 2004; Alexander et al., 2007) compared to
soils derived from non-ultramafic bedrock.

Although ultramafic rocks and relative soils cover approximately 1% of the Earth’s
surface, they are distributed worldwide and are commonly associated with
ophiolite complexes (Fig. 1; Coleman, 1977; Coleman and Jove 1992; Vaughan
and Scarrow 2003; Dilek and Furnes 2009; Saccani, 2015); for this reason, they
play an important role in environmental management (Kumarathilaka et al., 2014;
Tashakor et al., 2014).

The three sections, that constitute this PhD thesis, describe the investigations
related to the chemistry and mineralogy of ultramafic soils profiles from the meta-
ophilotitic Voltri Massif (Ligurian Alps, NW ltaly). In this study, the studied rock
and soils samples have been analyzed using a multiscale and multi-analytical

approach, combining field, analytical, and laboratory studies.
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Fig. 1 Global distribution of major Proterozoic and Phanerozoic ophiolitic belts, as well

as location of ophiolites and modern rocks (from Saccani, 2015).

A brief description of the three section and relative chapters is presented in the

following paragraphs:

SECTION ONE: Introduction and state of art

In Chapter | the main objectives of this dissertation are present. The
source, fate, and environmental implication of PTEs, as well as the general
characteristics of ultramafic rocks and soils are discussed and reviewed.
In Chapter Il the main geological characteristics of the Voltri Massif are
summarized, and a detail description of studied sites are also provided.
In Chapter Ill the materials and methods used during the main stages of

this work are listed and descripted.

SECTION TWO: Investigation on ultramafic rocks

In Chapter IV chemical, mineralogical, and microstructural features of
ultramafic rocks are investigated, with detail focus on PTEs variation
(mainly Cr, Ni, Co, Cu, Zn, and V).

Chapter V is focused on the spinel-group minerals in ultramafic rocks. The
relationships between their crystallochemical variations (with detail focus
on PTEs variation) and their mode of occurrence with respect to the
degree of serpentinization and deformation are also analyzed and

discussed in detail.



SECTION THREE: Investigation on ultramafic soil profiles

e In Chapter VI primary and authigenic minerals in ultramafic soil profiles
and their relationship with PTES contents are investigated. The obtained
results are discussed and compared to others ophiolite complex around

the world, focusing on the environmental implications.

e The conclusions and the prospects for future applications of this work are

summarized in the least part of the thesis.
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Section One

Introduction and state of art

This Section reposts the main objectives of this PhD thesis. The chemistry,
regulations, and toxicity of PTEs are discussed, as well as the general
characteristics of ultramafic rocks and relative soils (Chapter I). Additionally, the
geological framework of the study area is also described (Chapter II). In the
Chapter l1ll, the materials and methods used during the main stages of this PhD

thesis are listed and described.



Chapter |

Introduction

In Chapter | the general aspects and aims of this PhD thesis are reported. The
general characteristics of ultramafic rocks and relative soils, as well as, the
source, fate, and environmental implication of potentially toxic elements (PTES)

are also summarized.

1.1. ULTRAMAFIC ROCKS AND SOILS

1.1.1. Nature of ultramafic rocks

Ultramafic rocks are defined as rocks that contain more than 90% of
ferromagnesian minerals, the majority of which are olivine, clino-, and
orthopyroxene. In the ultramafic rocks from the ophiolite complexes, the most
common accessory minerals are spinel-group minerals: in particular, magnetite,
chromite, Cr-magnetite, and ferrian chromite are the most common accessory
minerals (Irvine, 1967; Coleman, 1971; Dick and Bullen, 1984). They display a
wide range in composition reflecting their primary magmatic or secondary origin
(Colas et al., 2014).
The ultramafic rocks are classified according to the modal abundance of olivine,
orthopyroxene, and clinopyroxene (Fig. 1.1; Le Bas and Streckeisen, 1991). The
most common ultramafic rocks are harzburgite, dunite, and Iherzolite.
Chemical composition of ultramafic rocks is characterized by silica (SiO2 < 45
wt.%), magnesium (MgO >35 wt.%), iron (ranging from 6-9 wt.% of FeO), minor
amount of calcium and alumina (1-4 wt.% of CaO and Al203), and trace
concentration of sodium and potassium (Alexander, 2004).
The interactions of water with ultramafic rocks in a wide range of P-T conditions
as well as different tectonic and geological contexts (e.g., mid-ocean ridges and
subduction zones; Deschamps et al.,, 2013 and reference therein) cause the
transformation of ultramafic rocks into serpentinites. Serpentinization is a
hydration and redox reaction that transforms peridotite-forming minerals (olivine
and pyroxenes) into hydrous phyllosilicates (serpentine) and Fe-oxides
(magnetite; Andreani et al., 2013). This process is generally accomplished with
little to no change in the relative amounts of Si, Al, Mg, Cr, Mn, Fe, Co, and Ni,
10



which are essentially redistributed within the metamorphic minerals (Chalot-Prat
et al., 2003; lyer et al., 2008). The only component easily removed during

serpentinization is calcium (Alexander et al., 2007). More details of element

mobilization in ultramafic rocks are reported in Section Il.
ol
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Fig. 1.1 Classification and nomenclature of the ultramafic rocks (mafic minerals >90%)
based on the modal abundance of olivine (Ol), orthopyroxene (Opx) and clinopyroxene
(Cpx). From Le Bas and Streckeisen (1991).

For these reasons, peridotite and serpentinite (Fig. 1.2) are chemically similar,
but about 12%-15% water is added during serpentinization processes leading to
important mineralogical transformation and significant variation of the physical
properties.

Peridotites are mainly macrocrystalline (63 um — 2 mm) rocks composed by
olivine, clino- and orthopyroxene, plagioclase, and minor spinels, whereas
serpentinites are mainly composed of macro- to microcrystalline (2 um — 63 um)
phyllosilicate (i.e. serpentine minerals and chlorite), magnetite, accessory phases
(Ti-clinohumite, brucite, Fe- and Ni-bearing sulfides, and native metal alloys), and
various amounts of relic minerals (as a function of the degree of serpentinization;
McCollom and Seewald, 2013).

11



Fig. 1.2 Type of ultramafic rocks: a) spinel Iherzolite; B) dunite; C) garnet Iherzolite; D)
harzburgite; E) serpentinites; F) serpentine schists (images from
http://www.alexstrekeisen.it/).

Serpentinites vary in textures (Fig. 1.3) due to the different physical and chemical
conditions during serpentinization (e.g., prograde vs. retrograde serpentinization)
or events in an often polystage serpentinization process (e.g., deformation,
weathering, dissolution, recrystallization; Viti and Mellini, 1998). Textures of
serpentines can be divided into three types: i) pseudomorphic textures (formed
after olivine, pyroxene, amphibole, talc, and chlorite); ii) non-pseudomorphic
textures (formed either from the same primary minerals or from pseudomorphic

12
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serpentine textures); and iii) textures formed in serpentine veins (Wicks and
Whittaker, 1977).

The typical pseudomorphic textures consist of mesh and hourglasses (resulting
from the hydration of olivine, according to a sub-orthogonal fracture pattern) and
bastites (resulting from the hydration of pyroxene). The well-development of
pseudomorphic textures varies from excellent to indistinct, and the latter grade
(ribbon texture) into non-pseudomorphic textures. Non-pseudomorphic textures
can be divided into interpenetrating and interlocking types. The serpentine grains
in both lithotype are anhedral and mutually interfere but tend to be elongate in
interpenetrating textures and equant in interlocking textures. The orientation of
the elongate grains may vary from completely random, in which case a massive
rock is produced, to strongly subparallel orientation, in which case a foliated rock
is produced. Late veins of serpentine along fractures, shears, and joint planes
can be found to a greater or lesser degree in almost every serpentinite. These
set can be divided in slip-fiber vein (fibers oblique to the vein walls) or cross-fiber
vein (fibers perpendicular to the vein walls; Wicks and Whittaker, 1977).

The above described mineralogical and textural differences between the
ultramafic rocks can affect significantly their physical-mechanical properties;
Compared with peridotites, serpentinites have a weaker rheology (e.g., decrease
in density and in seismic velocities; Christensen, 1972; Reinen et al., 1994; Miller
and Christensen, 1997; Escartin and Lin, 1998; Roumejon et al., 2015).
Serpentinites are commonly deformed and sheared compared to the more
massive peridotite (Alexander et al., 2007; Hirth and Guillot, 2013).

When exposed to the weathering process, peridotite-forming minerals (olivine
and pyroxenes) are more altered than serpentinite-forming minerals (serpentine
minerals, chlorite, and magnetite; Alexander, 2004; Vithanage et al., 2014),
producing significant differences either in weathering features, geochemical

cycles of elements, as well as in soil profiles.

13
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1.1.2. Serpentine soil or ultramafic soil? An ambiguous definition
“Serpentine soil” is a general term used to describe soils derived from a wide
range of ultramafic rocks, including peridotitic (dunite, wehrlite, harzburgite, and
Iherzolite) and serpentinitic rocks (serpentinites and serpentine schists; Oze et
al., 2004a). In pedological and botanic literature, these soils are commonly
grouped together, without any distinction among the different ultramafic parent
rocks, because they are vegetated with the same serpentinophyte plants
(Roberts and Proctor, 1991; Alexander et al., 2007; 2009). However, chemical
and physical features of serpentine soils can vary considerably at regional, local
or even at single site scale (metric to decametric in extension; Kierczak et al.,
2007, 2008, 2016; Quantin et al., 2008; Garnier et al., 2009; Morrison et al., 2009;
Vithanage et al., 2014), according to the great variability in the chemical and
mineralogical compositions of ultramafic bedrocks, as well as of their local
structural, microstructural, and petrological features (Alexander, 2004; Caillaud
et al.,, 2006, 2009; Burgess et al.,, 2009; Alexander and DuShey, 2011;
Baumeister et al., 2015; Kierczak et al., 2016; van der Ent et al., 2018).

Here the generic term “ultramafic soil” is used whereas “serpentine soil s.s.” is
strictly used for soil formed from serpentinites and serpentine schist and
“peridotite soil” for those developed on peridotites or serpentinites with magmatic

relics.

1.1.3. Geochemistry of ultramafic soils

Common characteristics of ultramafic soils

Ultramafic soils are commonly little-developed soils characterized by modest
thickness (<30 cm) and poor horizon differentiation (lithosols to ranker;
Cortesogno et al., 1979; Legros, 1992; Morrison et al., 2009; Kelepertzis et al.,
2013); they are defined as "AC soils" because the O horizon is commonly absent
or few millimeters thick and the poorly developed A horizon is directly in contact
with the C horizon (Fig. 1.4; Foth, 1990; Baumeister et al., 2015). In these soils,
the only pedogenic processes which have occurred are related to initial
weathering of the parent material and formation of cambic horizons, or
accumulation of organic matter in the soil mineral horizons with the development
of umbric epipedons (Bonifacio et al., 2010).

Due to their primitive development, the bedrock is the most important factor

influencing the mineralogical, geochemical, micromorphological, and pedological
15



properties of the soil profile (Lee et al., 2003, 2004; Chardot et al., 2007; Hseu et
al., 2007; Caillaud et al., 2009; Kelepertizis et al., 2013; Baumeister et al., 2015).

Fig. 1.4 Ultramafic soil profiles from different bedrocks from Voltri Massif: A) partially
serpentinized peridotite bedrock (Rocca Grin site); B) massive serpentinite bedrock
(Bric Gippone site); C) foliated serpentinite bedrock (Bric Gippone site).

In fact, the mineralogical composition of the ultramafic soils is mostly inherited
from the parent rock with minor authigenic species (Fe-oxyhydroxides, clay
minerals; see chapter VI) and very low humus and organic matter content (Oze
et al., 2004a,b; Caillaud et al., 2009).

Ultramafic soils have a peculiar geochemical composition, that play a primary
environmental and ecological role, such as: i) low Ca/Mg ratio — The abundance
of Mg and the Ca deficiency in the ultramafic rocks result in the characteristically
very low Ca/Mg ratio with consequent nutritional deficiencies and low fertility in
the ultramafic soils (Alliani, 1997; Kumarathilaka et al., 2014). Depending on the
pedological evolution of the soil the Ca/Mg ratio varies between 0.09 and 1.48
starting from the C horizon to the most superficial horizon (Bonifacio et al., 1997).
i) low content of essential elements (P and K) — Similarly to the Ca/Mg ratio, there
is usually a strong deficiency of potassium (K) and phosphorus (P), due to their

low concentrations in the parent rock-forming minerals. iii) high content of

potentially toxic elements (Cr, Ni, and Co) - Ultramafic rocks and relative soils are

enriched in some potentially toxic elements, particularly Cr, Ni, and Co, and
secondly Mn, Ti, V, Zn, and Cu.

16



Difference between serpentine soils s.s. and peridotite soils

The pedogenetic processes on ultramafic bedrocks, and the consequent

differences between serpentine s.s. and peridotite soils are strictly dependent on

climate.

Polar climate: Serpentine s.s. and peridotite soils are very similar in
serpentinite or on peridotite in polar climate; in these conditions, the soils
developed on the two different bedrocks are similar from their geochemical
signature as well as for their color, depth, horizon differentiation, and
weathering intensity (Kierczak et al., 2007; 2016). The weakly developed
soils are mainly Regosol or Leptosol (Lessovaia and Polekhovsky 2009).
The main mineral association is inherited from ultramafic bedrocks (talc,
serpentine, and chlorite) and authigenic phases are only represented by
mineral of the smectite group (saponite). Under the polar environmental
conditions, an important factor is represented by the acidic effect of moss
and lichens, that seems to be a reason of selective decomposition of the

most unstable minerals (Lessovaia et al., 2016).

Temperate and Mediterranean climate: In Temperate climate, serpentine
soils s.s. are mainly Cambisols (Echevarria, 2018) and can be magnesic
Cambisols (Estrade et al. 2015) in Mediterranean conditions (Cs), where
weathering intensity is higher. The predominant soil type on peridotite
bedrock is Cambisol with slight differences with soils on serpentine
bedrock, such as the definition ‘chromic’ due to the accumulation of Fe
oxyhydroxides (easily weatherable olivine can produce significant
amounts of Fe-oxyhydroxides, up to 25 wt%; Massoura et al. 2006;
Alexander 2014; Echevarria, 2018). Typically, in serpentine soils s.s., the
predominant mineral phase is serpentine minerals. Clay minerals either
derive from the bedrock (e.g. chlorite) or form from serpentine weathering
(Caillaud et al. 2009; Chardot et al. 2007). The formation of Fe-rich
smectite from serpentine is a peculiarity of temperate serpentinite soils
(Bonifacio et al. 1997; Caillaud et al. 2004, 2009). The Mg-chlorite is
weathered to trioctahedral vermiculite (Caillaud et al. 2009). During
weathering, free Fe is released and oxyhydroxides are partly crystallized
(Chardot et al. 2007). The amount of smectite in peridotite soils is less

significant than in serpentine soils s.s. (Caillaud et al. 2004; Chardot et al.

17



2007). Fe segregation becomes a significant pedogenic process on
peridotite and goethite is the predominate authigenic phase (Alexander
and DuShey 2011; Alexander, 2014). Soil chroma of peridotite soils has
values situated in the YR range, whereas serpentine soils s.s. are in the Y
range, locally reaching YR 7.5 or redder (Chardot et al. 2007; Kierczak et
al. 2016). The chroma value is associated with the accumulation of Fe
oxyhydroxides: the amounts of free Fe in the soils are related to the degree
of serpentinization of the parent peridotite and its weathering (Alexander,
2014). More details of primary and authigenic minerals under temperate

climate are reported in Section .

Tropical climate: In the tropical climate, the differences between
serpentine and peridotite bedrocks become more evident and the soils
have two different behavior and ecosystems (Roberts and Proctor, 1991,
Echevarria, 2018). In the tropical climate, serpentinite soils s.s. are mostly
dominated by Cambic Leptosols or Cambisols having
magnesic/hypermagnesic properties (Cheng et al. 2011; Isnard et al.
2016; van der Ent et al. 2016). Within these soils, the main pedogenic
process is weathering of primary minerals (serpentine minerals and
chlorite) into smectite after a significant loss of Mg (Hseu et al. 2007) and
formation of a stable organo-mineral complex. In high weathered soil
profiles, under the tropical condition, leaching is favorable and the loss of
Si from smectite/vermiculite can lead to accumulation of kaolinite and Fe-
oxides (Hseu et al. 2007). Although the presence of serpentinite reduces
the speed of laterization, laterite formation on wholly serpentinized rocks
is common and leads to smectite-rich saprolite owing to poor drainage of
the serpentinite (Gleeson et al., 2004; Butt and Cluzel, 2013). Soil genesis
occurring on peridotite in the tropical climate has been extensively
documented over the last 40 years because of the economic value of Ni-
laterites (Nahon et al. 1982a,b; Colin et al. 1990; Gleeson et al. 2004). In
terms of soil properties, these soils are classified as Ferralsols. Some of
the most developed ultramafic laterite profiles result in 60—-100 m (Colin et
al. 1990) of weathered material with the formation of a full lateritic horizon,
i.e. goethite-dominant limonite (Colin et al. 1990; Dublet et al. 2014, 2015;
Aiglsperger et al. 2016). In the lateritic horizon usually described by miners

as ‘limonite’ or ‘laterite,” the mineralogy is dominated by goethite. Hematite
18



is formed at the surface (‘red limonite or laterite’) as a consequence of
extremely hot temperatures reached the soil surface where affected by
sunlight. Mineralogical and geochemical changes of iron oxides occur
through the distance gradient from the bedrock (Dublet et al. 2014).

Potentially toxic elements (PTES) in the ultramafic soil

In this paragraph, the source, fate, and environmental implication of Cr, Ni, and

Co are summarized.

Chromium is a transition metal of group 6 that is present in the environment as
Cr3*, a non-hazardous species and micronutrient, and as Cr®*, a toxic and a Class
A human carcinogen by inhalation, ingestion, and contact (Daugherty, 1992;
Cohenetal., 1993; James et al., 1997; Alloway, 2010). Chromium is mainly found
in rocks in the form of chromite (FeCr204), and also occurs in the rare mineral
crocoite (PbCrOa), as well as an accessory element in several other minerals,
such as spinel, amphibole, mica, pyroxene, and garnet. The primary
mineralogical residences of Cr in ultramafic rocks are chromite and Cr-rich
magnetite with subordinate amounts contained in chlorite, augite, enstatite, Fe-
oxide and Fe-oxyhydroxide, and clay minerals (Becquer et al., 2003; Oze et al.,
2004a,b). The average concentration of Cr in rocks is 100 mg/kg, while in
ultramafic complexes can be found with 1800 mg/kg in average. According to
Kabata-Pendias (2011), the world average content of chromium in soils is 80
mg/kg (Table 1.1), while the Cr content can reach up to 6000 mg/kg in
serpentinized ultramafic soils (Shanker et al. 2005; Adriano, 2001). Chromium
concentrations of 30000 mg/kg have been reported in the lateritic deposits of New
Caledonia (Amir and Pineau, 1998). Trivalent chromium is characterized by low
mobility since it occurs in stable low-soluble primary minerals (e.g., spinel-group
minerals) and secondary authigenic oxyhydroxides (either as substitution ion or
as stable surface complexes; Schwertmann and Taylor, 1989; Trolard et al.,
1995; Quantin et al., 2002); on the contrary hexavalent Cr is more mobile since it
is commonly weakly adsorbed as (oxy)anion (McBride, 1994; Fendorf, 1995; Ball
and Nordstrom, 1998). Acidity influences the adsorption of Cr species to clay
since, at increasing pH, the adsorption of Cré* decreases and that of Cr3*
increases. At increasing pH, the presence of organic matter can play a reducing
action on Cré* which is converted into the more stable Cr3* species. Trivalent

chromium co-precipitates with Fe3* as insoluble Cr(OH)s at high pH values (De
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Vos et al., 2006 and references therein). Chromium is a non-essential element
for plants, but trivalent chromium is an essential/beneficial nutrient in trace
amounts for sugar and cholesterol metabolism in humans and animals, whereas
its hexavalent form Cré* is a potent carcinogen and extremely toxic to animals
and humans (Zayed and Terry, 2003; Hooda, 2010).

Nickel is a transition metal of group 10 that has two main oxidation states (+2
and +3). Nickel occurs in many sulfides minerals, such as millerite (NiS),
pentlandite [(Fe, Ni)oSs], ullmannite (NiSbS), and gersdorffite (NiAsS). Nickel is
generally present as a vicariant ion in ferromagnesian minerals (olivine,
orthopyroxene, and spinel), because of its intermediate size of Ni*? (between Fe*?
and Mg*?). For these reasons nickel occurs in high concentrations in ultramafic
ferromagnesian silicate rocks (peridotite and serpentinite) and can be
concentrated to commercially exploitable contents in highly weathered ultramafic
soils (laterites). Its concentration is generally about 2000 mg/kg in ultramafic
rocks, where nickel is substituted for Mg?* in olivine, pyroxenes, and serpentine.
Nickel released from the weathering of these primary minerals can substitute
magnesium in smectites, and nickel released from the weathering of pyroxenes
can substitute magnesium in garnierite (Nahon et al., 1982a,b). Garnierite is a
mixture of nickeliferous serpentine and nickeliferous talc (Trescases, 1997). In
addition to serpentine minerals, Ni is recognized to accumulate in magnetite. The
average concentration of Ni in rocks is 75 mg/kg. Nickel, like Cr, is also found in
association with mafic and ultramafic rock formations and can reach up to 7000
mg/Kg. The common background range of average soil Ni content is less than 20
mg/kg but in the presence of ultramafic bedrocks such as serpentinites, values of
more than 8000 mg/kg have been cited (Oze et al., 2004a; Hseu, 2006) (Table
1.1). Nickel is mobile under acidic and oxidizing conditions and can be co-
precipitated with authigenic Fe—Mn oxides and hydroxides, clay minerals and
organic matter; especially in surface soil horizons, Ni could also occur in organic
compounds (De Vos et al., 2006 and references therein).

Nickel is an essential nutrient for animals and a beneficial element for plants
(Phipps et al.,, 2002; Sharma et al., 2006; Hooda, 2010). As with other trace
metals, elevated Ni concentrations in soils have a potential negative impact on

plants, microorganisms, and animals (Thakali et al., 2006).
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Cobalt is a transition metal of group 9 that is present under the geological
condition, in the oxidation states of +2 and +3 (rarely +1). This element is found
in Co-bearing minerals, such as erythrite [Co3(AsOa4)2-(8H20)], glaucodot
[(Coo.50Fe0.50)AsS] and skutterudite (CoAss), as well as substituting into pyrite
(FeSz2). It is commonly found in association with Ni within rocks and iron-rich
meteorites. Divalent cobalt substitutes magnesium and iron in olivine and
pyroxenes. Cobalt, in the Earth’s crust, is highly concentrated in mafic and
ultramafic rocks, up to 200 mg/kg, when compared to its content in acid igneous
rocks (Table 1.1; Kabata-Pendias, 2011). The worldwide mean value of Co in
surface soils is calculated as 10 mg/kg. Naturally high Co contents are observed
in soils over serpentine rocks (up to 520 mg/kg). The geochemical cycle of Co
closely resembles that of Fe and Mn cycling and is likely to be associated with
several minerals of these metals. After weathering, Co is mobile in the surface
environment under acidic and reducing conditions; it co-precipitates under
oxidizing, near neutral or alkaline conditions as Fe and Mn secondary oxides
(Taylor, 1968). Humic and fulvic acids and inorganic colloids could reduce Co
mobility in soil while some bacteria are known to mobilize Co from metal chelates
(De Vos et al., 2006 and references therein). Cobalt is considered an essential
nutrient in trace amounts for ruminant animals, largely due to its requirement for
rumen bacteria. It is also required for atmospheric N2-fixation by microorganisms
and for plants. Cobalt may have some beneficial effect but is not essential as
such for humans (Alloway, 2010).

Matrix Chromium Nickel Cobalt

Earth’s crust 126 — 185 [92] 20 — 75 [47] 9-12[17]

Ultramafic rock | 350 — 13000 [1800] =300 — 7000 [2000] 100 — 200 [150]

Mafic rock 170 — 3400 [200] 130 — 160 [140] 35 — 200 [50]
Acid rock 10 - 50 [20] 5-20[8] 1-15[10]
Sedimentary rock 5-120 [22] 5-90[11] 0.1-20112]
Soils range 1 - 1500 [80] 0.2 — 450 [20] 0.05 - 300 [10]
Ultramafic soil 1100 — 6000 [3100] | 900 — 8000 [2700] 10 - 520 [150]

Table 1.1 Range and average (in square bracket) of chromium, nickel, and cobalt in
rocks and soils (Hooda et al., 2010; Kabata-Pendias, 2011 and reference therein;
Albanese et al., 2015). Values are in mg/kg.
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Environmental concerns

The soil is a dynamic system, resulting from the weathering of the bedrocks, and
is subjected to several PTEs contaminations from both natural and anthropogenic
sources (Antibachi et al., 2012). The soil quality in terms of PTESs concentrations
has received considerable attention by the scientific community during the last
decades, mostly because of the non-degradable nature of these chemical
substances and the potential hazard that may pose to the human health and
ecological systems (Kelepertsiz et al., 2013). Discriminating between geogenic
and anthropogenic contributions with respect to total concentrations of PTEs is
fundamental in the quantitative assessment of metal contamination threats to the
ecosystem and human health (Soylak and Turkoglu, 1999; Soylak et al., 2001;
Albanese et al., 2007). To assess soil contamination, the PTEs concentration is
often compared with some threshold limits and guideline values, fixed by the
legislation of various countries. The EU Directive 86/278/EEC establishes the
reference concentrations for some PTEs (i.e. Cd, Hg, Ni, Pb, Cu, and Zn) in
European agricultural soil (Directive E.C., 1986). At the national level, there is a
wide variation in statutory guideline values for PTEs in natural soil, as well as a
large difference in values between similar geographical areas (Reimann and
Garret, 2014 and references therein). Therefore, the reference guideline intervals
established by the EU Directive for agricultural soil are not always aligned with
the guidelines legislated by each of the European countries. In 1999, the Italian
government established intervention values for some selected toxic elements
(As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sh, Se, Tl, V, and Zn) in soil and stream water
(D.M. 471/1999, abrogated and now replaced by D.Lgs 152/2006).

Ultramafic soils play an important role in environmental management due to the
high natural content of PTEs (such as Cr, Ni, and Co; Caillaud et al., 2009)
commonly exceeds, up to one order of magnitude, the concentration limits laid
down by environmental agencies and governments (Kumarathilaka et al., 2014;
Tashakor et al. 2014). These extremely high PTEs (e.g., Cr, Ni, and Co)
concentrations are related to the abundance of PTEs-bearing minerals inherited
by bedrocks. These PTEs-bearing minerals lead to soil metal concentrations
above the Ilimits allowed by legislation, impeding, therefore, to share
anthropogenic from natural contribution using threshold concentrations when

these minerals are present. Hence, one of the most complex problem to be faced
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for ultramafic soils is the determination of background levels and baseline values
for PTEs. Several attempts have been made to separate between anthropogenic
and natural contributions on PTEs contents in soils (Galan et al., 2008, 2014; Bini
et al., 2011; Kelepertizis et al., 2013). These approaches range from the statistic
evaluation of the outliers, as reviewed by Reimann et al. (2005), to regressions
between metals and Al and Fe (e.g., Delaune et al., 2008), to several enrichment
factors such as the ratio between PTEs concentration in potentially contaminated
and uncontaminated areas (e.g., Massas et al., 2009) or between the
concentration in the topsoil and in subsoil (e.g., Blaser et al., 2000; van Gaans et
al., 2007). Nevertheless, these approaches are poorly applicable to very
heterogeneous soils, such as those forming on ultramafic bedrocks which are
commonly characterized by significant compositional variation at regional, local
and even site-specific scale (Caillaud et al., 2009; Bonifacio et al., 2010; Antibachi
et al., 2012; Kelepertzis et al., 2013; Marescotti et al., 2015). Moreover, the local
lithological context can have a higher influence than the processes of soil genesis
on the concentration of PTEs in the soil (Galan et al., 2009, 2013; Bern, 2009;
Taghipour et al., 2011; Stone et al., 2014; dos Santos et al., 2017); thus, the
geochemical data can be drastically misinterpreted when the local information is
ignored (Salminen and Tarvainen, 1997; Reimann and De Caritat, 2005;
Gloaguen and Passe, 2017). Therefore, the assessment of soil contamination by
the environmental agencies should consider its specific geochemical and

geological contexts (Bonifacio et al., 2010).

In this scenario, to better define the geochemical background and discriminate
the natural input to anthropic input, it is necessary to draw up a combined
approach that integrates statistical methods at the national or regional scale
(Albanese et al., 2007, 2015) with site-specific studies on PTEs in rocks and
relative soils (Zhao et al., 2006). These site-specific studied have to include: i) a
detailed mineralogical, textural, and structural analysis of bedrocks and derived
profiles; ii) identification the type and state of the weathering processes; iii)
evaluation of the role of mineral species in controlling the PTEs mobility during

the evolution of the solil profiles.
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1.2. AIMS OF PhD THESIS

Even if numerous authors present the detailed studies of metal mobility and their
relationships between mineralogy and other soil properties (e.g., Vithanage et al.,
2014; Alves et al., 2011; Caillaud et al., 2009), in literature, there are still few
studies (Burgess et al., 2009; Kierzack et al., 2016) about the relationships
among soil evolution and lithological, textural, and structural characteristics of the
bedrock even though, they have an important role in the distribution and mobility
of PTEs in ultramafic soils.

The main objective of this PhD thesis is to determinate the mineralogy and the
chemistry of PTEs of ultramafic rocks and soils, to evaluate how lithological,
textural, and structural properties of different ultramafic bedrocks with different
degree of serpentinization and deformation may affect the re-distribution and the
fate of PTEs in ultramafic soils during pedogenesis, as well as to assess their
environmental implications in the ecosystem.

In summary, the specific aims of the individual chapters are reported:

1) Investigations on ultramafic rocks (Chapters IV and V):

- Description and classification of the ultramafic bedrocks according to
lithological and (micro)structural-textural criteria (e.g., partially
serpentinized Iherzolites, massive serpentinite, and foliated serpentinites)
from the Voltri Massif;

- ldentification and analysis of the main PTEs-bearing mineral phases focus
on microstructural and textural characteristics in relation to the bedrock
textures and structures;

- Investigation of the influence of serpentinization degree, deformation
processes, and textural and structural setting on the distribution of PTEs-
bearing minerals;

- Comparison of bulk chemistry dataset (major, minor, and trace elements)
with other ultramafic rocks around the world, focus on the lithological and

structural-textural variations.

2) Investigations on ultramafic soil profiles (Chapter VI):

- General characterization of soils properties and pedogenetic processes;
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- Determination of the chemical and mineralogical compositions of soils
derived from different ultramafic bedrocks;

- Characterization of PTEs-bearing minerals among primary minerals (e.g.,
serpentine minerals, spinel-group minerals, and magmatic relicts) and
authigenic minerals (e.g., clay minerals and Fe- and Mn-oxides) in order
to clarify the behavior of PTEs at the microscale during weathering and
pedogenesis;

- Creation of an essential geochemical and mineralogical database to
forecast the fate of the PTEs in the rock-soil system and their potential
leaching to groundwater;

- Comparison with similar ultramafic soils developed in others climatic or
geologic context (e.g., Italian Apennines, French Massif Central, Vosges
Mountains, and Franciscan Complex), that can help in understanding the
impact of pedoclimatic factors on the PTEs distribution at profile scale.

- Comparison of the PTEs levels of studied soil respect to the world average
soil composition and the law target of different countries;

- ldentification of possible factors that can explain the geochemical element

variability.
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Chapter Il

Study area

In Chapter 1l the main geographical, geomorphological, pedological and
geological characteristics of Voltri Massif (VM) are summarized in the following

paragraphs. A detail description of studied sites is also provided.

2.1. THE VOLTRI MASSIF

The study area is located in the highlands of western Liguria, northwest Italy,
among the municipalities of Sassello (SV), Urbe (SV), Pontinvrea (SV), and
Tiglieto (GE). From the geological point of view, the study area belongs entirely
to the Voltri Massif (Ligurian Alps, Italy — Chiesa et al., 1975; Fig. 2.1). Even if the
mineralogy, petrology, and geology of the ultramafic rocks of the Voltri Massif are
deeply and well investigated (e.g., Ernst and Piccardo, 1979; Scambelluri et al.,
1991; Piccardo et al., 2001; Capponi and Crispini, 2002; Rampone et al., 2005;
Federico et al., 2007; Borghini et al., 2007; Padovano et al., 2015; Cannad et al.,
2016), the relationship between these rocks and the soil developed at their top,
particularly in term of PTEs concentration and their mobility, has been poorly
studied (Cortesogno et al., 1979; Bonifacio et al., 1997).

X Voltri Massif s N

Fig. 2.1A Ophiolite complexes of Ligurian Region (Geoportale Regione Liguria, 2018).
In the red box the Voltri Massif.
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2.1.1. Geography and Geomorphology

The Voltri Massif (VM) is located in the eastern sector of the Ligurian Alps (NW
Italy), along the watershed between the Po river basin and the Tyrrhenian sea.
The VM is bounded by the Erro and Orba river to the north, by the Stura and
Cerusa valleys to the east, by the Ligurian sea to the south, and by the Sansobbia
valley to the west (Fig. 2.2). The VM contains several summits higher than 1000
m a.s.l., with the highest at 1287 m a.s.l. (Mt. Beigua).

P

NG o
- N - '\“ ,/,’7 »
¢ .’r ) i =0
l‘ \
' Cerusa
_‘I
o M \’\
/ 27" sansobbia {
~ AL

Fig. 2.2 Watershed (red line) maps, with the main Ligurian rivers (modified after
Sacchini et al., 2012).
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From a geomorphological point of view the northern slope of VM, dipping to the
Po river basin, is characterized by wide valleys rich in terraces and gently tilted
surfaces that are deeply influenced by running water erosion processes,
increased by human activities (Firpo et al., 2006). Erosion due to running water
is particularly enhanced along the steepest slopes of serpentinite rocks where the
erosion exceeds the rate of soil formation, especially in areas affected by intense
forest clearance. Well-developed soils one to several meters thick are preserved
on protected planar landforms and slopes. The high part of the slope is
characterized by the accumulation of large blocks with morphological features
related to the creep and/or the gelifluction processes tentatively attributed to
permafrost conditions during the Wirm (blockfields and blockstreams; Firpo et
al., 2006).

On the other hand, south sector, dipping to Tyrrhenian sea and with its watershed
very close to the sea, is generally high and abrupt with promontories alternating
with plains of limited amplitude (Firpo et al., 2006). The average slopes of the
Tyrrhenian valleys range between 10 and 30 degrees. Because of high relief
energy and tectonics on hydrography, the water courses are very short, with a
low hierarchic organization and a very high transport capacity, especially during
exceptional floods (Scopesi et al., 2017). The coastal strip is also subject to
tectonic dislocations and is also characterized by the presence of relict-terraced
landforms of marine origin, which are generally related to the repeated
transgression/regression cycles caused by Quaternary tectonics and climatic
fluctuations (Carobene and Firpo, 1994, 2002).

The hydrographic network of VM primarily follows the tectonic lineations, and the
watercourses are primarily of a torrential type, consisting of valleys incised with

V-shaped cross-sections (Firpo et al., 2006).

2.1.2. Climate and Pedology

The climatic features of Liguria are mainly determined by the topography, vertical
relief (hilly or mountainous), and close to the sea. Liguria marks the transition
between “Hot-summer Mediterranean climate” on one south side (Csa-type,
sensu Koppen, 1936), and “Temperate oceanic climate” (Cfb-type, sensu
Koppen, 1936) on the north side, the latter being characteristic of the
southwestern part of the Po plain (Pinna, 1970; Marsili et al., 2009).
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In the north slope, the data published from ARPA-Regione Liguria (weather
stations of Sassello, 385 m a.s.l.,, Piampaludo, 865 m a.s.l.,, and Urbe, 810 m
a.s.l.) showed mean annual precipitation ranges from 1000 to 1400 mm/y and
mean annual temperatures from 9.1°C to 10.2°C (Fig. 2.3). The ombrothermic
diagram (Rellini et al., 2009; 2014) shows two distinct rainy seasons with maxima
in April and October and with a clear precipitation decrease between July and
August. On the south slope, according to the data of the ARPA-Regione Liguria
(weather station of Varazze, 22 m a.s.l.), the monthly temperatures vary from a
minimum of 5 °C (in January and February) to a maximum of 28-29°C (recorded
in August and July), with an average temperature of 15°C. Rainfall ranges
between 1100 and 1600 mm/y and shows a unimodal distribution with a

maximum in November (180 mm) and a dry season in summer (35 mm).
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Fig. 2.3 Cumulative rainfall map over the Liguria Region (annual average 1961-2010).
In red box the VM area.

The present pedoclimate (sensu USDA, 2003) is characterized by a mesic, locally
cryic, soil temperature regime associated with an udic soil moisture regime
(Costantini et al., 2004; Marsili et al., 2009). According to the FAO-WRB
classification (IUSS, 2015), soils of this landscape are primarily of Humic, Skeletic
Regosol, and Hypereutric or Dystric Cambisol (Scopesi, 2009).

From a vegetational point of view, the area can be considered transactional: in a
very restricted area, it passes from the coastal environment to a mountain
environment with altitudes around 1000 m a.s.l. Therefore, following this
morphological structure that also influences the climatic conditions, there is the
coexistence between the thermophilous plant species (e.g., Quercus ilex L.,

Quercus pubedcens Willd., Pistacia terebinthus L., Pistacia lentiscus L., Myrtus
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communis L.) and species characteristic of higher altitudes (e.g., Pinus sylvestris

L., Sorbus aria L.; Cortesogno et al., 1979).

2.1.3. Geology

The Voltri Massif is a wide (about 800 km?) metaophiolitic massif located at the

southernmost termination of the Western Alps (Ligurian Alps, NW ltaly; Fig. 2.4).
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Fig. 2.4 A) Sketch of the Western Alps; B) Structural sketch map of the Voltri Massif
(modified after Capponi and Crispini, 2002).

The VM represents a remnant of the Jurassic Ligurian Tethys and is composed
by tectono-metamorphic units accreted during the Alpine orogenesis (e.g.,
Messiga and Piccardo, 1974; Piccardo, 1984; Vanossi, 1984; Capponi and
Crispini, 2008 and references therein); these units consist mainly of mafic to
ultramafic rocks derived from different paleogeographic domains, including
subcontinental mantle, oceanic lithosphere with sedimentary covers and
subordinate continental crust (Vanossi, 1984; Piccardo, 1984). These units have
a polyphase tectono-metamorphic evolution with blueschist- to eclogite facies
peak metamorphism and variable retrogressive overprints down to greenschist
facies (e.g., Cortesogno et al., 1977; Cimmino et al., 1979; Messiga and

Scambelluri, 1991; Scambelluri et al., 1995; Capponi and Crispini, 2002, 2008;
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Federico et al., 2007; Vignaroli et al. 2010; Malatesta et al., 2012; Capponi et al.,
2016; Scarsi et al., 2018).

In the VM ultramafic rocks are both mantle peridotite (i.e., Erro-Tobbio peridotite;
Chiesa et al., 1975; Piccardo, 1977; Scambelluri et al., 1995; Piccardo and
Vissers, 2007) and oceanic lithosphere serpentinite (Chiesa et al., 1975;
Piccardo, 1977; Scambelluri et al., 1991). The Voltri Unit, which underwent
eclogite-facies Alpine peak metamorphism, makes up the greatest part of the

Voltri Massif, including the studied sites.

Peridotites (Peridotiti Iherzolitiche del Monte Tobbio Formation; Capponi and
Crispini, 2008; Capponi et al., 2016) occur as km-scale bodies and consist mainly
of spinel- and plagioclase-bearing lherzolite, with some harzburgite, dunite lenses
and pyroxenite bands, with various degree of serpentinization that develops
mainly along a network of anastomosing and cross-cutting shear zones; the
serpentinitic shear zones separate domains of peridotite with little or no coeval
ductile deformation (Scambelluri et al., 1991). Most of the serpentinite mylonite
zones shows a gradual transition from partially serpentinized peridotite to strongly
foliated serpentinite mylonite. This transition reflects progressive synkinematic
hydration of the peridotite within shear zones (Scambelluri et al., 1991). Even if
peridotites underwent local oceanic serpentinization and HP-LT recrystallization
attained during the Alpine orogeny (Chiesa et al., 1975; Rampone et al. 2005;
Capponi and Crispini, 2008; Capponi et al. 2016), they still preserve textures and
mineralogical associations of the pre-Alpine mantle evolution. The preserved
mineralogical association includes olivine, ortho- and clino-pyroxene, spinel and
plagioclase (Messiga and Piccardo, 1974; Piccardo, 1984, Capponi and Crispini,
2008). The ocean-floor metamorphism produced the partial transformation of the
original mantle assemblages to mesh-textured antigorite, with minor chrysotile
(after olivine), bastites and/or tremolitic amphiboles (after pyroxenes), magnetite
(after spinels), and chlorite (Scambelluri et al., 1991).

The prograde Alpine evolution is instead reflected by the development of
antigorite, magnetite, and brucite and later Ti-clinohumite, olivine, diopside,
magnetite, and chlorite, which cross cut earlier mantle and oceanic assemblages
(Scambelluri et al., 1991 and references therein). During the metamorphic peak,
all the above microtextures are statically overgrown by neoblastic olivine,
antigorite, Ti-clinohumite, and magnetite preferentially developed over mantle

olivine, and by new diopside that replaced previous mantle pyroxenes. The early
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retrograde stage is marked by the static overgrow of antigorite and Fe-oxides or
antigorite and brucite on the peak assemblages, whereas the latest stages are
characterized by coronitic tremolite and chrysotile rims in between mantle
diopside relics and granular olivine, antigorite, and minor Ti-clinohumite

aggregates (Scambelluri et al., 1991).

In the VM, antigoritic-serpentinites (Serpentinoscisti antigoritici del Bric Del Dente
Formation; Capponi and Crispini, 2008; Capponi et al., 2016) is the most
abundant lithotype, cropping out over a total area of more than 200 km?
(Malatesta, 2011). They are composed of antigorite-bearing massive
serpentinites and antigorite-bearing serpentine schists, sometimes with textural
relics of the mantle peridotites. Gradual transitions from massive and essentially
undeformed to strongly foliated serpentinite occurs over the entire area
(Hoogerduijn Strating, 1991). Serpentinites are commonly characterized by a
pervasive composite schistosity, with multiple folding phases of folds and shear
bands (Hoogerduijn Strating, 1991; Scambelluri et al., 1991; Liou et al., 1998;
Hermann et al., 2000, Crispini and Capponi, 2001; Capponi and Crispini, 2002;
Malatesta et al., 2012; Federico et al. 2015; Capponi et al. 2016). In antigorite-
bearing serpentine schists the main foliation is defined by the preferential
orientation of antigorite, chlorite, and magnetite (Cimmino et al., 1979, Messiga
et al.,, 1983). Along local shear bands, a composite fabric with crenulation
cleavage is commonly developed and the mineralogical assemblage is replaced
by fine grained of olivine, antigorite, chlorite, diopside, and Ti-clinohumite
(Hoogerduijn Strating, 1991) or olivine, Ti-clinohumite, magnetite, minor
antigorite and diopside (Scambelluri et al., 1991). The growth of the olivine-
bearing assemblage is interpreted as a result of the progressive synkinematic
dehydration of antigorite and therefore during progressively changing
metamorphic conditions. Olivine-bearing assemblages (olivine, Ti-clinohumite,
magnetite, antigorite, and minor diopside) also occur in small veins crosscutting
the foliation and the extensional crenulation cleavage. The composite fabric and
the olivine-bearing veins are deformed by small scale folds accompanied by a
new crenulation cleavage that is associated with the growth of antigorite and
magnetite afer olivine (Hoogerduijn Strating, 1991; Scambelluri et al., 1991).

At the contact between serpentinites and other lithologies (e.g. metasediments
and mafic bodies), intercalations or reaction rims of either chlorite-/talc-schist or

tremolite-chlorite schists (i.e., "hybrid" rocks, Spandler et al., 2008), including
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chlorite, talc, tremolite, actinolite, albite, titanite and magnetite, are common
(Hoogerduijn Strating, 1991; Federico et al., 2007; Malatesta et al., 2012).

2.1.4. Study sites

Eight study sites were selected based on the following criteria (Fig. 2.5 and 2.6
and Table 2.1):

I) degree of serpentinization (i.e., partially serpentinized lherzolites, relics-
bearing serpentinite, massive serpentinites, serpentine schists);

i) textural feature (i.e., massive or foliated serpentinites);

iii) structural feature (i.e., presence of one or more sets of veins or fractures,
shear zones, lithological or tectonic contact with others lithology);

iv) degree of weathering and degree of soil profile evolution.

The choice of the most suitable sampling sites was also subject to accessibility
since it is commonly limited by slope acclivity and bushy vegetation. In fact, the
rock cropping out in each study sites represent generally about the 30-40% of the
entire area, due to the presence of bushy vegetation. The studied sites mostly
occur close to road cuts, abandoned quarry, or stream banks. A detailed

database of each sites is reported in Appendix A.

Site Sign| Rock Typology Coordinate éqltgi(.jlt.a) exp?l)osri)t(iaon
Bric Gippone | BG |MS/FS|Road cut 4;:53;5?2‘ 585 S
‘?%(Ijii;o BT FS |Abandoned quarry 4;:3;3;?2 ' 380 S
Case Lavrin | CL FS |Abandoned quarry 4;33?82? ' 668 ESE
D0 0 o (D) ot WIS s | o
Rocca Grin | RG | PSP |Abandoned quarry 4;:33;);3522 ' 626 SW
ﬁgﬁﬁa SF | MS |Road cut 4;‘2256372?2' 576 SSE
'gcr)graente TO ('IE?:) Sgrflfsr?Abandoned quarry 43:3371322;2 418 w

Table 2.1 Geographical and lithological information of studied sites. PSP = partially
serpentinized lherzolites; MS = massive serpentinite; FS = foliated serpentinite; TC =
tremolite-chlorite hybrid rocks)
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Chapter Il

Materials and Methods

A multidisciplinary approach combining field, analytical, and laboratory studies is
necessary to evaluate the PTEs geochemistry related to the ultramafic rocks and
soils and to determine whether or not ultramafic rocks and soils are sources of
non-anthropogenic PTEs contamination. Moreover, the studied rock and soils
samples have been analyzed using a multiscale and multi-analytical approach

including:

i) field survey and geo-structural analyses;

i) soil physics analyses;

iii) mineralogical, petrographic, and micro-structural/-textural analyses by
means of polarized-light optical microscopy (PLOM) and scanning electron
microscopy (SEM-EDS);

iv) mineralogical and minero-chemical analysis by means of electron
microprobe analyzer (EMPA-WDS) and X-ray powder diffraction (XRPD);

V) in-situ measurements of trace and ultra-trace elements by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS);

vi) bulk chemical analyses by means of energy dispersive X-ray fluorescence
(EDXRF) and inductively coupled plasma — atomic emission spectroscopy
(ICP-AES).

In this chapter, the materials and methods used during the main stages of this

PhD thesis are listed and described.

3.1. FIELD WORK AND SAMPLING

3.1.1. Field survey and geo-structural analyses

In all study sites a detailed geo-structural survey has been performed in order to
describe and classify the bedrocks according to lithological and structural-textural
criteria and identify the most striking structural and textural features that
characterize the area. On the basis of the geological survey data and the previous
geological studies (Fornasaro, 2014; Orecchia, 2014; Curedda, 2015; Malerba,
2016), a geological sketch of all study sites is produced and reported in Appendix
A.
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3.1.2. Sampling strategy

The main objective of sampling was to account for the lithological and structural
variability within ultramafic rocks (from partially serpentinized Iherzolites, massive
and foliated serpentinites). For each selected site 2 to 10 rock samples and 2 to
18 soil samples have been collected depending on lithological and structural
variability.

Soil samples were collected with steel auger and shovel, from two soil layers: 1)
the topsoil (0-30 cm), excluding the rhizosphere (organic horizons), and 2) the
subsoil (30-60 cm) following the criteria of Darnley (1997), Salminen et al. (1998),
and GEMAS project (Albanese et al., 2015). For each sampling point
approximately one kg of soil was taken, after removing the granulometric fraction
> 2 cm fraction as required by current legislation (D.M. 471/1999, abrogated and
now replaced by D.Lgs 152/2006).

Rock samples were collected at the base of soil profile, from two different
alteration zone: unweathered rock and weathered rock at the direct contact to

subsoil where coherent rock structure is still preserved.

3.2. ANALYTICAL TECHNIQUES
3.2.1. Soil physical analyses

Soil color and other properties including grain-size, grain-morphology, texture,
structure, and consistence are used to distinguish and identify soil horizons and
to group soils according to the soil classification system (FAO-WRB classification;
IUSS, 2015).

Colorimetric analyses

Color was used as a preliminary qualitative evaluation of Fe-oxide mineral
content (e.g., goethite vs hematite) and for the other environmental conditions
(e.g., anaerobic vs aerobic soil condition). Regardless of the methods used to
guantitatively measure of soil color, two main systems have been applied: the
Munsell Color System (Munsell Color Co. 1929) and the CIE-La*b* color space
(Commission Internationale de I'Eclairage — CIE, 1931). The Munsell Color
System is based on three parameters: i) hue (H; spectral color); ii) chroma (C;
color intensity); iii) value (V; lightness and darkness). CIE-La*b* color space is an

approximately uniform color system, based on three numerical values: L is the
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metric lightness function (representing brightness or luminance), a* and b* are
the chromatic coordinates represent opponent red—green scales (+a* = reds, -a*
= greens) and opponent blue—yellow scales (+b* = yellows, -b* = blues).

The color of the all soil samples was determined by means of visual estimation,
using the Munsell ® Soil Color Charts (2000), either on field on moist soil sample
and in laboratory on dry sample. The data obtained were also converted into CIE-

L*a*b* color system using the Munsell Conversion Software CMC10d.

Granulometric analyses

The granulometric analyses were performed at the Laboratory for rock and soil
analyses of DISTAV (University of Genova — Italy).

The particle size distribution of the all soil samples was obtained by wet sieving
with a Controls D411 Automatic Sieve Shaker into size fractions of: 22 cm, 2 cm
to 1 mm, 1 mm to 355 ym, 355-150 ym, 150-63 um, <63 um. All the fractions
were successively dried in a stove at 50°C and weighed. Granulometric

classification was obtain according to Folk classification (Folk, 1954).

Morphological analyses

A preliminary observation of all soil sample fractions was carried out by means of
a stereo-microscope using a Leica Wild M8 with Dino-Eye Microscope Eye-Piece
Camera. Elaboration image has been performed by means of DinoXcope 1.9.6
software (AnMo Electronics Corporation) at the Laboratory for Mineralogical
Analyses of DISTAV (University of Genova — Italy).

Stereoscopic analyses have provided useful information for initial screening

giving qualitative information on:

- Shape and morphology of soil grain, according to Shepard (1963) and
Zingg (1935), based on roundness/sphericity ration;

- Modal estimation of opaque grains with comparative table (Baccelle &
Bosellini, 1965; Ricci Lucchi, 1980);

- Presence of magnetic minerals;

- Estimation of alteration and oxidation degree.

Moreover, thanks to stereomicroscopic analyses, the granulometric fraction
between 355 and 150 ym was selected for the preparation of thin section as this

granulometric interval represents the best compromise between a large number
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of granules in the section and the presence of polimineral granules suitable for

identifying the prevailing textural and lithological characteristics.

3.2.2. Mineralogical, petrographic, and microstructural analyses
A preliminary petrographic description, micro-structural/-textural analyses, and
qualitative weathering evaluation of rock and soil samples were carried out using
polarized-light optical microscopy (PLOM) and scanning electronic microscopy
and microanalysis (SEM-EDS).

Polarized-light optical microscopy (PLOM)

The PLOM analyses were carried out at the Laboratory for Mineralogical
Analyses of DISTAV (University of Genova — Italy), using the Olympus System
Microscope Model BX-41. High-resolution images were acquired using
OLYMPUS COLOR VIEW II-SET cameras and processed using OLYMPUS C-
VIEW 1I-BUND-cell * B software. The microscope is equipped with 2x, 4x, 10x,
20x, 40x, 50x objective magnifications and 10x and 12,5x eyepieces.

The PLOM analyses were used for a preliminary petrographic description,
microstructural analysis, and qualitative weathering evaluation of rock and soll
samples and for the selection of point analyses by means of SEM and EMPA.
Fifty-eight polished thin sections were prepared from twenty-seven rock samples
and from thirty-one soil samples.

Twenty-seven rocks were selected and appropriately orientated for the
preparation of thin section. Thin sliver of rock was cut from the sample with a
diamond saw and grounded optically flat. Sample was then mounted on a glass
slide and smoothed using progressively finer abrasive grit (6, 1 ed 1/4 ym) until
the sample was only 30 ym thick.

Thirty-three soil thin section were prepared for the study of mineralogy of soil
skeleton. After embedding in epoxy resin, the material was prepared as described

for the rock samples.

Scanning Electron Microscopy and microanalyses (SEM-EDS)

SEM-EDS analyses of four rock samples and three soil samples were performed
on polished thin sections at the Scanning Electron Microscopy Laboratory of
DISTAV (University of Genova — Italy) using a SEM Vega3 — TESCAN type LMU

system equipped with an EDS EDAX APOLLO XSDD with DPP3 analyzer.
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Analyses were performed at 20 kV accelerating voltage and 1.2 nA beam current
at the specimen level for 60 live second counting time with a spot size of 370 nm
and working distance of 15 mm. Concentrations of major chemical components
were calculated on an anhydrous basis with ZAF corrections and using natural
silicates and oxides for calibration.

These analyses were functional to the preliminary chemical identification of
PTEs-bearing minerals (e.g., spinel-group minerals, serpentine minerals,

oxyhydroxides) in the selected soil and rock thin sections.

3.2.3. Mineralogical, mineral chemical, and crystallographic

analyses

Qualitative identification of the mineral assemblages and quantitative analyses in
the studied samples were performed by means of X-Ray Powder Diffraction
(XRPD) and electron microprobes with wavelength dispersive spectrometers
(EMPA-WDS). The selected soil and rock analyzed samples are chosen in order
to represent all the four type of the investigated bedrocks.

X-Ray Powder Diffraction (XRPD)

Diffraction data with traditional technique on rock and soil samples were

performed at the Physic and Geology Department (University of Perugia — Italy)
using Philips PW1830 diffractometer, with CuKa (A = 1.5406 A). The analyses
were recorded in the range of 2-theta angles from 5° to 80° at step size of 0,02°.
Samples were crushed and then powdered using an agata mortar and pestle and
spiked with a 10% wt. Si metallic standard, for amorphous phases quantification.
The clay fractions were separated by gravity separation using Stokes Law
determinations and centrifugation in deionized water to remove free ions and
were also filtered with filter paper with 4 ym of porosity.

Nevertheless, in soil samples, data collected with traditional diffraction
techniques has resulted of difficult interpretation due to the occurrence of a large
number of complex mineral phases (such us serpentine minerals, spinels, Fe-
oxyhydroxides, and clay minerals) often intimately mixed with amorphous
phases. For these reasons the complete mineralogical characterization of soll
samples has required high-quality and high-resolution X-ray diffraction patterns,

obtained by means of synchrotron X-ray sources.
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Svynchrotron radiation X-ray powder diffraction

The synchrotron-based diffraction data was collected at Material Characterization
by X-ray Diffraction (MCX) beamline at Elettra Synchrotron radiation facility
located in Trieste, Italy.

A total of sixteen soil samples were analyzed at the MCX beamline. The samples
were representative of 4 different soil profiles and were subdivided into three
different aliquots in order to investigate the mineralogy of the sand (2 mm-63 um),
silt (63-4 um), and clay (<4 ym) fractions. Data were collected in transmission
mode on 0.3 mm boron capillaries using a wavelength radiation of 1.033 A, in the
2—-70° 26 angular range, 0.01 (sand and silt) and 0.005 (clay) 26 step-size, and 1

sec counting time.

XRD software analyses

Preliminary identification of mineral phases was carried out with “X'Pert
Highscore” (University of Perugia), “PDF-4+/Minerals” (Elettra Synchrotron), and
“Match!” (University of Genova).

For the quantitative analyses and for the determination of amorphous phases
content, Rietveld refinements were conducted with General Structure Analysis
Software (EXPGUI-GSAS software; Larson & Von Dreele, 1994).
Crystallographic information file (CIF) from the American Mineralogist Crystal
Structure Database (http://rruff.geo.arizona.edu) were used for the refinement.

Electron microprobes with wavelength dispersive spectrometers (EMPA-WDS)

Mineral chemistry of eleven rock and five soil samples was determined at the
Electron Microprobe Laboratory of Earth Science Department “Ardito Desio”
(University of Milan — Italy) using electron microprobe analyzer (WDS JEOL, JXA
— 8200 WD/ED model). Operating conditions were: accelerating voltage of 15 kV
and a beam current of 5 nA and a counting time of 10 s for all the elements.
Calibration was performed with a set of synthetic and natural standards including
olivine 154 (Mg), omphacite 154 (Na), Cr, rhodonite (Mn and Zn), k-feldspar 113
(K), anorthite 137 (Al and Ca), wollastonite (Si), V, fayalite 143 (Fe), ilmenite (Ti),
Co, galena (S), niccolite (Ni).

In-situ spot analyses with a diameter of ~1 um were focused on the potential

PTEs-bearing phases (e.g., spinel-group minerals, serpentine minerals,
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pyroxene, olivine, chlorite, and authigenic minerals) both on rock samples and
soil samples.

Detailed compositional X-ray intensity maps were obtained for selected areas to
investigate the distribution of major and minor elements (i.e., Cr, Fe, Mg, Mn, Ni,
S, and Si) in spinel-group minerals. The image acquisition conditions were 15 kV
accelerating voltage, 1 um? pixel size, and a 30 ms dwell time.

Subsequent analyses carried out with Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) used Fe, Mg, Si, and Al values as internal
standards for the quantification of minor and trace components in the selected

PTEs-bearing minerals.

3.2.4. Trace and ultra-trace minero-chemical analyses

Trace and ultra-trace element of selected minerals (e.g., olivine, pyroxene,
serpentine minerals, and spinel-group minerals) were determined by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the LA-
ICP-MS Lab of the Physic and Geology Department (University of Perugia —
Italy). Eight rock thin section, representative of the four different studied bedrocks
and relative soil samples (n° 5 thin sections) were analyzed.

LA-ICP-MS system is composed by a commercial New Wave UP213 (New Wave,
UK) LA system coupled with a Thermo Electron X7 (Thermo Electron
Corporation, Waltham, USA) ICP-MS. The analyses were conducted using a
~30-20 um beam diameter, 8 Hz frequency, and 0.032-0.105 mJ/pulse power,
during 90 s analysis. The following trace elements were detected: Li, Na, Mg, Al,
Si, P, K, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Sn, Ba, Hf,
Ta, Pb, Th, and U, including REEs. Other details on the instrumentation, precision
and accuracy are reported in Petrelli et al. (2008, 2016).

3.2.5. Bulk chemistry (major, minor, and trace elements)

Major, minor, and trace elements for soil and rock samples were analyzed by
means of EDXRF and ICP-AES.

Enerqy Dispersive X-ray Fluorescence (EDXRF)

EDXRF analyses were performed on forty-five rock and twenty-two soil samples;

1) for soil samples the analyses were performed on the granulometric fraction
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<2mm; 2) rock samples were crushed and porphyrized. The EDXRF instrument
was an EDXRF-X-MET7500, Oxford Instruments, with a Fundamental Parameter
(FP) calibration built by factory (Mining & Soil). The X-ray fluorescence signal was
collected for 120 s. To better detected the concentration of “light” (12 < Z < 20)
and “heavy” (Z > 20) elements, two different instrument calibrations was chosen:
i) Soil LE FP was selected to analyses Ti, Fe, Mn, Ca, V, Cr, Co, Ni, Cu, Zn, Rb,
Sr, Zr, Cd, Sn, Sh, Ba, Pb; ii) Mining LE PF was selected to analyses Al, Si, P, S,
K, Ca, Ti, Fe, Mg, Mn, Ca, V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Zr, Cd, Sn, Sb, Ba, Pb,
Nb, Mo. Detection limits are reported in Table 3.1.

ppm | Mg | Al P K | Ca| Ti V | Cr | Mn |  Co | Ni | Cu| Zn
LOD 3500 694 38 | 36 | 24 | 12 | 13 | 8 9 4 2 2 3

Table 3.1 XRF detection limits.

Inductively Coupled Plasma — Atomic Emission Spectroscopy (ICP — AES)

The determination of the total content by total digestion with concentrated HNO3
and HCI (1:3, v/v) (aqua regia) of fourteen elements (Al, Fe, Mn, Be, V, Cr, Co,
Ni, Cu, Zn, As, Cd, Ba, and Pb) in eighteen rock and seventeen soil were
performed by means of an Optimal DV 2100 Perkin-Elmer at ARPAL Laboratory
(Agenzia Regionale per la Protezione dellAmbiente — Liguria, Italy). These
analyses were carried out on eighteen rock samples and seventeen soil samples
following the procedure recommended by D.M. 13/9/99 and D.Lgs 152/2006, and
according to EPA — 3050 B e EPA — 6010 C. Detection limits are reported in Table
3.2.

ppm Al V Cr Mn Fe Co Ni Cu Zn
LOD | 0.01 0.01 | 0.002 | 0.001 | 0.01 | 0.003 | 0.01 | 0.006 | 0.02

Table 3.2 ICP-AES detection limits

References

Albanese, S., Sadeghi, M., Lima, A., Cicchella, D., Dinelli E., Valera, P., Falconi, M.,
Demetriades, A., De Vivo, B., and the GEMAS Project Team (2015). GEMAS: cobalt, Cr, Cu and
Ni distribution in agricultural and grazing land soil of Europe. Journal of geochemical
exploration, 154, 81-93.

Baccelle, L., and Bosellini, A. (1965). Diagrammi per la stima visiva: della composizione
percentuale nelle rocce sedimentarie (Vol. 1). Universita degli studi di Ferrara.

Curedda F. (2015). Determination of natural background values for metals of environmental
concern in ultrabasic soils and rocks from Voltri Unit. Master’'s degree thesis, University of
Genova. Unpublished

Darnley, A. G., Bjorklund, A., Bolviken, B., Gustavsson, N., Koval, P. V., Steenfelt, A., and
Xuejing, X. (1995). A global geochemical database. Recommendations for international
geochemical mapping. Final report of IGCP project, 259.

52



Decreto Legislativo3/04/2006 n° 152 “Norme in materia ambientale”. G.U. 88. 14/04/2006.

Decreto Ministeriale 25/10/1999 n° 471 “Regolamento recante criteri, procedure e modalita per
la messa in sicurezza, la bonifica e il ripristino ambientale dei siti inquinati, ai sensi dell'articolo
17 del decreto legislativo 5 febbraio 1997, n. 22”, e successive modificazioni e integrazioni. G.U.
293, 15/12/1999.

Folk, R.L. (1954). The distinction between grain size and mineral composition in sedimentary-
rock nomenclature. The Journal of Geology, 62(4), 344-359.

Fornasaro S. (2014). Determination of natural background values for selected metals in ophiolitic
soils and rocks from Voltri Massif. Master’s degree thesis, University of Genova. Unpublished

IUSS, W. (2015). World Reference Base for Soil Resources 2014, update 2015. International soil
classification system for naming soils and creating legends for soil maps. World Soil Resources
Reports, (106), 153-154.

Larson, A. C., and Von Dreele, R. B. (1994). Gsas. Report IAUR, 86-748.

Malerba G. (2016) Determination of ecotoxic metals in rocks and soils from Voltri Unit master’s
degree thesis, University of Genova. Unpublished

Munsell, S.C.C. (2000). Munsell color. Grand Rapids, Michigan.

Orecchia M. (2014). Determination of asbestos natural concentration values on ophiolitic soils
and rocks from Voltri Massif. Master’s degree thesis, University of Genova. Unpublished.

Petrelli, M., Morgavi, D., Vetere, F., and Perugini, D. (2016). Elemental imaging and petro-
volcanological applications of an improved laser ablation inductively coupled quadrupole plasma
mass spectrometry. Periodico di Mineralogia, 85, 25-39.

Petrelli, M., Perugini, D., Alagna, K.E., Poli, G., and Peccerillo, A. (2008). Spatially resolved and
bulk trace element analysis by laser ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS). Periodico di Mineralogia, 77(3).

Ricci Lucchi, F. (1980). Sedimentologia: Parte 1: materiali e tessiture dei sedimenti. Cooperativa
Libraria Universitaria Editrice.

Salminen, R., Tarvainen, T., Demetriades A., Duris M., Fordyce F.M., Gregorauskiene V., Kahelin
H., Kivisilla J., Klaver G., Klein H., Larson J.O., Lis J., Locutura J., Marsina K., Mjartanova H.,
Mouvet C., O’Connor P., Odor L., Ottonello G., Paukola T., Plant J.A., Reimann C., Schermann
0., Siewers U., Steenfelt A., Van der Sluys J., de Vivo B. and Williams L. (1998). FOREGS
geochemical mapping field manual.

Shepard, F.P. (1963). 1. Introduction Submarine canyons have been discussed extensively in the
literature during the past 30 years. Field investigations, however, have lagged and have been
confined to a very few individuals and to a few localities. This is regrettable. The Earth Beneath
the Sea History Sea, 3, 480.

USEPA. (1996). Method 3050B. Acid digestion of sediments, sludges, and soils. Test methods
for evaluating solid waste.

US Environmental Protection Agency. (2006). Method 6010: Inductively coupled plasma -atomic
emission spectrometry. Test Methods for Evaluating Solid Waste, Physical/Chemical Methods,
6010C-1.

Zingg, T. (1935). Beitrag zur schotteranalyse (Doctoral dissertation, ETH Zurich).

53



Section Two

Investigation on the ultramafic rocks

Ultramafic rocks can store several PTEs which can be released to the
environment during weathering and pedogenesis.

To determine the PTEs distribution, to evaluate their mobility and their potential
bioavailability as well as to discriminate the natural geochemical background from
possible source of contamination, a multidisciplinary approach is necessary to
combine the bulk chemistry of outcropping rocks with their geological, structural,
mineralogical, and crystallochemical data.

In the ultramafic rocks, spinel-group minerals are the main source of the PTEs
which can have a significant impact on the environmental and human health once
they are mobilized into soil, water or dust. Moreover, in the ultramafic rocks,
PTEs-bearing phases are also represented by the other rock-forming minerals
(e.g., serpentines, olivines, pyroxenes, and chlorites) and some accessory
phases (e.g., iimenite and other oxides, sulphides). Hence, the knowledge of the
crystallochemical variations (including PTEs concentration) as a function of the
metamorphic conditions or structural properties, other than for their petrological
implications, may have a paramount environmental concern since the mode of
occurrence of PTE-bearing minerals can directly affect weathering processes
during pedogenesis and thus soil chemistry, PTEs mobility, and bioavailability.

This Section is subdivided into two chapters (IV and V).

Chapter IV refers to the determination of the chemistry, mineralogy, and
microstructural features of ultramafic rocks from Voltri Massif (Central Liguria,
Italy), in order to assess the role of meso- and micro-scale lithological,
mineralogical, textural, and structural factors in the concentration and distribution
of PTEs in serpentinized and deformed ultramafic rocks. A description and
classification of the ultramafic bedrocks according to lithological and
(micro)structural-textural criteria is also provided.

Chapter V refers specifically to the mineralogy and the crystal chemistry of spinel-
groups minerals. In particular, the chapter is focused on the relationships
between their crystallochemical variations and their mode of occurrence with

respect to the degree of serpentinization and deformation of the host rocks.
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Chapter IV

Potentially toxic elements distribution in the

serpentinized and deformed ultramafic rocks
from the Voltri Massif (NW, Italy)

Keywords: serpentinization, deformation, trace elements, nickel, chromium,

cobalt, serpentine textures

4.1. INTRODUCTION

High concentrations of potentially toxic elements (PTES) in surface and near-
surface environment may be attributed both to anthropogenic sources (including
industrial, agricultural, and mining activities) and to geogenic sources (natural
weathering of rocks and pedogenesis).

From the environmental point of view, ultramafic rocks (e.g., dunite, peridotite,
pyroxenite, and serpentinite) are, among the geogenic sources, the most critical.
In fact, besides their common content of asbestos minerals (Cheshire and Guven,
2005; Alexander, 2007; Hseu et al., 2007), ultramafic rocks are characterized by
high contents of Cr (up to 15300 ppm; Stueber and Goles, 1967), Ni (up to 7733
ppm; Savov et al., 2007), and Co (up to 950 ppm; Garnier et al., 2009). It is well
known that weathering of ultramafic rocks produces ultramafic soils containing a
high concentration of Cr, Ni, and Co (Oze et al. 2004a, b; Alexander, 2007) that
can have a potentially harmful impact on ecosystems and human health when
released into soils and waters. Their concentration, in suitable pedogenic
conditions, can reach even economic significance (e.g. Ni-laterites; Butt and
Cluzel, 2013). Although ultramafic rocks and relative soils cover approximately
1% of the Earth’s surface, they are worldwide distributed, being generally
associated with ophiolite complexes (Coleman, 1977; Coleman and Jove, 1992;
Vaughan and Scarrow, 2003; Dilek and Furnes, 2009).

Despite a general similarity in the whole rock chemical composition, the
concentration and distribution of PTEs in ultramafic rocks is highly variable
worldwide: in general, PTEs content can range up to two orders of magnitude,

mainly because of heterogeneities in mineralogy, texture, and structural
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properties of the rock (Kierczak et al., 2016; Echevarria, 2018), that are related
to different geological settings as well as metamorphic and geodynamic
evolutions (Deschamps et al., 2013), which strictly influence the mineralogical
assemblages and the relative mineral chemistry.
In general, the mineralogical composition of ultramafic rocks is dominated by the
presence of Fe- and Mg-rich silicate minerals (e.g., olivines and pyroxenes) and
spinel-group minerals (e.g., chromite and magnetite). During serpentinization a
large variety of metasomatic and metamorphic minerals is formed; they are
mainly represented by serpentines (lizardite, chrysotile, and antigorite), chlorites
and clay minerals, amphiboles (e.g., tremolite and actinolite), talc, brucite, iron
oxides, and carbonates. Most of the above minerals may incorporate varying
concentrations of trace elements into their crystal structures.
Spinel-group minerals, other than Cr, can contain a wide range of PTEs because
several elements, such as Zn?*, Co?*, and Ni?* can substitute Mg?* and Fe?* in
the tetrahedral site, whereas V3* can substitute Fe3*, APF*, and Cr3* in the
octahedral site (O'Neill and Navrotsky, 1984; Sack and Ghiorso, 1991; Burkhard,
1993; Abre et al. 2009; Colas et al., 2014; Liu et al., 2014; Canil et al., 2016). The
type and degree of substitution in both sites depends on many factors, such as
oxygen fugacity, magma/fluid composition, and temperature (Buddington and
Lindsley, 1964; Frost and Lindsley, 1991; Lindsley, 1991; Toplis and Carroll,
1995; Dare et al., 2009, 2014; Gonzalez-Jiménez et al., 2014; Liu et al., 2016).
Olivines host a limited number of trace elements, predominantly the first-row
transition metals (Zanetti et al., 2004; Foley et al., 2013; Bussweiler et al., 2015).
Among PTEs, only Ni and Co can be host in olivine in significant concentration
(1000 to 5000 ppm and 120-120 ppm respectively; Sobolev et al., 2007; Straub
et al., 2008; Herzberg et al., 2013, 2016); subordinate amounts of Zn and Cr can
be also present (Foley et al., 2013; Prelevi¢ et al., 2013; Jaques and Foley, 2018).
The trace element signature in olivine is mainly controlled by P-T conditions and
melt composition (Prelevi¢ and Foley, 2007; Sobolev et al., 2009; De Hoog et al.,
2010; Foley et al., 2013; Bussweiler et al., 2015).
Orthopyroxenes and clinopyroxenes are commonly characterized by a wide
range of ionic substitutions in the octahedral site, where Fe and Mg may be
replaced by several metals of environmental concern (mainly Cr, Ni, and V;
Simon et al., 2007; Zhang et al., 2001; Kratky et al., 2018). In particular, augite
and enstatite can incorporate significant concentration of Cr (up to 1 wt% and 0.1
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wt% respectively; Von Knorring et al., 1986; Brothers and Grapes, 1989; Treloar,
1987; Sanchez-Vizcaino et al., 1995; Deer et al., 1996; Kratky et al., 2018). These
variations are influenced by the composition of the magma from which the
clinopyroxene crystals crystallize (e.g., Dal Negro et al., 1982, 1985, 1986, 1989;
Carbonin et al., 1991) as well as by pressure and temperature of crystallization
(Malgarotto et al., 1993; Nimis, 1995; Nazzareni et al., 2001, 2011).
Serpentines are hydrous Mg-rich phyllosilicates, where Mg in the octahedral site
can be substituted by Fe?*, Fe3*, Al, Cr, Ni, and Mn?* (Brigatti et al., 2011). The
trace metals content of serpentines is commonly strictly related to the chemical
composition of the peridotite protolith since these elements have generally a
conservative behavior during serpentinization (Roumejon et al., 2015). The
crystal chemistry of serpentines is also dependent either on the polytype (i.e.,
antigorite, lizardite, and chrysotile) and on the different serpentine precursor (i.e.,
olivine or pyroxenes; Viti and Mellini, 1997, 1998; Deschamps et al., 2010, 2012).
Ni is mainly concentrated in serpentines after olivine (up to 0.77 wt% NiO,;
Kodolanyi and Pettke, 2011; Kodolanyi et al.,, 2012), whereas serpentines
deriving from pyroxenes are enriched preferentially in Cr (up to 1.37 wt% Cr20s;
Kodolanyi and Pettke, 2011; Kodolanyi et al., 2012).
Chlorite is a common rock-forming mineral found in a variety of geologic
environments (i.e., diagenetic, metamorphic and hydrothermal) and in rocks with
variable compositions (Laird, 1988). Chlorites are hydrous aluminosilicates with
a complex chemical composition and structure. They can incorporate Cr, Ni, Mn,
V, and Cu in both the octahedral sites (Bailey, 1988; Wiewiora and Weiss, 1990;
Brigatti et al., 2011). This wide range of compositional variations depends on
either the bulk-rock composition or the physicochemical conditions of the
environment (including P-T, pH, the activities of the various metals within the fluid,
and the activities of Sz, O2, and COz2; Hayes, 1970; Walker, 1993; Vidal et al.,
2000; Inoue et al., 2009). In ultramafic rocks, Cr-chlorite is an important Cr-
bearing phase where Cr203 content can vary from 0.5 to 8 wt.% (e.g., Arai et al.,
2006; Khalil, 2007; Grieco et al., 2011).
Amphibole, due to their complex structure, allows a large number of isomorphous
substitutions (Comodi et al., 1991; Ottonello, 2000; Schumacher, 2007; Hanley
and Bray, 2009). PTEs such as Zn, Ni?*, Co?*, V3*, Cu?*, and Cr®* can substitute
Fe3*, Mg, Al in the octahedral site (Prewitt, 1963; Klein and Ito, 1968; Della
Ventura et al., 1996, 1997; Hawthorne and Oberti, 2007; Hanley and Bray, 2009).
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These substitutions are enabled by a variety of structural distortions in both the
octahedral strip and tetrahedral chains (e.g., bond-layer tilting, bond-length
stretching, compression, and rotation; Hazen and Wones, 1972; Hawthorne and
Oberti, 2007; Hanley and Bray, 2009). The extent of these cation substitutions
may also be temperature-dependent (Welch et al., 2007), or controlled by the
absolute metal concentrations in fluids, magmas, or metamorphic protoliths (e.qg.,
Arai, 1986).

From the petrological point of view, the paragenesis and the mineral chemistry
(in particular the trace elements) are commonly used as an efficient fingerprint to
interpret the petrogenesis and the geodynamic setting of ultramafic rocks (Witt-
Eickschen & O’Neill 2005; Brett et al., 2009). Moreover, considering the
environmental implications, the detailed knowledge of mineralogy and crystal
chemistry of the different ultramafic rocks can help to understand the distribution
of PTEs and their fate during weathering processes, because element mobility,
bioavailability, and mineral stability are strictly related to the mineralogical
assemblages. As an example, Ni is generally more mobile than Cr because the
latter is bounded in more weathering-resistant minerals (i.e., chromite and Cr-
bearing magnetites) (e.g., Kierczak et al., 2007; Quantin et al., 2008; Cheng et
al., 2011).

For all these reasons, the occurrence of ultramafic rocks and the knowledge of
the chemical and mineralogical variations as a function of these factors may play
an important role in environmental management (Kumarathilaka et al., 2014,
Tashakor et al., 2014).

The aim of this study is to assess the role of meso- and micro-scale lithological,
mineralogical, textural, and structural factors in the concentration and distribution
of PTEs (V, Cr, Co, Ni, Cu, and Zn) in the serpentinized ultramafic rocks occurring
in the high pressure-low temperature (HP-LT) ophiolites of the Voltri Massif
(Central Liguria, Italy), which is one of the widest metaophiolite outcrops in the
Western Alps.

4.2. MATERIAL AND METHODS

A preliminary detailed geo-structural survey has been performed in eight sites of
the Voltri Massif (VM) with good exposures of ultramafic rocks (e.g. roadcut,
abandoned quarries, stream banks), that were representative of significant

structural and textural variations.
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Forty-five rock samples have been selected according to i) the different degree
of serpentinization (i.e., 50 to 90% of serpentinization), as well as to ii) textural
(i.e., massive vs foliated serpentinites) and iii) structural (i.e., presence of one or
more sets of veins or fractures or contact with other lithologies) criteria.
The rock samples have been analyzed using a multiscale and multi-analytical
approach including: i) mineralogical, petrographic description and microstructural
analysis by means of polarized-light optical microscopy and scanning electron
microscopy (SEM-EDS); ii) qualitative and quantitative mineralogical analyses by
means of X-ray powder diffraction (XRPD); iii) minero-chemical analysis by
means of electron microprobe analyzer (EMPA-WDS) and laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS): iv) bulk rock
chemical analyses by means of energy dispersive X-ray fluorescence (EDXRF)
and ICP-AES.
SEM-EDS analyses have been performed on selected representative carbon-
coated thin sections of studied rock samples at the Department for Earth,
Environmental and Life Sciences (DISTAV) of the University of Genova (ltaly),
using a SEM Vega3 — TESCAN type LMU system equipped with an EDS EDAX
APOLLO XSDD with DPP3 analyzer. Analyses were performed at the following
conditions: 20 kV accelerating voltage, 1.2 nA beam current, 10-40 um beam
diameter, 15 mm working distance. Counting times were set at 60 s to prevent
damage to the coated surface. Calibration for chemical analysis was
accomplished with a set of synthetic and natural standards.
X-ray powder diffraction was performed on eight samples, that have been
selected according to serpentinization and deformation degree. The analysis has
been performed on pulverized samples at the Department of Physics and
Geology, University of Perugia (Italy) and has been carried out using a Philips
PW1710 diffractometer equipped with a Cu-anode (CuKa radiation; range 5-80°
20; step size 0.02° 20). Metallic silicon (10 wt%) was added as standard for
amorphous phases quantification. Rietveld refinements were conducted with
General Structure Analysis Software (GSAS; Larson and Von Dreele, 2004).
The most representative samples (eleven carbon-coated metallographic
sections) were analyzed by the EMPA-WDS JEOL 8200 Super Probe at the
Department of Earth Sciences “Ardito Desio”, University of Milano (ltaly). The
working conditions were set at 15 kV accelerating voltage and 4.9 nA beam
current. Calibration for chemical analysis was accomplished by using the
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following standards: olivine (Mg), omphacite (Na), Cr203 (Cr), rhodonite (Mn and
Zn), k-feldspar (K), anorthite (Al and Ca), wollastonite (Si), pure V, fayalite (Fe),
ilmenite (Ti), CoO (Co), galena (S), niccolite (Ni).

Trace and ultra-trace elements of selected minerals (e.g., olivines, pyroxenes,
serpentines, and spinel-group minerals) were determined with detection limits
below ppm units by laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) at the Department of Physics and Geology, University of Perugia
(Italy); details on the working conditions, instrumentation, precision, and accuracy
are reported in Petrelli et al. (2016).

Bulk chemical analyses were assessed by means of X-MET7500 (Oxford
Instruments) EDXRF spectrometer (GeoSpectra s.r.l. - University of Genova
Spin-Off company) and by ICP-AES at the Regional Agency for Environmental
Protection of Liguria (ARPAL, Genova, Italy), using a Perkin Elmer - Optima 2100
DV spectrometer, on 3.5 g sample powder after total digestion of the material by

melting with aqua regia (1 cc HNOs + 2 cc HCI).

4.3. RESULTS

4.3.1. Petrographic, mineralogical, and microstructural features

of the studied rocks

The studied rocks can be grouped into three main groups (Fig. 4.1): i) partially
serpentinized lherzolites (PSP) with a serpentinization overprint that ranges
between 50 to 90 % (Fig. 4.1A); ii) massive serpentinites (MS) with a prevailing
undeformed massive texture, with a serpentinization degree that ranges between
90% to 100% (Fig. 4.1B); iii) foliated serpentinites (FS) with a serpentinization
degree between 95% to 100% (Fig. 4.1C).
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Fig. 4.1 Examples of studied ultramafic rocks from the Voltri Massif metaophiolites: A)
partially serpentinized |herzolites (PSP); B) massive serpentinites (MS); C) foliated

serpentinites (FS).
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Partially serpentinized lherzolites (PSP)

PSP form metric to pluri-metric bodies bordered by decametric- to metric-thick
serpentinitic shear zones; they are medium (1-5 mm) to coarse- (5-10 mm)
grained rocks displaying a granular to porphyroclastic texture with pyroxene
crystals (up to 5 mm) that are locally oriented allowing to identify a weakly
preserved magmatic foliation.

PSP show well-preserved pseudomorphic textures (i.e., mesh textures and
bastites) with relics of forsteritic olivine (Fo89), clinopyroxenes (augite and
diopside), enstatite (sometimes partially replaced by amphiboles), and spinel-

group minerals (mainly Cr-spinel; Fig. 4.2A).

Fig. 4.2A Photomicrographs of the PSP: mesh texture with olivine relics and bastitic
pyroxenes (crossed-polarized light - XPL). Mineral abbreviations are after Kretz (1998).

Antigorite and magnetite are the main minerals within mesh textures and bastites,
with subordinate chrysotile and chlorite within mesh rims and along grain
boundaries. Locally, mm-thick mylonitic shear zones cut the pseudomorphic
textures isolating sigmoidal-shape domains where the mesh textures evolve to
hourglass, ribbon and/or interpenetrating textures from the center toward the
rims. The outer mylonitic shear zones are exclusively composed by synkinematic
antigorite, intimately intergrown with chlorite, and fine-grained magnetite and Cr-
magnetite. Along shear-zone antigorite + chrysotile bastites are commonly
deformed and pervasively kinked.
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Fig. 4.3 Photomicrographs of the vein systems in the PSP: A) syntaxial veins filled by
chrysotile cross-fibers and magnetite (XPL); B) stretched veins filled by chrysotile cross-
fibers (PPL); C) shear veins filled by chrysolite slip-fibers (XPL); D) sigmoidal veins filled
by chrysotile and chlorite (XPL); E) composite veins filled by talc and chrysotile (XPL);
F) oxidized magnetite veinlets (PPL).

PSP are generally crosscut by several veins, which can be grouped as follow on
the basis of spatial relationships and filling (Fig. 4.3A-E):. 1) syntaxial
submillimetric veins (up to ~200 um in width) mainly occurring in the domains
preserving pseudomorphic textures; these veins are filled with chrysotile cross-
fibers, growing symmetrically from the vein rims, and subidiomorphic magnetite
crystals along the median line (Fig. 4.3A); 2) millimetric stretched veins (up to ~2
mm in width) crosscutting the foliation and filled with chrysotile cross-fibers + talc
* brucite (Fig. 4.3B); 3) shear veins (up t0~100 um in width) parallel to foliation
and connected with extensional veins at high angles; they are mainly filled with
deformed slip-fibers of chrysotile with minor talc and magnetite (Fig. 4.3C); 4)
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sigmoidal veins and en-échelon veins (5-70 um in width) with a random spatial
distribution, filled with fibrous chlorite and chrysotile (Fig. 4.3D); 5) composite
veins (up to ~2 mm in width) crosscutting the foliation and the other set of veins
(1-4); they are mainly filled with fibrous talc associated with minor chrysotile and
magnetite (Fig. 4.3E); 6) micrometric magnetite veinlets (<50 pm) forming an
irregular network and crosscutting all the other vein sets; magnetite is commonly
oxidized, with oxidation patterns along the vein rims and oxidation halos in the
adjoining selvages (Fig. 4.3F).

Serpentines represent about 50 wt% of the overall mineralogical composition
(Table 4.1), with dominant antigorite (ranging from 26 to 49 wt%; Fig. 4.4A) and
subordinate chrysotile (ranging from 8 to 27 wt%), which reach the higher
concentration in the highly fractured samples.

Clinochlore (7-25 wt%), augite, (16-33 wt%), enstatite (5-7 wt%), and spinel-
group minerals (mainly magnetite and subordinate Cr-spinels; up to 5 wt%) are
diffuse but always subordinate. Forsterite and actinolite-tremolite amphibole
occur locally and generally vary from 1 to 3 wt% (Table 4.1 and Fig. 4.4A).
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Fig. 4.4A Rietveld refinement patterns of powder XRPD data for the selected samples
representative of PSP. Experimental data and calculated profiles are shown as red
crosses and black solid lines, respectively. The colored thick lines at the bottom of the
spectra represent the theoretical Bragg positions of recognized mineral phases.

Cryptocrystalline authigenic Fe-oxide and oxyhydroxides form oxidation halos

around fractures, mylonitic zones and grain boundaries (mostly around olivine
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and magnetite). These authigenic minerals correspond mostly to the amorphous

phases quantified by Rietveld refinement (1-11 wt%).

The most common accessory minerals are talc and brucite, occurring associated

with chrysotile within veins.

Rock PSP MS FS
Antigorite XXX XXX XXX
Chrysotile XX - -
Augite XX - "
Enstatite X - -
Clinochlore XX - -
Fosterite (x) - %
Magnetite s.I. - X (x)
Cr-spinels s.I. (x) - »
Plagioclase (x) - z
Tremolite (x) - -
Amorphous phases (x) X X
Accessory minerals* Magnetite s.I., Tl, Di, | Cr-spinels s.I., Chl, | llm, Ctl, Chl, Di, Ap,

Fe-ox, Bc, clay Ctl, Fe-ox, clay Zrn, Fe-ox, clay

Table 4.1 Mineralogy of selected rock samples determined by XRPD and Rietveld
refinement. Legend: xxx = abundant (>30 wt%); xx intermediate = (10-30 wt%); X = minor
(5-10 wt%); (x) = trace (1-5 wt%). *Accessory minerals have been detected by other
techniques (e.g., PLOM, SEM, EMPA) and are supposed to be <1 wt%. Mineral
abbreviations are after Kretz (1998). Cr-spinel s.l. comprises Cr-spinel, Al-chromite, and
ferrian chromite; magnetite s.l. comprises magnetite and Cr-magnetite.

Massive serpentinites (MS)

MS occur as metric lenses wrapped by decimetric- to metric-thick cataclastic or

mylonitic areas; they are medium- (1-5 mm) to fine-grained (<1 mm) serpentinite

and display a massive texture with rare spinel-group minerals porphyroclasts (up

to 5 mm).

1

Fig. 4.2B Photomicrographs of the MS: magnetite and
within interpenetrating texture (PPL). Mineral abbreviations are after Kretz (1998).

serpentine minerals aggregates
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Non-pseudomorphic interpenetrating textures are predominant although
pseudomorphic textures (such as mesh, hourglass, ribbon, and bastitic textures)
occur locally (Fig. 4.2B).

Antigorite and subordinate magnetite are the main minerals within the above-
mentioned textures. Antigorite shows lamellar, acicular, and less frequently
pseudo-fibrous habit, according to the different textures. Magnetite together with
Cr-magnetite occurs also as scattered isolated porphyroclasts, in trails of
micrometric crystals or in pseudo-rounded aggregates associated with antigorite.
Fine-grained magnetite forms coronas around bastites or occurs along the
mineralogical cleavage of former pyroxene. Magnetite and chrysotile are also the

more common minerals within veins.

MS are generally crosscut by several veins, which can be grouped as follow on
the basis of spatial relationships and filling: 1) stretched millimetric veins (up to
~1 mm in width) filled with chrysotile cross-fibers + talc + magnetite sometimes
replaced by secondary Fe-oxyhydroxides (Fig. 4.3G); 2) antitaxial submillimetric
veins (up to ~500 pum in width) filled with elongated magnetite crystals arranged
symmetrically at the vein rims and chrysotile cross-fibers along the median line
(Fig. 4.3H); 3) syntaxial submillimetric veins (up to ~200 pum in width) filled with
chrysotile cross-fibers growing symmetrically from the vein rims and
subidiomorphic magnetite crystals along the median line (Fig. 4.3l); 4)
micrometric magnetite veinlets (<50 um) forming an irregular network and
crosscutting all the other vein sets; magnetite is commonly oxidized, with

oxidation patterns along the vein rims and oxidation halos in the adjoining

selvages.

PR AR ety e | EMSCRRON]  coor
Fig. 4.3 Photomicrographs of the vein systems in the MS. G) stretched veins filled by

chrysotile cross-fibers (PPL); H) antitaxial veins filled by magnetite and chrysotile cross-
fibers (PPL); I) syntaxial veins filled by magnetite and chrysotile cross-fibers (PPL).

The main mineralogical phase of MS is antigorite (ranging from 88 to 98 wit%),
with subordinate magnetite (up to 10 wt%), chrysotile (<1 wt%), talc (<1 wt%),
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and chlorite (<1 wt%; Table 4.1 and Fig. 4.4B). Authigenic Fe-oxide and
oxyhydroxides form commonly oxidation halos around fractures and grain
boundaries (mostly around magnetite); they are generally cryptocrystalline and
correspond mostly to the amorphous phases quantified by Rietveld refinement
(2-11 wt%).

B | | | |
MS
T Antigorite
g Metallic Si {internal standard)

11.6 + — Magnetite —
° ‘
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Fig. 4.4B Rietveld refinement patterns of powder XRPD data for the selected samples
representative of MS. Experimental data and calculated profiles are shown as red
crosses and black solid lines, respectively. The colored thick lines at the bottom of the
spectra represent the theoretical Bragg positions of recognized mineral phases.

Foliated serpentinites (FS)

FS occur as decimetric- to metric-thick layers that wrap massive serpentinite
domains, as a result of a variable strain partitioning in the most deformed zones.
FS are fine- (<1lmm) to medium-grained (1-5 mm) rocks with rare scattered sub-
idiomorphic magnetite porphyroclasts (3-5 mm; Fig. 4.2C). FS generally show a
pervasive foliation that is locally deformed by open folds.

This pervasive foliation, that is the main structural feature of FS, is defined by
syn-kinematic lamellar or prismatic antigorite, acicular chlorite, microcrystalline
magnetite, and minor apatite = zircon. Rootless hinges of intrafoliar folds, with
axial surfaces parallel to the main foliation, are preserved and define a composite
fabric. The composite fabric is deformed by a later crenulation cleavage with an
axial surface at a high angle with respect to the foliation. Locally, sigmoidal
boudins along the foliation preserve domains with antigorite-rich pseudomorphic

(ribbon and bastite textures) and non-pseudomorphic textures. Syn-kinematic
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mm-sized magnetite often borders sigmoidal boudins together with ilmenite.
Magnetite occurs also as mm-sized porphyroclasts along the foliation, showing
brittle deformation patterns (i.e. bookshelf structures). Clinopyroxenes (mostly

diopside) occur locally as relics along the foliation.

Fig. 4.2C Photomicrographs of the FS: fine-grained magnetite-rich layers within an
antigorite-rich domain characterized by a pervasive schistosity (FS; PPL). Mineral
abbreviations are after Kretz (1998).

FS are generally crosscut by several vein systems, which can be grouped as
follow on the basis of spatial relationships and filling: 1) shear veins (up to ~100
pum in width) parallel to the foliation and mainly filled with deformed slip-fibers of
chrysotile with minor talc and magnetite (Fig. 4.3L); 2) sigmoidal veins (100-300
um in width) arranged parallel to the foliation and filled with microcrystalline
magnetite mostly oxidized along the vein rims from which oxidation halos spread
toward the adjoining selvages (Fig. 4.3M); 3) micrometric magnetite veinlets (<50
pm) forming an irregular network and crosscutting all the other vein sets (Fig.
4.3N).

Fig. 4.3 Photomicrographs of the vein systems in the FS: L) shear veins filled by
chrysotile slip-fibers (PPL); M) sigmoidal veins filled by magnetite (XPL); N) oxidized
magnetite veinlets (PPL).
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Antigorite represents about the 92 wt% of the overall mineralogical composition
(ranging from 91 to 94 wt%; Table 4.1 and Fig. 4.4C), with subordinated
magnetite (up to 5 wt%), chrysotile (<1 wt%), and chlorite (<1 wt%).
Cryptocrystalline authigenic Fe-oxide and oxyhydroxides form oxidation halos
around foliation, fractures, mylonitic zones, and grain boundaries. They
correspond mostly to the amorphous phases quantified by Rietveld refinement

(3-7 wt%). The most common accessory minerals are ilmenite, diopside, apatite,

and zircon.
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Fig. 4.4C Rietveld refinement patterns of powder XRPD data for the selected samples
representative of FS. Experimental data and calculated profiles are shown as red
crosses and black solid lines, respectively. The colored thick lines at the bottom of the
spectra represent the theoretical Bragg positions of recognized mineral phases.

Locally, tremolite-chlorite hybrid rocks (TC; Fig. 4.5) are present within FS and
MS where they are in contact with mafic rocks (mainly eclogitic gabbros and
metabasites) or metasediments (mainly calcschists). TC occur as variable-sized
and discontinuous lenses in MS or as irregular layers (millimetric to metric in
thickness) within foliated serpentinite (Fig. 4.5A).

Within MS, elongated chlorite grows together with antigorite mainly in
interpenetrating textures; post-kinematic chlorite = tremolitic amphibole form
clusters probably replacing former pyroxene.

Within FS tremolite-chlorite layers are characterized by a pervasive mylonitic
foliation, that consist of a rhythmic alternance of amphibole-rich and chlorite-rich

layers (100-500 um), deformed by isoclinal folds. Amphibole-rich layers are made
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by syn-kinematic fine-grained Ca-amphibole (mainly actinolite-tremolite), chlorite,
rare carbonate, and apatite. llmenite and Ti-rich spinel are scattered in both
layers. Locally acicular post-kinematic actinolite-tremolite grows in chlorite-rich
layers. Tremolite-chlorite mylonites associated with foliated serpentinites are
folded together producing a sequence of alternating serpentinite-rich (Fig. 4.5B),
amphibole-rich and chlorite-rich layers. The serpentinite-rich layers include syn-

kinematic antigorite growing together with chlorite and scattered opaque minerals

(mainly magnetite and ilmenite).

Fig. 4.5 A) Outcrop photo of tremolite-chlorite hybrid rocks associated to foliated
serpentinites. B) Photomicrographs of the tremolite-chlorite-rich deformed layers with
scattered magnetite and ilmenite crystals in foliated serpentinites (crossed-polarized
light). Mineral abbreviations are after Kretz (1998).

4.3.2. Mineral chemistry of the PTEs-bearing minerals

The PTEs considered in this work are mainly hosted in serpentines (Cr, Ni, and
Co), spinel-group minerals (Cr, Ni, and Co), pyroxenes (mainly Cr and
subordinately V and Ni), olivines (mainly Ni), chlorites (Cr and Ni), tremolite (V,
Co, and Ni), talc (Ni and Cr), ilmenite (V), and weathering products (mainly Fe-
oxides and -oxyhydroxides which are strongly enriched in Ni, Cr, and
subordinately Co) (Fig. 4.6 and Table 4.2). The complete EMPA-WDS and LA-
ICP-MS database, using for the statistical analyses, is avaible on the electronic
support (Appendix B1 and B3).
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Fig. 4.6 Box plots showing statistical parameters of concentrations (in ppm) of Cr, Ni, Co,
V, Cu, and Zn in the different minerals (EMPA-WDS and LA-ICP-MS data). Vertical lines
show the range in concentrations, the boxes are bounded by the 1st and 3th quartile
values, and the horizontal line inside the box represents the median value.
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Serpentines
Serpentines (antigorite and subordinately chrysotile) are the main mineral

species in the three rock groups (PSP, MS, and FS) and in all textural (i.e.,
pseudomorphic and non-pseudomorphic textures) and structural domains (i.e.,
veins and fractures). The main PTEs hosted in serpentines are Cr and Ni, and
subordinately Co, Zn, V, and Cu (Fig. 4.6 and Table 4.2). Among the serpentines,
antigorite is the main PTEs-bearing mineral showing the highest concentration
and the widest ranges of Cr (101-9397 ppm), Ni (244-3131 ppm), Zn (10-1113
ppm), Co (13-673 ppm), and V (3-415 ppm). The wide variations in Cr and Ni do
not evidence correlation with the different serpentinite groups or
textural/structural domain both for antigorite and chrysotile (Fig. 4.7).
Nevertheless, antigorite occurring in mesh textures after olivine are invariably
enriched in Ni (up to 3198 ppm) with respect to those occurring in bastites (up to
1283 ppm), which on the contrary evidence the highest Cr content (up to 9397
ppm; Fig. 4.7) and not-negligible amount of other PTEs (Co, V, Zn, and Cu).
Chrysotile in veins is characterized by low and quite homogeneous Cr and Ni
contents (up to 727 and 1168 ppm, respectively).

3500
M Antigorite non-pseudomorphic
ey B Antigorite pseudomorphic
3000 b\ % Chrysotile pseudomorphic
[ o * Chrysotile within veins
- Antigorite in mesh textures
2500 |
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Fig. 4.7 Cr vs Ni contents (ppm) of antigorite and chrysotile in the studied rocks grouped
according to the micro-structural or -textural location (EMPA-WDS and LA-ICP-MS data).
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Minerals Antigorite Chrysotile
Rock PSP MS FS PSP MS
SiO; 37.90 4327 4317 40.38 42.80
TiO, bdl 0.02 0.02 0.07 0.03
Al,O4 0.56 1.30 1.65 0.54 1.33
Cr,0; bdl 0.32 0.29 0.23 0.23
FeO,, 9.46 2.90 4.44 8.09 2.36
MgO 33.27 37.30 36.21 33.64 37.06
MnO 0.09 0.07 0.08 0.15 0.05
NiO 0.25 0.15 0.17 0.17 0.12
Ca0o 0.05 0.01 0.02 0.32 0.02
Na,0 0.02 0.01 0.03 0.02 0.01
K,0 bdl 0.01 0.01 0.02 0.01
V205 0.02 0.02 0.02 0.03 0.03
CoO 0.06 0.03 0.03 0.04 0.08
SO, 0.15 0.03 0.03 0.06 0.02
Zn0 0.03 0.06 0.06 0.04 0.05
Sum 81.79 85.42 86.15 83.42 84.11

Structural formula calculeted basis on 14 oxygens
Si 3.93 4.19 4.18 4.10 4.19
Ti 0.00 0.00 0.00 0.00 0.00
Aot 0.07 0.15 0.19 0.04 0.15
Cr 0.00 0.02 0.02 0.01 0.02
Mg 5.14 5.38 5.22 5.09 5.41
Mn 0.01 0.01 0.01 0.01 0.00
Ni 0.02 0.01 0.01 0.01 0.01
Ca 0.01 0.00 0.00 0.04 0.00
Na 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00
Vv 2 S 5 3 =
Co - - - - -
Zn 2 s % E =
S - - - - -
Fey 0.82 0.23 0.36 0.69 0.19
Fe®* . - - < -
Fe?* - - . - .
Sum 10.00 10.00 10.00 10.00 10.00

Table 4.2A Representative analysis of the serpentines (EMPA-WDS data) and
calculated formulas.

Spinel-group minerals

Spinel-group minerals occur in all the rock groups and have a wide compositional
range covering the fields of Cr-spinel (in PSP), ferrian chromite and Cr-magnetite
(both in PSP and in MS), and magnetite (in all three rock groups; Fig. 4.6). These
crystallochemical variations appear to be strictly related to the degree of

serpentinization. The main PTEs hosted in spinel-group minerals are Cr, Zn, and
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Ni, and subordinately Co, V, and Cu (Fig. 4.6 and Table 4.2). As a general rule,
other than Cr, V and Zn content decreases from Cr-spinel (median Cr 202660
ppm, V 1132 ppm, Zn 2680 ppm) toward magnetite (median Cr 9201, Zn 258
ppm, V 407 ppm); conversely, Ni and Co increase from Cr-spinels (median Ni
1480 ppm and Co 579 ppm) to magnetite (median Ni 3133 ppm and Co 1032
ppm). In general, Cu is present in a negligible amount in all spinel-group minerals
(up to 131 ppm) (see Chapther V).

Minerals| Cr-Spinel Ferrrian chromite Cr-Magnetite Magnetite
Rock PSP PSP MS PSP MS PSP MS FS
Si0, 0.04 0.04 0.02 0.32 Q.05 0.46 0.06 0.07
TiO, 0.19 046 062 0.39 0.61 0.01 0.14 0.21
AlLO, 37.22 554 Q.08 201 Q.07 0.03 0.02 0.01
Cra0; 2711 33.99 36.20 23.47 2143 0.02 1.29 1.7
FeO,, 23.23 53.60 57.37 67.17 £69.84 91.69 90.26 90.94
MgO 11.81 1.55 083 1.20 1.61 0.58 066 0.23
MnO 0.23 0.46 1.66 0.35 1.53 0.12 0.29 0.16
NiO 0.15 0.21 a.1ig 0.33 047 0.12 0.60 0.35
Ca0o 0.00 0.00 bdl 0.01 0.01 0.01 0.01 0.01
Na,0 0.03 0.04 0.01 0.02 0.02 bdl 003 0.02
K,0 0.00 bdi 0.01 0.00 bdl 0.01 0.00 0.00
V5,05 0.20 0.3 0.14 0.23 Q.09 bdl 0.05 0.06
Co0 0.10 0.09 0.21 0.09 0.12 0.15 0.14 0.16
SO, bdl bdl bdl bdl bdl bdl bdl bdl
Zn0O 0.52 0.61 0.57 0.26 0.38 0.03 0.04 0.04
Sum 100.83 96.89 97.92 95.85 96.23 93.23 93.68 93.98
Structural formula calculeted basis on 3 cations
sl 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00
Ti 0.00 0.01 0.02 0.01 0.02 0.00 0.00 0.01
Al 1.27 0.23 .00 0.09 0.00 0.00 0.00 0.00
Cr 0.63 0.8 1.06 0.69 0.63 0.00 0.04 0.05
Mg 0.51 0.08 0.05 0.07 0.09 0.03 0.04 0.01
Mn 0.01 0.01 0.05 0.01 0.05 0.00 0.01 0.01
NI 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.01
Ca 0.00 0.00 - 0.00 Q.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 Q.00 - 0.00 0.00
K 0.00 - 0.00 0.00 - 0.00 0.00 0.00
Vv 0.00 0.01 0.00 0.01 0.00 - 0.00 0.00
Co 0.00 0.00 0.01 0.00 .00 0.00 0.00 0.00
Zn 0.01 0.02 0.02 0.01 0.01 0.00 0.00 0.00
s - = 2 5 2 5 = =
Fe. - - - - - - - -
Fe®* 0.08 0.74 0.89 1.16 1.32 1.96 195 193
Fe®" 0.48 0.90 0.90 0.93 0.85 0.97 0.93 0.97
Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Table 4.2B Representative analysis of the spinel-group minerals (EMPA-WDS data) and
calculated formulas.
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Fig. 4.8 Spinel-group minerals classification diagram (Al**, Cr**, and Fe**); compositional
fields are from Stevens, 1944; Haggerty, 1991; Zussman et al., 1992; Gargiulo et al.,
2013).

Olivines and pyroxenes

Olivines (Fo89) occur as relic only in mesh-textures of PSP. They contain a very
high concentration of Ni (2326-3514 ppm; median 2921 ppm) and non-negligible
amounts of Co (9-661 ppm; median 141 ppm) (Fig. 4.6B-C and Table 4.2).
Among the silicates, enstatite is the main Cr-bearing phase (3344-13000 ppm;
median 5830 ppm); clinopyroxenes (augites and diopside) have the highest
concentration and the widest ranges of Ni (207-2200 ppm; median 580 ppm) and
V (135-1793 ppm; median 300 ppm). Zn, Cu, and Co are always present in a
negligible amount (Fig. 4.6 and Table 4.2).

Chlorites, tremolite, and talc

Chlorites (mainly clinochlore) occur in PSP as coronas around Cr-spinel
porphyroclasts whereas they form cryptocrystalline to microcrystalline
aggregates intimately associated with antigorite in pseudomorphic and non-
pseudomorphic textures or with chrysotile in several vein types. Clinochlore in
PSP is an important career of PTEs (Fig. 4.6 and Table 4.2), showing high
contents and a wide range of Cr (141-5916 ppm), Ni (717-1626 ppm), and

subordinately Zn (66-731ppm) and Co (90-326 ppm).
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Talc mainly occurs as vein filling associated with magnetite and chrysotile in the
three rock groups. Talc shows a wide range of Ni (97-1334 ppm) and Zn (5-1005
ppm), and subordinately of Cr (3-580 ppm) and Co (8-377 ppm; Fig. 4.6 and
Table 4.2).

Tremolite is mainly concentrated in the salband of MS and FS developing close
tremolite-chlorite hybrid rocks. Tremolite is generally characterized by significant
and quite homogeneous concentrations of Cr, Co, and Ni (up to 312, 617, and

512 ppm, respectively) (Fig. 4.6 and Table 4.2).

Accessory phases

liImenite is a widespread accessory mineral in FS where it occurs associated with
magnetite both in trails developed along the main foliation and in aggregates.
Other than Ti, ilmenite is an important career of V (up to 20391 ppm) and Zn (up
to 1880) (Table 4.2).

| Minerals| Olivine Enstatite Augite Diopside Chlorite Talc Tremolite limenite
| Rock PSP PSP | PSP PSP FS PSP PSP MS FS
| Si0, 40,66 5534 | 5114 50.96 5042 a4 42.29 58,13 007
TiO, 0.01 0.08 0.18 040 043 0.00 0.03 0.08 52.94
Al,O4 am 368 305 516 6.29 1371 o 012 0.01
Cr0, bdl 0.74 0.79 1.31 0.85 0.37 0.01 0.01 0.10
FeO,, 990 649 3 274 272 294 7.86 279 3976
Mgo 48.09 azor 20.29 15.28 15.68 a3 3232 21.68 1.48
Mno 017 016 031 0.06 022 0.02 017 008 2.85
NiO 0.37 0.10 0.06 0.05 020 0.16 0.08 0.04 0.07
Cao 0.01 0.75 16.72 23.22 2295 0.01 0.06 13.14 0.01
Na,0 bal 0.04 0.5 0.30 074 .01 0.02 024 bdl
K,0 bdl 0.01 001 b 003 bdl oo 002 bdl
V;0; bdl 0.02 0.03 0.06 0.12 0.00 0.00 0.00 3.49
Co0 bdl 0.01 0.01 0.01 bdl 0.01 bdl 0.03 bdl
$0, bdl 0.02 0.01 bdl bdl 0.01 bdl bdl bdl
Zn0Q bl 0.03 | 0.00 0.03 bdl 0.02 bdl bl 0.02
Sum 99.22 9955 | 96.22 99.58 100.48 85.02 83.07 97.35 100.86
Structural formula calculeted basis on n*:
4 oxyoens 6 oxygens 14 oxygens | 22 oxygens | 24 oxygens | 4 calions
Si 1.01 193 1.80 187 1.82 1.15 564 an 0.00
Ti a00 000 0.00 o0 001 040 000 0.02 188
Al a.00 0.15 013 0.22 027 0.00 0.04 001 0.C0O
Cr . 0.02 0.02 004 003 0.01 0.00 0.00 0.00
Mg 177 167 112 0B84 084 0383 757 443 0.11
Mn 0.00 0.00 0.01 0.00 0.01 0.00 0.02 0.01 0.12
Ni a; 0.00 0.00 0.00 0.00 0.co om 000 0.00
Ca 0.00 003 0.67 09 0.89 0.00 oo 183 0.00
Na - 0.00 0.04 0.02 0.05 0.00 0.01 0.06 -
K - 0.00 0.00 - 0.00 - 0.00 0.00 -
Vv - 0.00 0.00 0.00 0.00 0.00 - 0.00 0.11
Co - 0.00 0.00 0.00 - 0.00 . 0.00 .
Zn - 0.0 0.00 0.00 - 0.00 - - 0.00
s - 0.00 0.00 - - - - - -
Feye - - - - - 0.04 103 032 1.66
Fo'* - - 0.03 001 008 - - - -
Fo®* 020 019 0.06 0.08 000 . . . .
Sum 2.99 4.00 4.00 4.00 4.00 243 1534 14,91 4.00

Table 4.2 Representative analysis of the main PTEs-bearing minerals (EMPA-WDS
data) and calculated formulas.
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Authigenic minerals

The main authigenic phases forming by oxidation and weathering of primary
minerals are Fe-oxides (hematite) and -oxyhydroxides (goethite) which occur as
partial to complete replacement after magnetite or form cryptocrystalline
aggregates within veins or in the surrounding oxidation halos. Although the
chemical analyses of these minerals systematically refer to the bulk chemistry of
the aggregates, the PTEs concentration of Fe-oxides and oxyhydroxides is
generally very high (Ni up to 51000 ppm, Cr up to 8370 ppm, Co up to 1924 ppm,
and V up to 376 ppm) reflecting their ability to scavenge several metals from the
weathering fluids (e.g., Schwertmann and Taylor, 1989; Manceau et al., 2000;
Quantin et al., 2002; Becquer et al., 2003; Fander et al., 2009; Ho et al., 2013).

4.3.3. Bulk chemistry

The three groups of ultramafic rocks under investigation are characterized by
significant variations of Mg, Si, and, subordinately, Fe (Fig. 4.9).

® PSP Sio,
® MS AN
®FS / \
~— Compositional field of ultramafic / \
L= rock from the Voltri Massif / \
[ Compositional field of ultramafic b
rock worldwide \\
N
/ \

MgO ALO.+Fe,0,

Fig. 4.9 Compositional variations of ultramafic rocks on the MgO-SiO,-(Al,03+Fe203)
diagram. Pink dashed areas refer to the composition of the Erro-Tobbio peridotites
(Rampone et al., 2005; Piccardo & Visser, 2007; Borghini et al., 2007; Padovano et al.,
2014; Cannao et al., 2016; Cortesogno et al., 1979); gray fields refer to the composition
of ultramafic rocks worldwide (Alexander, 1988; Andreani et al., 2013; Angeloni et al.,
1993; Baumeister et al., 2015; Bonifacio et al., 2010; Burgess et al., 2009; Caillaud et
al., 2006; Deschamps et al., 2013 and reference therein; De Hoog et al., 2009; Kierczak
et al., 2016; Oze et al., 2004; Quantin et al., 2008).
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The MgO/SiO: ratio falls in the range of subduction-related serpentinites (1.3-0.7;
Deschamps et al., 2013) and systematically decrease with the increasing
serpentinization degree (from about 1 in PSP to about 0.7 in MS and FS).
Although also the other major elements define quite large compositional range
(Al203 = 0.9-3.52 wt%; FeOtot = 4.2-11.49 wt%; CaO = 0.05-2.67 wt%; TiO2 =
0.02-1.30 wt%; MnOtwt = 0.06-0.2 wt%), these variations are not related to the
degree of serpentinization. The only exception is represented by FeOtot, Which
reach the highest concentration in the MS (which have the highest content of
magnetite and oxidation products) and by TiO2 which systematically reach the
highest concentration in FS and MS associated with tremolite-chlorite hybrid
rocks.

Among the minor and trace elements, Cr, Co, and Ni, and subordinately Cu, V,
and Zn are systematically present in significant concentrations (Table 4.3).

Cr and Ni have always the highest concentrations and widest range of variability.
Cr and Ni vary systematically with the rock types (i.e. with the degree of
serpentinization) and show opposite trends with negative and positive
correlations with MgO, respectively (Fig. 4.10A-B). Cr reaches the highest
concentration (4183 ppm) in MS and decreases to 884 ppm with increasing MgO
content in PSP (Table 4.3 and Fig. 4.10A). On the other hand, Ni has the highest
concentration in PSP (3900 ppm) and lowest in MS (1051 ppm; Table 4.3 and
Fig. 4.10B). Co content is very homogeneous in PSP whereas shows a wider
variation range in FS and, particularly, in MS where it reaches the highest
concentrations (334 ppm; Fig. 4.10C). Cu, with a variation range between 2 to 75
ppm, has a similar behavior to Co (Fig. 4.10D).

The other PTEs (i.e., Zn, and V) do not show clear correlations to the degree of
serpentinization, although there are sometimes significant differences in the three
different groups considered. V content is very similar in the three rock groups
(varying from 13 to 58 ppm) with the lowest concentrations occurring
systematically in FS, whereas zinc content appears to be randomly distributed,
although in a narrow range of variation (30-63 ppm) (Fig. 4.10E-F).
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Rock PSP
Sample | Average Median Min Max St.Dev.
MgO 39.55 39.90 36.01 42.60 1.95
Al,0, 1.67 1.58 1.01 3.52 0.54
Sio, 39.94 40.05 38.42 41.09 0.79
CaO 1.80 2.00 1.02 2.67 0.48
TIiO, 0.07 0.07 0.07 0.08 0.01
MnO, 0.09 0.09 0.08 0.09 0.00
Fe,03, 7.99 8.06 6.60 9.75 0.96
Vv 39 36 27 96 17
Cr 1327 1257 884 2700 425
Co 84 81 73 103 9
Ni 2767 2700 1663 3900 811
Cu 13 1 2 27 7
Zn 45 44 33 60 9
Rock MS
Sample | Average Median Min Max St.Dev.
MgO 27.94 28.25 26.60 28.88 0.81
Al,O, 1.66 1.64 0.90 2.51 0.60
SiO, 4487 43.66 41.22 49.30 2.86
Cao 0.35 0.15 0.12 1.24 0.41
TiO, 0.08 0.08 0.04 0.10 0.02
MnO, 0.14 0.15 0.06 0.20 0.05
Fe,04; 9.33 10.31 5.53 12.77 2.33
Vv 50 52 33 58 8
Cr 2899 2603 1473 4183 1038
Co 21 212 74 334 74
Ni 1902 2057 1051 2212 430
Cu 27 22 1 58 15
Zn 46 44 38 63 8
Rock FS
Sample | Average Median Min Max St.Dev.
MgO 31.34 31.06 28.30 3575 2.33
Al,O; 1.38 1.40 1.01 1.60 0.17
SiO, 47.33 46.80 45.84 49.01 1.06
CaO 0.47 0.38 0.05 1.26 0.42
TiO, 0.04 0.03 0.02 0.07 0.02
MnO, 0.12 0.13 0.07 0.15 0.03
Fe,03, 7.00 7.21 4.67 8.57 1.16
Vv 26 31 13 48 13
Cr 2057 2106 1305 3020 397
Co 107 105 57 190 44
Ni 1350 1370 1093 1730 183
Cu 24 13 7 75 21
Zn 40 37 30 54 9

Table 4.3 Main descriptive statistic parameters (average, standard deviation, median,
and maximum and minimum values) for major, minor element, and selected PTEs in the
bulk rock (ICP-AES and XRF data).
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Fig. 4.10 Correlation plots of MgO vs Cr (A), Ni (B), Co (C), Cu (D), Zn (E), and V (F).

The general picture of PTEs distribution evidence that only Cr and Ni
systematically exceed (up to one order of magnitude) the residential and
industrial threshold values (CSC) according to Italian law (Fig. 4.11A-B; D.M.
471/1999; D.Lgs 152/2006). Among the other elements, only Co evidence

concentration of environmental concern, since they are always above the

residential CSC in the three rock groups and above the industrial CSC in MS.
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Fig. 4.11 PTEs concentration normalized to Italian threshold values for residential (A)
and industrial (B) sites according to Italian law (D.M. 471/1999; D.Lgs 152/2006).

4.4. DISCUSSION

Our results evidenced that Cr, Ni, and, subordinately, Co are invariably the PTEs
with the highest concentrations; in addition, V, Cu, and Zn are generally found in
high concentrations. These results fall in the compositional fields obtained from
several authors either in the studied area (Cortesogno et al., 1979; Ernst and
Piccardo, 1979; Bonifacio et al., 1997; Rampone et al., 2005; Rampone and
Borghini, 2008) and in other ultramafic complexes worldwide (Deschamps et al.,

2013 and reference therein).
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The main factors controlling the trace element distribution within the studied
ultramafic rocks appeared to be the serpentinization degree and the deformation
style and intensity which, in turn, strictly control the mineral assemblages and the
mineral chemistry (Stueber and Goals, 1965; Gulacar and Delaloye, 1975).
Serpentinization is one of the most important processes that influence the
mineralogy and the physico-chemical properties of ultramafic rocks (Shervais et
al., 2005) and, consequently, the distribution of trace elements, including PTEs.
The mobility of elements during serpentinization has been discussed for a long
time (Deschamps et al.,, 2013 and references therein), and the debate is still
open. Generally, the process of serpentinization is considered essentially
isochemical for Si, Mg, and Fe elements, that are essentially redistributed within
the rock (lyer et al., 2008; Debret et al., 2013a,b); other elements (i.e., Ca, Al, Cr,
Ni, and REE) are released to the fluids circulating during serpentinization
(Janecky and Seyfried, 1986; Douville et al., 2002; Shervais et al., 2005; Paulick
et al., 2006; Augustin et al., 2012; Barnes et al., 2013). Concerning Ni and Co,
Gulacar and Delaloye (1976) noted an isochemical behavior of the ultramafic
rocks during serpentinization on a kilometer scale, with relative remobilization of
these elements on a smaller scale (centimetric to metric). On the other side, other
authors have mentioned that the process of serpentinization has no evident effect
on the abundances of Cr, Ni, and Co in ultramafic rocks (Stueber and Goles 1965;
Govindaraju, 1995; Aziz et al., 2011).
Our results highlighted that Cr and, subordinately Co and Cu, tend to significantly
increase with the serpentinization degree in good agreement with several works
(e.g., Gahlan and Arai, 2007; Li and Lee, 2006; Paulick et al., 2006). In fact,
although Cr-spinel, Al-chromite, and ferrian-chromite are rarely preserved with
the increasing serpentinization (i.e., from PSP to MS; Fig. 4.8), the significant
chromium enrichment observed in MS can be explained by the progressive
increase in Cr-bearing magnetite, which can represent up to 10% of the rock-
forming minerals. These minerals tend to pseudomorphically replace primary
spinels, to concentrate along rims of the mesh-textures or along cleavage planes
of bastites as well as to fill several veins.
In the foliated serpentinites, the deformation style and intensity appear to be the
main control in distribution and concentration of the new-forming Cr-bearing
magnetites. In fact, in FS, most of these minerals tend to concentrate in millimetric
layers or linear trails parallel to the main foliation representing on average up to
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5% of the rock-forming minerals. Both in MS and FS the Cr contents of magnetite
is generally high (more than 10000 ppm on average) reaching the highest
concentration in pseudomorphs after spinel porphyroclasts (up to 32600 ppm;
Fig. 4.6) in MS. In MS, the Cr-bearing magnetites represent up to 10% of the
rock-forming minerals (mean value 5%).
Other than spinel-group minerals, non-negligible amounts of chromium are
incorporated either in clinochlore (mean value = 2550 ppm; Fig. 4.6) and in
antigorite both in pseudomorphic textures of MS (where it reaches the highest
values in bastites after pyroxenes; up to 9397 ppm; Fig. 4.6; as also observed by
Debret et al.,, 2013a in the Lanzo Massif and Rouméjon et al., 2015 in the
Southwest Indian Ridge) and non-pseudomorphic texture (mean value 1960
ppm; Fig. 4.6).
Contrary to what is shown by Cr, the highest concentration and the widest range
of Ni was found in the less serpentinized rocks, in good agreement to what
observed by Li and Lee (2006) in the Feather River Ophiolites (Sierra Nevada
Metamorphic Belt — California), but in contrast to the results of Gahlan and Arai
(2007) in Bou-Azzer ophiolites (Anti-Atlas, Morocco) and Aziz et al. (2011) in the
northwestern Zagros Suture Zone (Kurdistan Region — Iraq). The decreasing of
the Ni concentrations from PSP to FS is in agreement with the progressive
disappearance of olivine (the main Ni-bearing minerals in the studied rocks) with
the increasing serpentinization. Only antigorite after olivine within mesh texture
in MS have significant and comparable Ni content (up to 3131 ppm) whereas the
other serpentine minerals occurring in MS and FS contains about 1400 ppm of Ni
on average with the lowest concentrations recorded on chrysotile occurring within
veins (< 302 ppm) and antigorite within bastites (< 500 ppm).
Similar to the Cr behavior, Co significantly increase from PSP to FS to MS (from
84 to 107 to 221 ppm, respectively; mean values) since the main minerals hosting
high cobalt amounts are magnetites and antigorite occurring within
pseudomorphic textures (up to 1879 ppm and 602 ppm, respectively; Fig. 4.6).
V, Zn, and Cu seem to have a conservative behavior since the concentrations of
these elements remain almost unchanged and do not show clear correlations to
either the degree of serpentinization or deformation style and intensity.
During the serpentinization, Zn and V are mainly released from olivine and spinel-
group minerals and incorporated in the hydrous silicates (mainly antigorite,
chlorite, and talc) or in some accessory phases (e.g., V in ilmenites).
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The anomalous high bulk concentration of copper in some MS and FS samples
(Fig. 4.10) is presumably due to the presence of sulfides (locally observed as
micrometric inclusions within Fe-oxides) as also observed by Alt et al. (2012) and

Malatesta et al. (2017) in other serpentinites of the Voltri Massif.

4.5. CONCLUSIONS

The multidisciplinary approach used in this work allowed to associate the
potentially toxic elements variation to the progressive evolution of the ultramafic
rocks, from partially serpentinized Iherzolites to highly deformed and foliated
serpentinites.

The highest controlling factors in PTEs variation appear to be the degree of
serpentinization and the style and intensity of deformation, which in turn controls
the mineralogical assemblage. Our study highlights that in the studied ultramafic
rocks, spinel-group minerals are the main source of the PTEs. Moreover, PTEs-
bearing phases are also represented by the other rock-forming minerals (such as
serpentines, olivines, pyroxenes, and chlorites) and some accessory phases
(e.g., ilmenite and other oxides, sulphides).

Although the chemical and mineralogical variation due to serpentinization are
known in the literature, to the best of my knowledge, few studies are focused on
the distribution and variation of elements of environmental concerns due to the
mineralogical, textural, and micro-structural feature of similar ultramafic rocks
(e.g., Kierczak et al., 2016). A study of this kind that combine the bulk chemistry
of outcropping rocks with their geological, structural, mineralogical, and
crystallochemical data, can be a useful tool in environmental concerns to
determine the PTEs distribution, to evaluate their mobility and their potential
bioavailability as well as to discriminate the natural geochemical background from
possible source of contamination.

In the light of the results obtain, it is evident that it is necessary to apply the same
type of approach not only to the primary minerals of the rock but also to the
authigenic phases, formed in the early stages of rock weathering, because of they
can significantly contribute to the total PTE budget and affect their fate during the
weathering and pedological evolution.

Moreover, this multidisciplinary approach will be extended to the complete

ultramafic soil profile (from bedrock to topsoil), whose the studied rocks in this
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work represented the bedrocks and to similar ophiolites complexes (e.i., Vara
supergroup ophiolite — Northern Apennine; Chapter VI).
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Chapter V

Potentially toxic elements compositional variation in

spinel-group minerals of serpentinized and deformed

ultramafic rocks from the Voltri Massif (NW ltaly)

Keywords: magnetite, Laser-ablation ICP-MS, trace elements, deformation,

serpentinization, ophiolite, hydrothermal alteration, serpentine textures

5.1. INTRODUCTION

Spinel-group minerals occur widely in igneous, metamorphic, and sedimentary
rocks, as well as in several types of ore-deposits (Dupuis and Beaudoin, 2011);
these minerals form under a wide variety of genetic conditions ranging from high
temperature crystallization from silicate and sulfide melts (Dare et al., 2014), to
relatively low-temperature precipitation from hydrothermal fluids (Dare et al.,
2014), and to prograde or retrograde metamorphic recrystallization in ultramafic
rocks (Evans and Frost, 1974).

Spinel-group minerals are cubic closest packing oxides (space group Fd3m) with
general formula XY204. The X site is occupied by Mg?* and Fe?* in tetrahedral
coordination and the Y site is usually occupied by Fe3*, Cr®, and AP in
octahedral coordination. They are subdivided according to whether the trivalent
ion is AI* (spinel series s.s.), Fe3* (magnetite series), or Cr3* (chromite series).
Pure end-members of the spinel-group minerals are rare in nature. Spinel-group
minerals have a wide range of composition because several elements, such as
Zn?*, Co?*, Mn?*, and Ni?* can substitute Mg?* and Fe?* in the X site, whereas
V3*, Sc3*, Ga®*, and Ti** can substitute Fe3*, Al**, and Cr3* in the Y site (O'Neill
and Navrotsky, 1984; Sack and Ghiorso, 1991; Burkhard, 1993; Abre et al. 2009;
Colas et al., 2014; Liu et al., 2014; Canil et al., 2015). The type and degree of
substitution in both sites depends on many parameters, including the similarity of
the ionic radii and the valence of the cations, oxygen fugacity, magma/fluid
composition, and temperature (Buddington and Lindsley, 1964; Frost and
Lindsley, 1991; Lindsley, 1991; Toplis and Carroll, 1995; Dare et al., 2009;
Gonzélez-Jiménez et al., 2014; Liu et al., 2016).
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From the petrological point of view, the variations of the composition of spinel-
group minerals are commonly used as an efficient fingerprint to interpret the
petrogenesis and the geodynamic setting of ultramafic rocks formation: the
chemical composition of spinel-group minerals is in fact mainly controlled by the
mantle melting processes occurring in the different tectonic settings (Irvine, 1967;
Dick and Bullen, 1984; Arai, 1992; Stowe, 1994; Zhou and Robinson, 1994;
Barnes and Roeder, 2001; Kamenetsky et al., 2001; Ahmed and Arai, 2002;
Ahmed et al., 2005; Mondal et al., 2006; Rollinson, 2008; Pagé and Barnes, 2009;
Mukherjee et al., 2010; Colas et al., 2014). In spite of their highly refractory
behavior, textural and chemical changes may occur in spinel-group minerals
during post-magmatic metamorphic, metasomatic and/or hydrothermal events in
many rock types (Mduller et al., 2003; Carew, 2004; Singoyi et al., 2006; Rusk et
al., 2009; Dupuis and Beaudoin, 2011; Dare et al., 2012; Grieco and Merlini,
2012; Huang et al., 2014; Hu et al., 2014; Dare et al., 2015; Liu et al., 2015; Nadoll
et al., 2015; Huang et al., 2016, 2017).

Spinel-group minerals, and in particular those hosted in ultramafic rocks, are also
the main source of some elements, defined as potentially toxic elements (PTES),
which can have a significant impact on the environmental and human health once
they are mobilized into soil, water or dust.

Hence, the knowledge both of spinel-group mineral content in ultramafic rocks
and of their compositional variations (including PTEs concentration) as a function
of metamorphic or structural parameters, other than for their petrological
implications, results to be a paramount environmental concern. This information
may have also an important application on the determination of the PTEs
geochemical background values in natural and anthropogenic soils.

In this study we have focused our attention on spinel-group minerals hosted in
serpentinites and serpentinized lherzolites of the Voltri Massif meta-ophiolites
(Ligurian Alps, NW ltaly), in order to define how their textures, microstructures,
as well as the degree of serpentinization, can affect the compositional variations
in spinel-group minerals and therefore their content of PTEs (mainly Cr, Ni, and
Co).
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5.2. ANALYTICAL METHODS

Forty-five samples of ultramafic rocks were collected from eight sites of the VM,
according to their degree of serpentinization as well as to textural and structural
criteria.

The rock specimens were analyzed using a multiscale and multi-analytical
approach including: i) mineralogical, petrographic, and micro-structural/-textural
analyses by means of polarized-light optical microscopy (PLOM) and scanning
electron microscopy (SEM-EDS); ii) mineralogical and minero-chemical analyses
by means of X-ray powder diffraction (XRPD) and electron microprobe analyzer
(EMPA-WDS); iii) in-situ measurements of trace and ultra-trace elements by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS).
Preliminary mineralogical and micro-structural/-textural studies were carried out
at the DISTAV, University of Genoa (Italy), using a SEM Vega3 — TESCAN type
LMU system equipped with an EDS EDAX APOLLO XSDD with DPP3 analyzer.
Single spot EDS analyses were performed at 20 kV accelerating voltage and 1.2
nA beam current at the specimen level for 60 live second counting time with a
spot size of 370 nm and a working distance of 15 mm.

Major (i.e. Mg, Al, Cr, and Fe) and minor (i.e. Ti, V, Mn, Zn, Si, Co, K, Ca, and Ni)
elements in spinel minerals were analyzed using the electron microprobe with
wavelength-dispersive spectroscopy JEOL 8200 Super Probe at the “Ardito
Desio” Department of Earth Sciences, University of Milano (ltaly). The analytical
conditions were set at 15 kV accelerating voltage and 4.9 nA beam current.
Calibration for chemical analysis was accomplished using the following
standards: olivine (Mg), omphacite (Na), Cr203 (Cr), rhodonite (Mn and Zn), k-
feldspar (K), anorthite (Al and Ca), wollastonite (Si), pure V, fayalite (Fe), ilmenite
(Ti), CoO (Co), galena (S), niccolite (Ni). Detailed compositional X-ray intensity
maps were obtained for selected areas to investigate the distribution of major and
minor elements (i.e. Cr, Fe, Mg, Mn, Ni, S, and Si) in spinel-group minerals. The
image acquisition conditions were 15 kV accelerating voltage, 1 um? pixel size,
and a 30 ms dwell time.

The major-, minor- (detected with both EMPA and LA-ICP-MS; i.e. Al, Ca, Co, Cr,
Cu, K, Mg, Mn, Na, Ni, Si, Ti, V, and Zn), and trace- (detected only by LA-ICP-
MS; REE, Ba, Cs, Ga, Hf, Li, Nb, P, Pb, Rb, Sc, Sn, Sr, Ta, Th, U, Y, and Zr)
element compositions of spinel-group minerals were determined using a Thermo

Fisher Scientific ICAP Q quadrupole mass spectrometer coupled with a
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Teledyne/Photon Machine ArF Excimer G2 laser ablation system at the
Department of Physics and Geology, University of Perugia (Italy). The analyses
were conducted using a ~30-20 um beam diameter, 8 Hz frequency, and 0.032—
0.105 mJ/pulse power, during 90 s analysis (50 s for the gas blank and 40 s on
the grain). Details on the working conditions, instrumentation, precision, and
accuracy are reported in Petrelli et al. (2016).

The structural formula of spinels was calculated assuming stoichiometry,
following the procedure of Droop (1987); spinel-group minerals were classified
using Stevens (1944), Haggerty (1991) and Zussman et al. (1992) classification
fields (see Gargiulo et al., 2013).

5.3. RESULTS

5.3.1 Spinel-group minerals in the studied rocks: a

crystallochemical classification

The composition of spinel-group minerals occurring in the three rock-groups
(described in the chapter IV) is shown in Table 5.1 and Fig. 5.1. Spinel-group
minerals classified according to Site Y vicariances (Fig. 5.1A), have a wide
compositional range covering the fields of Cr-spinel, ferrian chromite, Cr-
magnetite, and magnetite (Fig. 5.1).

Spinel-group minerals in the studied rocks are mainly: i) Cr-spinel with Fe# =
[Fe3*/(Fe3*+Fe?*)] = 0.1-0.22, Mg# = [Mg/(Mg+Fe?*)] = 0.3-0.7, Cr# = [Cr/(Cr+Al)]
= 0.2-0.4; ii) rare ferrian chromite with Fe# = 0.4-0.6, Mg# = 0.15-0.2, Cr# = 0.75-
0.9; iii) Cr-magnetite with Fe# = 0.68-0.4, Mg# = 0.01-0.2, Cr# = 0.7-0.97, and
Fe# = 0-6-0.68, Mg# = 0-0.2, Cr# = 0.9-1, in PSP and MS, respectively; iv)
magnetite with Fe# = 0.68-0.69, Mg# = 0.01-0.02, and a significant amount of Cr
(i.e. Cr# = 0.27-0.38).
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acquire a representative selection of the different textures (Formula calculated basis on

Table 5.1 Representative point analysis of spinel-group minerals, chosen in order to
four cations).
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Fig. 5.1 Classification diagrams of spinel-group minerals; spinel-group minerals are
grouped according to their microstructure and texture (see paragraph 2); pink dashed
areas refer to the composition of primary spinel from the Voltri Massif (mainly Erro-
Tobbio primary spinels; Rampone et al., 2005; Piccardo & Visser, 2007; Borghini et al.,

2007; Padovano et al., 2005);

gray fields refer to the composition of ultramafic spinel

worldwide (see Barnes & Roeder, 2001 and reference therein). A) Ternary diagram
considering the A**, Cr®" and Fe*" exchange in "Y" structural site (field-contours are after
Stevens, 1944; Haggerty, 1991; Zussman et al., 1992). B) Binary diagram considering

the Mg**-Fe?*" exchange in the

"X" structural site (field-contours are after Stevens, 1944;

Haggerty, 1991; Deer et al., 1992).
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5.3.2 Microstructures and textures of spinel-group minerals

In the three rock-groups, spinel-group minerals can be grouped in the following

classes (Fig. 5.2), according to their different microstructures and textures.
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Fig. 5.2 Spinel-group mineral microstructures: a-b) spinel-group mineral porphyroclasts
surrounded by chlorite coronas, in PSP; c-d) recrystallized spinel-group minerals
porphyroclasts intergrowing with serpentine minerals in MS; e) spinel-group minerals
within bastite in MS; f) spinel-group minerals within mesh texture in PSP; g-h) spinel-
group minerals re-oriented along the foliation in FS. Mineral abbreviations after Kretz
(1983): Chl = chlorite, Cr-Mag = chromian magnetite, Cr-Spl = chromian spinel, Atg =
antigorite, Mag = magnetite, Ol = olivine.
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Spinel-group mineral porphyroclasts with various degree of recrystallization

Spinel porphyroclasts mainly consist of scattered sub-euhedral crystals, varying
in size between 0.1 and 2 mm. Porphyroclasts occurring in the studied rocks
show various degrees of recrystallization, evolving from pristine mantle spinels.
Mantle spinels porphyroclasts are Cr-spinel and are found in PSP (Fig. 5.2A-B);
these porphyroclasts mainly occur with a characteristic holly-leaf texture (as
defined by Mercier and Nicolas, 1975), in which Cr-spinel is surrounded by Cr-
chlorite coronas that have a content of Cr up to 5900 ppm. Replacement of Cr-
spinel by ferrian chromite/Cr-magnetite spongy rims starts along rims and
fractures and progressively affects the Cr-spinel.

In MS, porphyroclasts are mainly represented by Cr-magnetite relics at the core
with rims having a magnetite composition; this substitution is visible also along
microfractures and veins cutting porphyroclasts (Fig. 5.2C-D).

In FS, pseudomorphs of almost “pure” magnetite after Cr-magnetite occur along

the foliation.

Spinel-group minerals within pseudomorphic and non-pseudomorphic textures

Idiomorphic to sub-idiomorphic spinel-group mineral crystals (10 to 40 um in size)
occur in trails (Fig. 5.2E-F) within: i) bastites texture, with very fine magnetite
arranged along the cleavage planes of former mantle pyroxene; or ii) along the
rims of the mesh, hourglass, and ribbon textures, regardless of the degree of
serpentinization of the rock (i.e., PSP vs MS). In interpenetrating textures, spinels
may occur as sub-mm scattered crystals. In general, all these spinel-group
minerals have magnetite composition (e.g. Fe# = 0.68-0.69, Mg# = 0.01-0.02,
Cr# =0.27-0.38).

Spinel-group minerals re-oriented along the foliation

In FS and in mm-thick shear zones cutting MS, spinel-group minerals occur either
as porphyroclasts made of aggregates of allotriomorphic crystals (60 to 130 ym),
or as micron-size crystals, oriented along the folded composite fabric (Fig. 5.2G-
H). Their composition is close to magnetite, but substantial differences exist
according to the rock class in which they occur: in shear zones cutting MS,
magnetite has higher Mg and less Cr than magnetite in FS.
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5.3.3 Trace and ultra-trace element variation in spinel-group

minerals

The analysis of trace and ultra-trace elements in spinel-group minerals
highlighted that the most important carrier of these elements in the studied rocks
are porphyroclasts.

In general Al, V, Cr, Zn, and Mg content decreases from porphyroclasts in PSP
to those in MS and FS (Fig. 5.1C-D, 5.3 and 5.4); conversely, Ni, Co, and Mn
increase from spinels in PSP to those in MS (Fig. 5.3A-B-C). Nevertheless,
porphyroclasts in MS are richer in Ni than porphyroclasts in FS (Fig. 5.3A).

In mesh-hosted spinel-group minerals (i.e., magnetite), a significant amount of Ni
(~0.03 apfu) and Co (~0.008 apfu) occurs, whereas bastites-hosted spinel-group
minerals (i.e., magnetite) have a significant amount of Cr (~0.05 apfu), regardless
of the rock in which they occur.

Re-oriented spinel-group minerals (i.e. magnetite), in shear zones cutting MS,
include more Mg (~0.05 apfu), Ni (~0.02 apfu), and Mn (~0.014 apfu) compared
to spinels in FS. On the other hand, FS spinel-group minerals can host higher
content of Cr (~0.08 apfu) and Ti (~0.01 apfu) compared to MS spinels in shear
zones cutting MS.

Our analyses (Fig. 5.5) moreover highlighted that in general Mn and Ti in MS
porphyroclasts, and V and Zn in PSP porphyroclasts are strongly positively
correlated with Cr; Ni and Co content in all the spinels classes is independent of
Cr variations.

Figure 5.6, providing an overview of the concentration of a wide range of
elements within spinel-group minerals, shows a high content of Cr, Ni, V, Co, Ti,
Mn, and Ga which are compatible into magnetite, and low Zr, Hf, Sc, Ta, and Nb

values, which are incompatible into magnetite.
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Fig. 5.3 Correlation plots of Fe®" (structural site “X”) vs Ni (A), Co (B), Mn (C), and Zn
(D). Values are in atoms per formula unit (apfu). Diagram on the right are the zoomed
area of left diagram (red box) report only spinel-group minerals within serpentine textures
and re-oriented along the foliation. For the legend of symbols please refer to Fig. 5.1.
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Fig. 5.4 Correlation plots of Fe*" (structural site “Y”) vs Al (A), Cr (B), Ti (C), and V (D).
Values are in atoms per formula unit (apfu). Diagram on the right are the zoomed area
of left diagram (red box) report only spinel-group minerals within serpentine textures and
re-oriented along the foliation. For the legend of symbols please refer to Fig. 5.1.
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plotted in order of increasing compatibility into magnetite, as suggested by Dare et al.
(2014).

5.4. DISCUSSION

The chemistry and microstructure of spinel-group minerals in ultramafic rocks can
be significantly modified both during oceanic serpentinization and/or prograde
and retrograde metamorphism (Barnes, 1998, 2000). Spinel-group minerals
occurring in the studied rocks have similar chemical characteristics as those
described by Evans and Frost (1975), Barnes and Roeder (2001) and Gargiulo
et al. (2013) for spinel-group minerals related to metamorphosed ultramafic rocks
from alpine-type complexes (Fig. 5.1). The analyzed spinels however recorded
several stages of the multiphase evolution experienced by the VM, as sketched
in Fig. 5.7. In the following, we will discuss the effects of serpentinization and
deformation on both texture, microstructure, and chemistry of spinel-group

minerals.

5.4.1 Textural and microstructural evolution

In the early stage of oceanic serpentinization of the lithospheric mantle rocks (Fig.
5.7, stage A), peridotites were affected by the formation of pseudomorphic
textures (mainly mesh texture and bastite) with crystallization of microcrystals of
magnetite within mesh-rims. Cr-spinels were altered by hydrothermal fluids that
promoted the reaction with silicates (i.e., olivine and pyroxene), forming rims and
veins of ferrian chromite and/or Cr-magnetite, and Cr-chlorite coronas (Cr-
clinochlore), at temperature probably higher than 200°-300°C (as suggested by
Auzende et al. 2006; Hajialioghli et al. 2007; Grieco and Merlini, 2012). After this
reaction, olivine and spinel were residually respectively enriched in Fe?* and Cr
by a loss of MgO (olivine) and Al203 (spinel) (Piccardo et al., 2001; Colas et al.,
2014).

The compositional map (Fig. 5.8) of porphyroclasts clearly shows that they are
depleted in Cr and other metals starting from veins, as observed by Barnes
(2000) for the serpentinization process. Therefore, the spongy alteration texture
of the rims and areas close to cracks of the Cr-spinel can be attributed to the
dissolution of several elements (i.e. Al, Cr, Ti, Mg, Zn, and Co) from these crystals

during the serpentinization processes (Garuti et al., 2007; Teixeira et al., 2012).
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In literature, only a few hypotheses have been formulated on the general
conditions at which ferrian chromite and Cr-chlorite formation occurred. Barnes
(2000) proposed that the growth of ferrian chromite is to be attributed to an Mg—
Fe exchange between the magnetite rim and spinel. Cr-clinochlore formation has
been instead closely associated with ferrian chromite formation after the reaction
of silicates (i.e. olivine and pyroxene) with primary spinels as indicated by textural
evidence (e.g., holly-leaf texture) and Cr20s content of chlorite (Barnes and
Roeder 2001; Piccardo et al., 2001; Grieco and Merlini, 2012).
The reactions producing ferrian chromite and Cr-clinochlore have been already
assessed in several studies (e.g. Christofides et al. 1994; Barnes and Roeder
2001; Piccardo et al., 2001; Grieco and Merlini, 2012; Colas et al., 2014); not all
the authors, however, agree on the timing of this reactions, suggesting that they
occurred during either i) a pre-oceanic serpentinization process, but after all deep
magmatic events (Grieco and Merlini, 2012), ii) during the oceanic
serpentinization process (Bliss and MacLean, 1975), iii) after the main
serpentinization of the rock (Kimball, 1990; Mellini et al., 2005), either during
prograde metamorphism of serpentinized ultramafic rocks (Evans and Frost,
1975; Bliss and MacLean, 1975; Barnes and Roeder, 2001), or during the
retrograde evolution of the rock from high-pressure conditions (Gervilla et al.,
2012; Colas et al., 2014) or during regional metamorphism of ultramafic rocks,
after the reactions of spinel with silicates and metamorphic fluids (Barnes and
Roeder, 2001).
According to what we observed in massive serpentinites we suggest that, during
the ongoing oceanic serpentinization of the mantle rocks (Fig. 5.7, Stage B-C),
mantle spinel was later progressively replaced by magnetite, as attested by the
occurrence of Cr-rich core relics (where eventually relic magmatic chromite can
still be found), surrounded by Cr-poor magnetite rims (Diella et al., 1994; Fontana
et al., 2009). With the progressive intensification of serpentinization, mesh texture
becomes hourglass texture and, at the early stage of deformation, ribbon texture
(with an enrichment in trace elements).
The progressive deformation, locally affecting serpentinites during subduction
and exhumation (Scambelluri et al., 1991), caused both the formation of
magnetite porphyroclasts and the grain-size reduction of re-crystallized
porphyroclasts of magnetite (Fig. 5.7, Stage D1), with the alignment of micron
size magnetite as trails along the foliation (Fig. 5.7, Stage D2).
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ongoing oceanic alteration triggers the first stage of Al-spinel substitution by Cr-
magnetite, with intergrowing of serpentine minerals, and the progressive evolution of
pseudomorphic texture (hourglass); Stage C. complete replacement of Cr-magnetite by
magnetite and development of ribbon texture; Stage D1. grain-size reduction of
magnetite in massive serpentinites; Stage D2. grain-size reduction and re-orientation of
magnetite along the foliation in foliated serpentinites.
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Fig. 5.8 WDS compositional maps of Fe, Cr, Mn, Si, and Mg showing the complete
removal of chromium during chromian-spinel partially replacement by secondary
magnetite along edges and microfractures
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5.4.2 Trace element variation in spinel-group minerals

We observed that the wide compositional variations in trace elements of spinel-
group minerals are mainly correlated with the degree of serpentinization and
deformation.

In general in the studied spinel-group minerals, the serpentinization degree
affects the composition of spinel-group minerals since olivine is the major
repository of Mn, Zn, Ni, and Co in ultramafic rocks and the availability of these
elements in solution, after olivine breakdown, is the main factor controlling their
incorporation in the lattice of chromian spinel (Gahlan and Arai, 2007); it should
be therefore expected that the complete alteration of olivine after serpentinization
would provide the necessary Mn, Zn, Ni, and Co amounts that have been
detected in the analyzed spinels and in worldwide chromian spinels (Barnes and
Roeder, 2001). Mn, Zn, Co, and Ni, released after the alteration of olivine, are in
fact incompatible with serpentine minerals structure and they are dissolved in
hydrothermal solution involved in serpentinization (Singh and Singh, 2013) and
later incorporated in spinels crystal structure. Porphyroclasts in MS are richer in
Ni than porphyroclasts in PSP, as confirmed by Barnes (1998, 2000), who notes
that Ni incorporation within chromite is complicated by crystal-chemical effects
and that it is more stable in magnetite due to the inverse spinel cation distribution
(Hodel et al, 2017; Beckett-Brown and Mcdonald, 2018). The above processes
are strongly confirmed by the increase, that we observed in our samples, of Ni,
Co, and Zn from PSP- to MS-porphyroclasts and by the high content of Ni and
Co in mesh-hosted magnetite, suggesting a strong influence of the
serpentinization process on the mobility of trace and ultra-trace elements and in
particular of PTEs. In general, compared to other ultramafic massifs worldwide,
the relative abundance of Ni, Zn, and Co in magnetite of our samples can also be
linked to the poor concentrations of sulfide (not detected in rock sample of present
work; Ramdohr, 1967; Alansari et al., 2015). A high Zn content in Cr-spinel core
is common in metamorphosed ultramafic rocks, (e.g. Barnes, 2000; Saumur et
al., 2013). Compositional variations between cores and rims suggest that Zn
behaves like Mg and is liberated from Cr-spinel during initial-stage reactions with
serpentine or Mg- and Si-rich fluids, as suggested by Gonzalez-Jimenez et al.
(2009).

The significant amount of Cr (~0.05 apfu) in bastite-hosted spinel-group minerals

(i.e. magnetite), regardless of the rock in which they occur, is to be correlated
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with the high Cr content of pyroxene that is, among silicates, the main Cr

repository.

5.5. CONCLUSIONS

In this study, we have investigated the mineralogy and the mineral chemistry of
spinel-groups minerals in ultramafic rocks (e.qg., partially serpentinized lherzolites,
massive serpentinites, and foliated serpentinites) from the Voltri Massif
metaophiolites (Ligurian Alps). In particular, we focused on variations of the
spinel-group mineral composition in relation to different textures, microstructures
and various degree of serpentinization and deformation.

In the analyzed rocks, the spinel-group minerals occur with particular textural and
microstructural features that can be grouped into three classes: i) spinel-group
mineral porphyroclasts with various degree of recrystallization, scattered within
partially serpentinized Iherzolite and massive serpentinite; ii) spinel-group
minerals within pseudomorphic and non-pseudomorphic textures; iii) spinel-
group minerals re-oriented along the foliation.

The results highlighted a significant variation in trace metal concentrations in
spinel-group minerals during the serpentinization and deformation evolution of
the studied ultramafic rocks. In particular, Cr, Ni, and Co concentrations
progressively decrease with the serpentinization of the rocks.

At a general scale, the PTEs variability is primarily related to the petrologic and
tectonic evolution but, at a local scale, also the mineralogical, lithological,
structural, and textural features correlated to the degree of serpentinization
and/or deformation significantly influence their distribution and concentration in
trace elements.

These variations have also strong environmental implications since some of
these trace elements are potential toxic elements which can be released to soil
and circulating water during weathering and pedogenic processes. Furthermore,
this study should be the preliminary step for the evaluation of background

concentrations for naturally occurring contaminants.
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Section Three

Investigations on the ultramafic soil profiles

The ultramafic soils of the study area are poorly developed and occur in sites
without significant allochthonous inputs as well as where contamination from
anthropogenic sources is very unlikely. These are the ideal conditions to correlate
the soil mineralogy and chemistry to the primary fingerprint of the bedrock and
test a multidisciplinary approach that might be useful in establishing the natural
background for PTEs.

In this section, the mineralogical, crystallochemical, and chemical variations
occurring in ultramafic soil profiles during weathering processes under temperate
climatic condition are defined in order to understand the role of the primary and
authigenic mineral phases on the mobility of PTEs (particularly Cr, Ni, and Co).
The chapter reports: i) a general characterization of soils properties; ii) the
chemical and mineralogical compositions and their variation along the soil
profiles; iii) the characterization of PTEs-bearing minerals by distinguishing
between primary- (e.g., serpentine minerals, spinel-group minerals, and
magmatic relicts) and authigenic-minerals (e.g., clay minerals and Fe- and Mn-
oxides).

The collected data are also discussed and compared with a database realized for
this work by collecting bibliographic data related to the ultramafic soils occurring
in the ophiolitic complexes worldwide (see Appendix B), in order to assess the
PTEs levels in studied soils with respect to the world average soil composition.
Moreover, an environmental evaluation based on the threshold limits lead down

by international and national agencies is reported.
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Chapter VI

Source and distribution of potentially toxic

elements in ultramafic soil profiles from the Voltri
Massif (NW ltaly)

Keywords: clay minerals, Fe-oxyhydroxides, authigenic minerals, Iherzolites,

serpentinite, PTEs mobility, weathering, serpentine soil, trace elements

6.1. INTRODUCTION

Natural weathering of ultramafic rocks may cause several environmental issues
associated to the natural release of either asbestos fibers and potentially toxic
elements (PTES) into soil, groundwater, and air (Bales et al., 1985; Schreier et
al., 1987; Schreier, 1989; Roberts and Proctor, 1991; Shtiza et al., 2005; Oze et
al., 2007; Alexander, 2007; Dublet et al., 2012; Holmes et al., 2012; Ratié et al.,
2013).

Concerning PTEs, the distribution and mineral speciation strongly depend on the
mineralogy of the bedrock (Garnier et al., 2006, 2009; Raous et al., 2013), as well
as on climatic conditions (e.g., Angelone et al., 1993; Amir and Pineau, 2003;
Massoura et al., 2006), on the position in the toposequence (Cheng et al., 2011),
granulometry (Tashakor et al., 2015), thermodynamic conditions of the soils
(Antic-Mladenovic et al., 2011), and on soil characteristics such as pH, Eh,
organic matter, and clay content (Baker and Walker, 1989; Nyamangara and
Mzezewa, 1999). However, the degree of serpentinization is known to be a major
discriminant factor in ultramafic pedogenesis (Alexander, 2004, 2009; Oze et la.,
2004a; Kierczak et al., 2016; Echevarria, 2018; Pedziwiatr et al., 2018) as well
as lithological, textural, and structural characteristics of the bedrock have an
important role in the distribution and mobility of PTEs (Alexander, 2004;
Alexander and DuShey, 2011; Caillaud et al., 2006, 2009; Lessovaia et al.,
2014a,b; Baumeister et al., 2015; Kierczak et al., 2007, 2008, 2016; Pedziwiatr
et al., 2017; Van der Ent et al., 2018; Echevarria, 2018).
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6.1.1. Authigenic phases in the ultramafic soils

The PTEs mobility and distribution during weathering of ultramafic bedrocks is
controlled either by the alteration of primary minerals and by the formation of
authigenic phases (clay minerals and oxyhydroxides), that can represent both a
source or a trap for PTEs. The weathering of ultramafic rocks leads to the
formation of different authigenic minerals (mainly clay minerals and
oxyhydroxides; Lee et al., 2003, 2004), which are dependent, in particular, on the
nature of the bedrock and on the climate condition (e.g., Ducloux et al., 1976;
Gasser et al., 1995; Velde, 1995; Caillaud et al., 2004, 2006, 2009; Hseu at al.,
2007; Nguyen-Thanh et al., 2017).

The oxidation and hydrolysis of the primary minerals lead to the formation of Fe-
and Mn-oxides s.l. which are extremely poorly soluble and very stable in
supergenic condition (Schwertmann and Taylor, 1989; Manceau et al., 2000;
Quantin et al., 2002; Becquer et al., 2003; Fander et al., 2009; Ho et al., 2013).
Fe-oxides s.l. are originated from the oxidation of Fe?*-bearing minerals (spinels,
olivines, pyroxenes and amphiboles).

Fe-oxides s.l. include Fe-oxides s.s. (such as hematite) and Fe-oxyhydroxides
(such as goethite, ferrihydrite and lepidocrocite) and generally occur as
microcrystalline-, nanocrystalline- and/or amorphous phases (Schwertmann and
Taylor, 1989; Manceau et al., 2000).

Hematite (a-Fe203) has the corundum structure (a-Al203) which is based on
hexagonal close packing of anions. It is extremely stable under ambient
conditions and is often the end member of transformation of other Fe-oxides
(Cornell and Schwertmann, 2003). Hematite is favored in soils with poor drainage
condition, with a low organic matter, and is more common in tropical climates
(Alloway, 2010).

Goethite (a-FeOOH) has the diaspore structure (a-AIOOH) which is based on
hexagonal close packing of anions. It is thermodynamically the most stable Fe-
oxyhydroxide at ambient temperature and is either the first oxide to form or the
end member of several transformation (Cornell and Schwertmann, 2003).
Commonly, it occurs mainly in temperate soils with good drainage conditions
where it is commonly found in intragranular porosity (Vepraskas and Guertal,
1992; Vepraskas et al., 1995; Quantin et al., 2002).
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Lepidocrocite (y-FeOOH) has a boehmite structure (y-AIOOH) which is based on
cubic close packing of anions (Cornell and Schwertmann, 2003). It is common in
soils affected by poor drainage, commonly under humid temperate regions.
Acidic pH and low temperature are favorable conditions for its formation (Kabata-
Pendias, 2011).

Ferrihydrite (Fe203 - nH20) consists of hexagonal close packing of anions and is
a mixture of defect-free and defective structural units (Cornell and Schwertmann,
2003). Despite it is weakly stable and poorly crystalline it is relatively widespread
in natural environments. Ferrihydrite can play an important role as an active
sorbent owing to its very high surface area (Cornell and Schwertmann, 2003;
Alloway, 2010). Unlike the other Fe-oxides it exists exclusive as nano-crystals
and unless stabilized in some way, transforms with time into the more stable Fe-
oxide, mainly hematite (in warm regions) and goethite (in humid temperate zones;
Kabata-Pendias, 2011).

A characteristic feature of the Fe-oxides is the variety of the possible
interconversion between the different phases. These interconversions can be due
to several type of transformation (e.g., thermal and hydrothermal transformations,
mechanical dehydroxylation, dissolution and reprecipitation, reduction/oxidation).
Goethite, ferrihydrite, and lepidocrocite can transformation hematite by thermal,
hydrothermal, or mechanical dehydroxylation. Lepidocrocite and ferrihydrite can
transform into goethite by reprecipitation. Hematite can transform into magnetite
in reducing conditions.

In general, Fe-oxides can host several metals into the structure via isochemical
substitution for Fe3* by other cations. Trivalent cations (e.g., Cr, Al, Ga, and Sc)
are the most suitable species that isomorphically replace Fe3*, but also some
bivalent (e.g., Co, Mn?*, Zn, Ni, and Pb) and tetravalent cations (e.g., Mn**) can
enter the Fe-oxide structure (Burns and Burns, 1977; Kuhnel et al., 1975).
Moreover, Fe-oxides s.s. are important sink for PTEs (e.g., As, Co, Cu, Ni, Cr, V,
and Zn; McKenzie, 1989; Singh and Gilkes, 1992) which can be scavenged from
the solution through sorption and/or coprecipitation processes, thus playing an
important role in controlling their bioavailability (Francis and Dodge 1990; Quantin
et al., 2002; Hooda, 2010; Kabata-Pendias, 2011).

Regarding the Mn-oxides s.l., they are generally amorphous, but crystalline
forms, such as pyrolusite and birnessite, can be commonly present (Kim et al.,

2002). In the soil, most of the Mn-oxide and -oxyhydroxide quickly precipitates
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from solutions in oxidizing conditions. The ability of Mn-oxides to sorb
preferentially PTEs (mainly Co and Ni) and to act as oxidants means that they
play significant roles in soils. In the Mn-oxides s.l., the most important isomorphic
substitution occurs between Mn?* and Co?* and for this reason the soil with high
concentrations of Co are often associated with the presence of the Mn-oxides
and oxyhydroxides (Gerth, 2005). Sometimes though their role as oxidants of As
and Cr may be deemed good (oxidation of As3* to As®*) or bad (oxidation of Cr3*
to Cr%%) (Quantin et al., 2002; Oze et al., 2007; Alloway, 2010; Rajapaksha et al.,
2013).

The clay formation in ultramafic soils are often complex and are mainly
determined by the climate and the degree of serpentinization of the bedrock, as
well as other factor including depth, age, drainage, and topographic position
(Kirkman, 1975).

Typically clay minerals species in ultramafic soils are those mainly derived from
the leaching of Mg and Si from the olivine, pyroxenes and subordinately
serpentines (Cortesogno et al. 1979; Lee et al., 2003; Caillaud et al., 2006, 2004)
and are commonly smectites and vermiculite (Rabenhorst et al., 1982; Alexander,
1988; Bulmer and Lavkulich, 1992; Lee et al., 2001, 2004; Bani et al., 2015).
Despite the low concentration of Al in the bedrocks, the neoformation of Al-rich
clay minerals (such as illite) is not unusual (Cortesogno et al., 1979; Chardot et
al., 2007; Bani et al., 2014).

A large number of clay minerals are observed in literature. Clay minerals reported
in serpentine soils s.s. of Cornwall (England) forming under a cool, humid,
temperate climate, include chlorite (70%), illite (15%), and small amounts of
montmorillonite, kaolinite, and talc (Butler, 1953). On the other hand, serpentine
soils s.s., forming under similar conditions, contained chlorite and montmorillonite
(Veniale and Van der Marel, 1963; Northern Apennine — Italy). In serpentine soils
s.s. occurring in Albania under temperate climates the dominant clay mineral is
nontronite (Bogatyrev, 1958). Nontronite also dominates similar soils occurring in
California (Wildman et al. 1968). According to de Kimpe and Zizka (1973) the clay
mineralogy of peridotite soils (mainly dunite) of Quebec province are composed
by interstratified minerals of vermiculite, montmorillonite, and chlorite. Ultramafic
soils, widely distributed throughout New Zealand, may contain montmorillonite,

vermiculite, mica, kaolinite, or gibbsite (Swindale, 1966).
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The type or the clay minerals and the thickness of soil profiles also depended on
the drainage soil conditions (Bonifacio et al., 1997; Ducloux et al., 1976; Istok and
Harward, 1982). The well-drained soils are characterized by a poorly developed
C horizon and consisted mainly of 7 A clay minerals including serpentinite and
chlorite (Istok and Harward, 1982) or normal to low charged vermiculite (Bonifacio
et al., 1997). Otherwise, in poorly drained soils characterized by a saprock and a
well-developed saprolite (Caillaud et al., 2004), other clay minerals, such as
beidellite (Berre et al., 1974), nontronite, chlorite, chlorite-vermiculite
interstratifications (Ducloux et al., 1976), or low-charged smectite (Bonifacio et
al., 1997), could be formed.

Because of their complex crystal structure, clay minerals may incorporate a large
number of elements of different ionic sizes and charges by a variety of isomorphic
substitutions (Bergaya and Lagaly, 2006). These substitutions may occur in
tetrahedral and octahedral sites or in the interlayer sheet. Regarding PTESs in clay
minerals, they can host in octahedral site (e.g. Cr) or, more likely, in interlayer
sheet by sorption (Kabata-Pendias, 2011). Adsorption and desorption of PTEs
onto clay minerals are one of the most important processes that can determine
the bioavailability and ecotoxicological effects of the elements in the environment
(Shirvani et al., 2006; Abollino et al., 2008). As an example, Cr is mainly
incorporated into smectite (after mesh-texture serpentine) and vermiculite (after
chlorite; Caillaud et al., 2006). Van der Ent (2018) reports high concentration of
Ni in smectite under temperate condition. Abollino et al. (2008) notes that
vermiculite and smectite (mainly montmorillonite) can absorb significant amount
of Cd?*, Pb?*, Zn?*, Mn?*, Cu?*, and Zn?*.

6.1.2. Aims of study

Due to the potential toxicity of Ni and Cr in soils and to their economic significance
in lateritic paleosols (Golightly and Arancibia, 1979; Becquer et al., 2006; Wells
et al., 2009), most studies about weathering of ultramafic rocks and relative soils
have already been performed in different ophiolitic complex, focusing on climatic
and pedogenetic factors (Oze et al.,, 2007; Schwertmann and Latham, 1986;
Ulven et al., 2017). Furthermore, numerous authors present the detailed studies
of PTEs mobility and their relationships between mineralogy and other soil
properties (e.g., Vithanage et al., 2014; Alves et al., 2011; Caillaud et al., 2009).

Nevertheless, only few studies (Burgess et al., 2009; Lessovaia et al., 2016a,b;
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Kierzack et al., 2016; Pedziwiatr et al., 2017) have provided detailed information
about the PTEs content and the influence of rock texture and microstructure on
PTES geochemistry and authigenic mineral formation in the ultramafic soils.
The general aim of this chapter is, therefore, to characterize soil profiles
developed from various ultramafic bedrocks in the Voltri Massif (VM) from the
physical, chemical, mineralogical, and micromorphological point of view and to
correlate their properties with bedrock characterized by different serpentinization
degree and the deformation style and intensity (see Chapter IV). Moreover, an
environmental evaluation based on the threshold limits lead down by international
and national agencies and other environmental indexes is reported.

The specific aim of this chapter is to define the mineralogical variations occurring
in ultramafic soil profile during weathering processes under the temperate
climatic condition in order to understand the role of the primary and authigenic
mineral phases on the mobility of PTEs (particularly Cr, Ni, and Co). In particular,
the study is focused on the mineralogical and minero-chemical variation along
the soil profile (bedrock — subsoil — topsoil) according to i) soil granulometry
(sand — silt — clay) and ii) different degree of serpentinization of the bedrock
(PSP, MS, and FS — Chapter V).

6.2. MATERIAL AND METHODS
6.2.1. Sampling strategy

Soil profiles come from eight sites located within the VM and developed on a
variety of ultramafic rocks, from partially serpentinized Iherzolites (PSP), through
massive serpentinites (MS), and foliated serpentinites (FS). These sites were
chosen because of spatially isolated from urban centers as well as any factory.
The soil profiles chosen for this study were located in the stable upper parts of
guarries or road cuts far from potential input of allochthonous debris materials by
runoff or landslides. For each site, 1 to 4 soil profiles have been selected
depending on lithological and structural variability and have been sampled by
collecting the topsoil, the subsoil and the bedrock.

Soil samples were collected with steel auger and shovel, from two soil layers: 1)
the topsoil (0-30 cm), excluding the rhizosphere, and 2) the subsoil (30-60 cm)
following the criteria of Darnley (1997), Salminen et al. (1998), and GEMAS
project (Albanese et al., 2015). For each sampling point approximately one kg of
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soil was taken, after removing the granulometric fraction > 2 cm fraction as
required by current legislation (D.M. 471/1999, abrogated and now replaced by
D.Lgs 152/2006).

Rock samples were collected at the base of soil profile, from two different zone:
weathered rock (saprolite) at the direct contact to subsoil and unweathered rock.
The complete description of each profiles and samples are reported in Appendix
A.

6.2.2. Analytical techniques

Soil color and other properties including grain-size, grain-morphology, texture,
structure, and consistence were determined either in situ and in laboratory and
used to distinguish and identify soil horizons as well as to group soils according
to the soil classification system (FAO-WRB classification; IUSS, 2015). The color
of the all soil samples was determined using the Munsell® Soil Color Charts
(2000). The particle size distribution of all soil samples was obtained by wet
sieving and granulometric classification was obtain according to Folk
classification (Folk, 1954).

Micromorphological analyses for qualitative weathering evaluation (Delvigne,
1998; Stoops et al, 2011) as well as mineralogical and petrographic
determination of rock and soil samples were carried out using polarized-light
optical microscopy (PLOM) and scanning electronic microscopy and
microanalysis (SEM-EDS).

Mineralogical and crystallographic analyses were performed by means of
synchrotron radiation X-ray powder diffraction with Rietveld refinement on the
three different granulometric fraction (sand fraction: 2 mm — 63 pm; silt fraction:
63 um -4 um, and clay fraction: <4 ym).

Minero-chemical analyses by means of i) electron microprobe with wavelength
dispersive spectrometers (EMPA-WDS; major and minor elements) and ii) laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS; trace and
ultra-trace elements), were performed on the skeleton of the sand fraction.

The bulk chemistry of soil and rock samples (major, minor, and trace elements)
were determined by means of EDXRF and ICP-AES.
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6.3. RESULT

6.3.1. The early stage of weathering in ultramafic bedrocks

The soil profiles selected for this study developed on ultramafic bedrocks
characterized by different degree of serpentinization, i.e. partially serpentinized
Iherzolites, massive serpentinites, and foliated serpentinites (PSP, MS, and FS,
as defined and described in Section Il, Chapter 1V).

All these bedrocks are variably weathered close to the contact with the subsoil
(C horizon); the thickness of the weathered zone vary from 2 cm to 15 cm
depending mainly on the bedrock type (i.e., PSP, MS, and FS). In particular, the
difference in weathering intensity is much higher in PSP than in the most
serpentinized rocks (both MS and FS).

PSP bedrocks are typically capped by weathering rinds of variable thickness (0.5
cm — 3 cm; Fig. 6.1A). These weathered surfaces are reddish brown to orange
and has a few millimetric knobby relief with unaltered or weakly altered pyroxene
highs and strongly weathered olivine lows. Spinel-group minerals generally
appear unaltered without any evidence of weathering reactions.

The weathering rind is separated from the unweathered rock by irregularly
undulated interface. Only in the more weathered sample, oxidation halos are also
developed, with reddish-orange fronts extending into the unaltered rock, along

microfractures, grain boundary, and other intergrain porosity.

FS bedrocks are moderately to weakly altered (Fig. 6.1B). Millimetric to
centimetric oxidation halos developed from fractures and joints or along foliation
planes. In these structural sites the rock color varies from greenish-grey to

ochreous-reddish.

MS bedrocks are generally weakly altered showing evidence of alteration only
along fracture from which centimetric oxidation layers commonly developed (Fig.
6.1C). Generally, the rock-surface is fresh with dark green to olive green colors;
local yellowish-brown oxidation patches form around oxidized magnetite

aggregates.
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Fig. 6.1 Weathering bedrock at the macroscale: A) Sample of partially serpentinized
lherzolites from VM, showing weathering crust ranging from 1 to 10 mm in thickness. The
thickness of the brown rind is visibly influenced by small fractures providing enhanced
permeability. Particularly prominent are occasional large (>2 mm) grains of pyroxene in
the weathered brown surface; B) Sample of massive serpentinites from VM. Alteration is
not uniform and visible on the surface and along fractures; C) Sample of foliated
serpentinites from MV. Weathering starts on the sample surface and affected the sample
core through the foliation plane.

In PSP the primary rock textures (e.g., pseudomorphic texture after olivines and
pyroxenes) are preserved even if the primary minerals are partial to totally
replaced by authigenic products (alteromorphosis; Delvigne, 1998).

Olivine typically underwent iddingsitization which produces a complex pattern of
alteration starting from crystal edges and intracrystalline fractures. lddingsite is a
red/brown mixture of poorly crystalline minerals (mainly clay minerals and Fe-
oxides s.s.) that typically forms in oxidizing conditions (Fig. 6.2A). Even in the
more altered olivine pseudomorphs, the magnetite trails within the mesh-texture

rims, remained unaltered.
128



The weathering of pyroxene develops mainly from crystal edges, cleavage planes
or intracrystalline fractures (Fig. 6.2B and C). The alteration products are mainly
represented by browinish-orange iddingsitic mixtures and subordinately smectitic
clays.

Spinel-group mineral, with the exception of magnetite are generally unaltered.
Magnetite is commonly oxidized in particular when it occurs as microcrystals in
trails and aggregates. Magnetite grains are variably martitized to hematite with

increasing intensity towards the crystal edge. Magnetite oxidation typically

produces intense pigmentation of the serpentine matrix in FS and subordinately
MS (Fig. 6.2D).

Fig. 6.2 Weathering of bedrock at the microscale: A) a complex pattern of alteration of a
crystal of olivine, which at first is replaced by yellow-colored iddingsite along its periphery
and along the original fractures (cross-polarized light image - XPL); B) inter-crystalline
micro-crack filled by a mixture of clay minerals and oxyhydroxide, cut pyroxene minerals
in massive serpentinites. Alteration developed also through cleavage plane (plane-
polarized light image - PPL); C) pyroxene relicts surrounded by a regular rim of
secondary magnetite (PPL); D) magnetite grain partially replaced by oxyhydroxides and
weathered antigorite with iron stains in massive serpentinites (XPL).
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6.3.2. Soil profile characteristics

Fig. 6.3 Photograph and schematic
sketch of soil profiles developed on: a)
PSP; b) MS; c¢) FS. The red and the blue
circles represent the position of the soil
and bedrock samples. respectively.

In general, soil profiles, vary in
thickness from 35 to 80 cm and are
characterized by weakly developed A
and C horizons and a very thin O

horizon (up to 5-10 cm) (Fig. 6.3).

Soils developed on
bedrocks (MS and FS) have been

as

serpentinite

classifiable Magnesic Leptic
Skeletic Cambisols, whereas those
developed on peridotites as Chromic
Magnesic Leptic Skeletic Cambisols
(FAO-WRB IUSS,

2015).

classification;

All the soils display heterogeneous
granulometry, ranging from gravelly
mud, muddy gravel, to sandy muddy
gravel (Fig. 6.4; Folk, 1954) with no
clear relationships to the different
bedrock types. The granulometric
curve has a  uniform and
homogeneous distribution in all the

soils.

The soil is constituted for
approximately 29% of organic matter,
the

centimeters (1-5 cm). The highest

mostly concentrated in first

content (up to 38 %) was always found

in FS soil.
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Fig. 6.4 Particle size distribution of studied soil, according to Folk classification (Folk,
1952).

Conversely, soil color is strongly influenced by the bedrock nature (Fig. 6.5). PSP
soils vary in color from "strong brown" (Munsell 7.5 YR 4/6) to "reddish brown"
(10 YR 5/4). FS soils cover the widest range of the color varying from "light grey"
(5Y 7/2) to "brown" (7.5 YR 4/6), MS soil ranges in color from " yellowish brown"
(10 YR 5/4) to dark brown (10 YR 3/3). These variations are strictly related to the
weathering intensity and in particular to the abundance of iron oxides, as

described in the following chapters.
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Fig. 6.5 Colorimetric properties (CIE L-a*b* classification and Munsell color soil chart).
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6.3.3. Soil Micromorphology

Micromorphological analyses are a useful tool to evaluate the weathering
intensity basing on the alteration patterns developed on the soil skeleton. These
analyses have been performed following the criteria and the nomenclature
proposed by Delvigne (1998).

The soil skeleton is heterogeneous in every studied profile. It is composed by
polycrystalline aggregates of: i) unweathered to slightly weathered primary
mineral inherited from bedrock (lithorelics or alterorelics); ii) weathering products

(alteromorphs, nodules, or iron crusts); iii) allochthonous clasts (mainly quartz).

Lithorelics (Fig. 6.6A) are generally slightly weathered or unweathered clasts with
well preserve bedrock mineralogy, microstructure (e.g., micro-folds, veins,
cleavages), and microtexture (e.g., pseudomorphic and non-pseudomorphic
texture). In all the studied soils, they represent about of 50 vol.% of the soil
skeleton in subsoil and the 40 vol.% in topsoil.

The mineralogical composition of the lithorelics varies slightly from soil profile on
PSP to those on MS and FS. In PSP they are mainly composed by antigorite,
chrysotile, olivine, pyroxene, magnetite, and Cr-magnetite (in order of decreasing
abundance). In MS and FS serpentine minerals (antigorite and chrysotile),
chlorite and magnetite significantly increase, olivine is absent, and pyroxenes are
scarce. Spinel-group minerals, other than magnetite, decrease from MS toward
FS soils, where also ilmenite is present in non-negligible amounts. The lithorelic
clasts containing oxides (spinels and ilmenite) are widespread in all the soil profile

with a slight increase in concentration with depth.

Alterorelics (Fig. 6.6B) are highly weathered clasts that preserve bedrock
microstructure and texture, but the primary minerals are partially to completely
replaced by secondary authigenic products. They represent about 10 % of the
soil skeleton in subsoil and the 5% in topsoil.

Alterorelics develops mainly on magnetite-rich clasts and, the alteration starts
from magnetite edges or intracrystalline fractures producing yellowish-brown to
reddish-orange oxidation patches. In the more altered clasts magnetite oxidation

typically determines intense pigmentation of the serpentinite matrix.
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Fig 6.6. Micromorphological feature: A) Lithorelics of FS with microfold marker by
microcrystalline magnetite alignment (left image is PPL and right image is BEI); B)
Alterorelics aggregate of magnetite and mixture of serpentine minerals and chlorite,
slightly altered and replaced by clay and oxyhydroxide in topsoil of FS soil profile (left
image is PPL and right image is BEI); C) Alteromorph (left image is PPL and right image
is BEI): Aggregate of magnetite, tremolite, and quartz with clay-rich matrix in subsoil of
FS soil profile; D) Iron crust compact grain entirely composed by Fe-oxyhydroxide; E)
Red nodules grain formed by Fe-oxyhydroxides matrix in FS topsoil (left image is XPL
and right image is BEI).
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Alteromorphs (Fig. 6.6C) are clasts with rounded morphology and medium
sphericity consisting of aggregate of clayey matrix and primary minerals (e.g.,
magnetite, serpentines, chlorites), which are partially replaced by alteration
products. The clayey matrix is composed either by iron oxides (Fe-oxides and
oxyhydroxides) or iddingsitic mixtures which precipitates within porosity
cementing together two or more individual clasts. Their modal abundance

generally increases from subsoil (up to 15%) toward topsoil (about 20%).

Iron crusts are clast mainly or exclusively composed of Fe-oxyhydroxides, which
can develop mainly due to 1) precipitation around clast edge according to
peripheral cortification process (in this case the clast core is preserved due to a
shield effect; Fig. 6.6D) and 2) precipitation within soil porosity giving rise to
concentric layered crusts also called "red nodules" (Fig. 6.6E). The modal
abundance of iron crusts generally increases from subsoil (up to 5%) toward
topsoil (about 10%).

Allochthonous clasts are mainly represented by quartz generally in subangular
monomineralic or polimineralic aggregates, sometimes associated with oxides
and micas. Due to the ultramafic nature of the bedrocks, quartz-bearing clasts
are allochthonous elements mainly related to the metasedimentary rocks
occurring in the surroundings (quartz-schist or calc-schist). Locally amphibole-
rich clasts occur in soil profiles developed clos to tremolite-chlorite hybrid rocks.
The modal abundance of allochthonous clasts always increase from subsoil
(<5%) toward topsoil (up to 10%).

6.3.4. Soil Mineralogy

Soil samples were subdivided into three different aliquots in order to investigate
the mineralogy of the sand (2 mm-63 um), silt (63-4 ym), and clay (<4 um)
fractions.

The mineralogical variations have been evaluated for PSP, MS, and FS soill

profiles from the subsoil toward the topsoil.
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Table 6.1 Mineralogy of the three soil granulometric fractions (sand 2 mm - 63 ym; silt
63 um - 4 um; clay < 4 um) determined by XRD with Synchrotron radiation and Rietveld
refinement. Legend: xxx = abundant (>30 wt%); xx intermediate = (10-30 wt%); X = minor
(5-10 wt%); (x) = trace (1-5 wt%). *Accessory minerals have been detected by other
techniques (e.g., PLOM, SEM, EMPA) and are supposed to be <1 wt%. Mineral
abbreviations are after Kretz (1998).

In PSP soils, the mineralogy of the sandy fraction (that represent up to 50% of
the soil constituents) is closely related to bedrock mineralogy. Serpentines
represent about 50 wt% of the overall mineralogical composition (Table 6.1), with
dominant antigorite (> 95 wt%) and subordinate chrysotile. Chlorite (mainly
clinochlore and subordinate penninite; 19-11 wt%), enstatite (10-12 wt%), and
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spinel-group minerals (mainly magnetite and subordinate Cr-spinels; up to 10
wt%) are diffuse but always subordinate with respect to serpentines. The
authigenic minerals (8-10 wt%), correspond mostly to the low-crystalline or
amorphous Fe-oxides s.l. occurring as oxidation products of primary minerals
(mainly magnetite). Trace amount of quartz, augite, olivine, and tremolite also
occur.

The silty fraction represents 40-45% of the soil constituents; its mineralogical
composition does not differ significantly from that of the sandy fraction (Fig. 6.7B).
The only clear difference is the significant increase of the low-crystalline or
amorphous Fe-oxides that, in this case, range from 27 wt% in the subsoil to 41
wt% in the topsoil.

The clay fraction (that represent only the 5-10 % of the soil constituents) is mainly
composed by amorphous or low-crystalline Fe-oxyhydroxides (up to 73 wit%),
serpentines (mainly antigorite and subordinate chrysotile; 23-21 wt%), smectite

and illite/smectite mixed-layer clay (<12 wt%), and clinochlore (<5 wt%).

In MS soils, the mineralogy of the sandy fraction (that represent up to 40% of the
soil constituents) is closely related to bedrock mineralogy (Fig. 6.7A). Serpentines
represent about 60 wt% of the overall mineralogical composition (Table 6.1), with
dominant antigorite (>95 wt%) and subordinate chrysotile (<5 wt%). Chlorite
(mainly clinochlore and subordinate penninite; 6-13 wt%), quartz (3-6 wt%),
magnetite (6-7 wt%), and tremolite (2-3 wt%) are the main subordinate minerals.
The authigenic minerals (4-14 wt%), correspond mostly to the low-crystalline or
amorphous Fe-oxides s.l. occurring as oxidation products of primary minerals
(mainly magnetite). Trace amount of talc, Cr-magnetite, rutile, iimenite, and white
mica also occur.

The silty fraction represents 50-55 wt% of the soil constituents and its
mineralogical composition does not differ significantly from that of the sandy
fraction although significant concentrations of plagioclase (7-12 wt%) and clay
minerals (4-5 wt%) occurs. These last are mainly present in the matrix of
serpentinite clasts or within veins, commonly intimately intermixed with chlorite.
The only clear difference is the significant increase of the low-crystalline or
amorphous Fe-oxides that, in this case, range from 27 wt% in the subsoil to 41
wt% in the topsoil. Trace amount of goethite and ilmenite are also present.

The clay fraction (that represent only the 5 wt% of the soil constituents) is mainly

composed by amorphous or low-crystalline Fe-oxyhydroxides (up to 82 wt% in
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the topsoil and up to 34 wt% in the subsoil). Antigorite (16-27 wt%), smectite and
illite/smectite mixed-layer clay (up to 17 wt%), clinochlore (up to 14 wt%),
subordinate goethite (<5 wt%), quartz (<3 wt%) and vermiculite (<1 wt%) are the

most common subordinate minerals.

In FS soils, the mineralogy of the sandy fraction (that represent up to 50% of the
soil constituents) is closely related to bedrock mineralogy. Serpentines represent
about 60 wt% of the overall mineralogical composition (Table 6.1), with dominant
antigorite (>95 wt%) and subordinate chrysotile (<5 wt%). Plagioclase (9-10
wt%), clinochlore (1-4 wt%), quartz (3-8 wt%), magnetite (1-7 wt%) and tremolite
(2-3 wt%) are diffuse but always subordinate with respect to serpentines. The
authigenic minerals (20-30 wt%), correspond mostly to the low-crystalline or
amorphous Fe-oxides s.l. occurring as oxidation products of primary minerals
(mainly magnetite). Trace amount of talc, Cr-magnetite, ferrian chromite, and
enstatite also occur.

The silty fraction represents 40-45% of the soil constituents; its mineralogical
composition does not differ significantly from that of the sandy fraction. The only
clear difference is the presence of significant amount of smectite and
illite/smectite mixed-layer clay (9-10 wt%) as well as minor amounts of rutile (<1
wt%).

The clay fraction (that represent only the 5-10% of the soil constituents; Fig. 6.7C)
is mainly composed by amorphous or low-crystalline Fe-oxyhydroxides (up to 89
wt%), smectite and illite/smectite mixed-layer clay (up to 36 wt%), clinochlore (up
to 7 wt%), quartz (>5 wt%), and trace amount of antigorite (<2 wt%).

In general, in all the soils related to the three bedrock groups, the mineralogy of
the skeleton (sandy and silty fractions) is closely related to bedrock mineralogy
as expected for primitive A-C soils. A general trend observed in the three groups
is the progressive increase of the clay fractions from the subsoils toward the
topsoils. Nevertheless, two different behavior are evident for the mineralogical
constituents of this granulometric fraction (Fig. 6.8); in soils developed on PSP a
constant increase of clay minerals (smectite and illite/smectite mixed-layer clay)
is observed from the subsoil toward the topsoil, which is inversely proportional to
the gradual decrease of authigenic Fe-oxides s.I. This trend is opposite in soils
from both the serpentinitic bedrocks (MS and FS) presumably due to the lower

rate of weathering of serpentine minerals with respect to olivine and pyroxenes
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occurring in  partially  serpentinized Iherzolites  bedrocks (PSP).
Micromorphological evidences in MS and FS soils suggest that in these cases
the most significant weathering processes are those involving oxidation of spinels
group minerals, mostly magnetite. As a matter of fact, antigorite and,
subordinately, clinochlore are the only primary minerals residually present in

significant amount in the clay fraction of the topsoils (Fig. 6.8).
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Fig. 6.7 Rietveld refinement patterns of powder Synchrotron X-ray diffraction data for the
representative soil fractions and bedrocks: a) sand fraction of subsoil of MS soil; b) silt
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6.3.5. Mineral chemistry

The PTEs considered in this work are hosted both in primary and authigenic
minerals. In the primary minerals they are mainly present in serpentines (Ni, Cr,
and subordinately Co), spinel-group minerals (Cr, and subordinately Ni and Co),
pyroxenes (Cr and subordinately V and Ni), olivines (mainly Ni), chlorites (Cr and
Ni), tremolite (V, Co, and Ni), talc (Ni and Cr), ilmenite (V). Both the main
authigenic minerals (i.e. Fe-oxides s.I. and clay minerals) are able to scavenge
significant amounts of Cr, Ni, and Co (Fig. 6.9-10, Table 6.2 and Appendix B2-3).
In particular, in goethite alteromorphs after spinel-group minerals and
goethite/hematite-rich iron crusts, the average Cr-content is higher than 10000
ppm and the average Ni contents is higher than 1800 ppm. Also, the clay minerals
occurring in alteromorphs or in veins evidences very high PTEs contents ranging
from 2800 ppm of Cr, 3100 ppm for Ni and 800 ppm for Co.

Considering the high stability of goethite, hematite and clay minerals in
supergenic environment, it is evident that this mineral species are effective and
often permanent traps for the most important PTEs of ultramafic soils and
bedrocks, thus reducing its bioavailability (Francis and Dodge 1990; Quantin et
al., 2002; Hooda, 2010; Kabata-Pendias, 2011).

Among the primary minerals, Cr is mainly contained within spinel-group minerals
(ferrian chromite ~210000 ppm, Cr-magnetite ~175000 ppm, and magnetite
~35000 ppm), pyroxenes (~6600 ppm), chlorite (~3500 ppm), and serpentines
(~2300 ppm; Fig. 6.11, Table 6.2). Spinel-group minerals in FS soil contain much
Cr respect to those in the two other soil groups. Others primary minerals do not
show significant variation in Cr content depending on the type of bedrock.
Among the primary minerals, Ni is mainly contained within spinel-group minerals
(Cr-magnetite ~3800 ppm and magnetite ~1900 ppm), serpentines (~1700 ppm),
chlorite (~1400 ppm), and ilmenite (~500; Fig. 6.11). Significant Ni concentration
was also detected in authigenic minerals which thus represented effective traps
for Ni leached through mineral weathering to the soil solution. In the oxyhydroxide
matrix, Ni content reaches up to 19000 ppm (average ~1600 ppm). In the clay
matrix, nickel distribution is irregular and reaches up to 30700 ppm (average
~1700 ppm).

In the primary minerals, Co is mainly contained within spinel-group minerals (Cr-
magnetite ~800 ppm and magnetite ~720 ppm) and ilmenite (~500 ppm; Fig.

6.11). Co content does not vary sensitively according to the nature of the bedrock.
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Authigenic phases (both clay and oxyhydroxides) are can host up to 82000 ppm

and 52100 ppm respectively of Co.
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Table 6.2 Representative analysis of the main PTEs-bearing minerals (EMPA-WDS) and

calculated formulas.
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Fig. 6.9 Box plots showing statistical parameters of concentrations (in ppm) of Cr, Ni,
and Co in the different minerals (EMPA-WDS and LA-ICP-MS data). Vertical lines show
the range in concentrations, the boxes are bounded by the 1st and 3th quartile values,
and the horizontal line inside the box represents the median value.
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Fig. 6.10 Box plots showing statistical parameters of concentrations (in ppm) of V, Cu,
and Zn in the different minerals (EMPA-WDS and LA-ICP-MS data). Vertical lines show
the range in concentrations, the boxes are bounded by the 1st and 3th quartile values,
and the horizontal line inside the box represents the median value.
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V is mainly host in ilmenite (~10000 ppm), in Cr-magnetite (~1000 ppm),
magnetite (~600 ppm), and their authigenic products (Fe-oxyhydroxide ~600
ppm), clay minerals can be carrier a significant amount of V (~400 ppm; Fig. 6.10).

As discussed in Chapter IV, local high concentration of Zn and Cu can be
explained by the presence of these elements either in primary or authigenic
minerals. The main Zn-bearing minerals are represented by spinel minerals
(~2500 ppm), ilmenite (~580 ppm), as well as in goethite £ clay minerals
alteromorphs after these minerals (~720 ppm and 570 ppm, respectively; Fig.
6.10). Minor but significant concentration of Zn can also be present in serpentines
and chlorite (~200 and 340 ppm respectively). The main Cu-bearing minerals are
represented by the authigenic phases (clay minerals ~440 ppm and goethite ~400
ppm). Among the primary minerals also chlorite (~240 ppm), ilmenite (~190 ppm),
serpentines (~180 ppm), and spinel-group minerals (~149 ppm) have significant
amount in Cu (Fig. 6.10).

6.3.6. Bulk chemistry

The chemical composition of the studied soils is strongly influenced by the
bedrock chemical composition (Fig. 6.11). SiO2 (34-52 wt%) and MgO (12-23
wit%) are the major components of the studied soils. FeOtot (7-10 wt%), Al2O3 (8-
3 wt%), and subordinate CaO (1.1-1.4 wt%) and MnO (0.7-2 wt%) are the minor
components of all soils.

The three groups of ultramafic soils are characterized by significant variations of
Mg, Si, Fe, and Al (Fig. 6.11). In general, it notes a systematic decrease of MgO
and enrichment in Si, Fe, and subordinate Al from bedrock to soil. These
variations are not related to the nature of the bedrocks.

Among the minor and trace elements, Cr, Co, and Ni, and subordinately Cu, V,
and Zn are systematically present in significant concentrations (Fig. 6.12).

Cr and Ni have always the highest concentrations and widest range of variability.
Cr and Ni (Fig. 6.12A-B) decrease according to the serpentinization of the
bedrock, from PSP (Cr 2000 ppm and Ni 2200 ppm), through MS (Cr 1650 ppm
and Ni 1400 ppm), and FS (Cr 1400 ppm and Ni 900 ppm).

V increase with the serpentinization of the bedrock: in FS ranges from 170 to 14
ppm and in PSP from 75 to 25 ppm (Fig. 6.12D).
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Co, Cu, and Zn (Fig. 6.12C-E-F) not shows a clear correlation with bedrock

serpentinization.
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Fig. 6.11 A) Compositional variations of ultramafic soils on the MgO-SiO2-(Al,03+FeOxor)
diagram. B) Compositional variations of ultramafic soils on the MgO-SiO»-Al,Os diagram.
C) Compositional variations of ultramafic soils on the MgO-SiO,-FeO diagram. Gray
fields refer to the composition of ultramafic rocks under temperate climate worldwide
(Cortesogno et al., 1979; Angelone et al., 1993; Venturelli et al., 1997; Bonifacio et al.,
1997; D’Amico et al., 2008; Quantin et al., 2008; Cailaud et al., 2009; Kelepertizis et al.,
2013; Bani et al., 2014; Baumeister et al., 2015; Kierczak et al., 2016).

146



4500
4000
3500
3000
2500 T
2000
1500 , :
1000 l

500 Range of Crin bedrock J'

Cr average of ultramafic rock worldwide
o L= Cr average of ultramafic soil worldwide

PSP MS FS A

4500

Range of Ni in bedrock
4000 NI average of ultramalic rock worldwide
3500 -+ Ni average of ultramafic soil worldwide

3000
2500 s T v i i St 36 e e &
2000
1500
1000 1 T

500

PSP MS FS B

400 Range of Co in bedrock

Co average of ultramafic rock worldwide
350 | ....Co average of ultramafic soil worldwide

7 ] PRSI S PE——

250

200
150

100

50

PSP MS FS C
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The chemical variation of the major elements along soil profile (from unaltered
toward saprolite, subsoils, and topsoils; Table 6.3) do not differ significatively
depending on the nature of the bedrocks.

In general, Fe, Al, and Mn show a systematic enrichment from unaltered bedrock
toward topsoil, on the other hand Mg has the opposite behavior (Fig. 6.13).

h wibs P
a“d""kl B iad Deph "MgO | A0, CaO | TiO, MnO FeO,,| V | Cr | Co | Ni | Cu | 2zn | As | Pb
Togsol 2200m | 2264 2.00 | 1.30 | 0.15 | 0.18 1215 71 | 2183 | 146 | 1648 | 31 | 76 | 3 | 24
pgp  Subsail 2040 2113|266 | 1.06 | 012 | 020 1465| 63 |2301 | 165 |2080 | 3% | 65 | 2 | 19
Westhere: tedrock 4045 3996 188 | 210 007 009 861 | 48 [1461| &7 |3150 | 12 | 4% | 04 | 1
Urrwealhered becrock | »45cm  38.53 | 1.65 .‘,1-5?9 1007 | 009 777 | 38 |1287) 82 12550 1€ | 44 | 02 | 1
Topsol 330cm | 1494 | 814 | 152 | 080 | 0.16 ¢33 | 116 | 1374 | 125 | 743 | 22 | 78 | 17 | 43
Subscil 3060 1591|754 | 090 | 071 | 021 1174 103 |2071 | 223 | 1497 | 41 | 64 | ba | 25
Wealheres tedrock | 6065cm 2650 | 1.76 | 012 | 006 | 0.16 1173 54 |3307 | 235 (2018 | 27 | S5 | bd | 3
Urvweathered begrock | »65cm 2863 | 1.58 | 051 | 0,09 | 045 767 | 47 |2645| 198 | 1821 | 28 | 41 | & | 1
Tapsol 540cm  1108| 946 | 126 | 092 | 025 1082 | 135 | 1651 | 181 | 890 | 2% | 70 | bal | 30
Subscil ¢p100em 1212|882 | 116 | 106 | 032 1405 | 140 2167 | 788 | %2 | 47 | 80 | ba | 38
Wealheres tedrock  |100-105¢m 28.40 | 1.30 | 0.38 | 0.05 | 0.07 553 | 361 1305 | 57 | 1083 | 11.3 | 35 | 266 | 048
Urrweatheres begrock | »10bcm 2093 | 127 | 064 | 005 | 010 646 | 34 | 1856 | 121 | 13a4 | 32 | 38 | 2 | 1

Table 6.3 Chemical bulk composition of the soil profiles (XRF and ICP-AES data).

Although in the complex, the soils are generally depleted in Cr, Ni, and Co and
enriched in Cu, Zn, and V with respect to the bedrocks, locally some profiles show
enrichment only in subsoil in contact with the bedrock, with a progressive
impoverishment towards the surface.

Cr shows a systematic depletion on the topsoil in serpentine soil s.s. (MS and
FS), whereas on PSP solil there is a significant increase in Cr content (Fig. 6.14).
Ni shows, with some minor exceptions, a systematic decrease in concentration
from bedrock to the topsoil (Fig. 6.14). Co does not follow a systematic trend of
distribution correlate to the nature of the bedrock; however, most profiles show
slight subsoil enrichment (Fig. 6.14). Cu shows the tendency to concentrate in
the subsoil, whereas Zn and V tend to accumulate in the topsoil.

From an environmental point of view, the general picture of PTEs distribution
evidence that only Cr, Ni, and, partially, Co systematically exceed (up to one
order of magnitude) the residential and industrial threshold values (CSC)
according to Italian law (Fig. 6.15; D.M. 471/1999; D.Lgs 152/2006). Among the
other elements, only V evidence concentration of environmental concern, since

they are above the residential CSC in MS and FS soils.
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Fig. 6.13 Distribution of major and minor elements (MgO, FeO, Al2O3, and MnO) along
the soil profile (XRF and ICP-AES data). Values are in wt%.
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Fig. 6.14 Distribution of PTEs (Cr, Ni, Co, V, Zn, and Cu) along the soil profile (XRF and
ICP-AES data). Values are in ppm.
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Fig. 6.15 PTEs concentration normalized to Italian threshold values for residential (A)
and industrial (B) sites according to Italian law (D.M. 471/1999; D.Lgs 152/2006).

6.4. DISCUSSION

6.4.1. Major element variation and authigenic phases formation

Based on the combined chemical, mineralogical, crystallochemical, and
granulometric data, all the investigated soils are very primitive soils characterized

by weakly developed A and C horizons.
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As expected in poor developed soils on ultramafic rocks (e.g., Alexander, 2007;
Bonifacio et al., 2010; Kierczak et al., 2016), they preserve a clear mineralogical
and chemical fingerprint of the original bedrocks.

The chemistry of the major elements shows a similar evolution for the three
groups of investigated ultramafic soils.

Comparing to the bedrock chemistry, all the soils have a progressive and
systematic decrease in Mg content and a progressive and systematic enrichment
in Fe, and, subordinately in Si and Al (Fig. 6.11), in good agreement with the
literature about the ultramafic soils in similar climatic condition (e.g., Cortesogno
et al., 1979; Angelone et al., 1993; Venturelli et al., 1997; Bonifacio et al., 1997;
D’Amico et al., 2008; Quantin et al., 2008; Caillaud et al., 2009; Kelepertizis et
al., 2013; Bani et al., 2014; Baumeister et al., 2015; Kierczak et al., 2016).These
variations are due to the low mobility of iron in contrast to the high mobility of Mg
(Golightly, 2010) and in particular to the in situ reprecipitation of Fe-bearing
authigenic minerals (mainly goethite). The relative enrichment of Al might be due
either to the crystallization of Al-bearing clay minerals (i.e., illite and illite/smectite
mixed layer clay) or to the enrichment in residual chlorite.

These general variations can be better explained considering the chemical and
mineralogical variations observed along the soil profiles, from the bedrock toward
topsoil.

In all the bedrock type Fe significantly increase toward the topsoil. This behavior
is consistent with both the high weathering resistance of the spinel-group
minerals (that tend to remain as residual minerals in the profile; Fig. 6.8 and Table
6.1) and the progressive precipitation of authigenic Fe-oxides, Fe-oxyhydroxides,
Fe-rich amorphous phases and Fe-rich clay-oxide mixtures (i.e. iddingsitic
mixtures), particularly in the subsoil and topsoil horizons (Hseu, 2006; Chardot et
al., 2007; Hseu et al., 2007; Chon et al., 2008; Ho et al., 2013).

The most important Mg-bearing minerals in the bedrocks are olivine (PSP),
pyroxenes (PSP and MS) and serpentine (PSP, MS, and FS). Olivine and
pyroxenes have a much lower weathering resistance with respect to serpentines
(Quantin et al., 2008; Kelepertizis et al., 2013; Bucher and Grapes, 2011; Bucher
et al., 2015), the last representing the most common Mg-bearing residual phases
in the soil skeleton clasts (Table 6.1). Nevertheless, also serpentine minerals

evidence a progressive decrease from the saprolitic zone toward the topsoil (Fig.
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6.8). The presence of serpentine minerals in the clay fraction (in particular in PSP
soils; Fig 6.8) is mainly due to residual chrysaotile fibers.

The significant enrichment of Al toward the topsoil is mainly due to the formation
of the authigenic clay minerals (Angelone et al., 1993; Lee et al., 2003; Caillaud
et al., 2004, 2009; Kierczak et al., 2007; Nguyen-Thanh et al., 2017) which are
mainly represented by smectite, illite, illite/smectite mixed-layer clay, and,
subordinately, vermiculite. Part of Al in MS and FS can be also present either in
residual or new formed chlorites.

Moreover, the possibility of a minor presence of allochthonous materials in the
superficial horizons cannot be excluded even though it was supposed that

samples in the profile are not disturbed by external activities.

6.4.2. PTEs behavior along soil profiles

The presence and distribution of PTEs within the studied soils are typical of the
ultramafic soils, which are commonly characterized by high concentrations of Cr,
Ni, and Co, and subordinate but environmentally significant concentration of V,
Cu, and Zn (e.g., Wells, 1960; Cortesogno et al., 1979; Bonifacio et al.,1997;
Venturelli et al., 1997; Shallari et al., 1998; Burt et al., 2001; Oze et al., 2004a,b;
Alexander et al., 2007; D’Amico et al., 2008; Caillaud et al., 2009; Cheng et al.,
2009; Alloway, 2010; Marescotti et al., 2014; Tashakor et al., 2014).

The different behavior of PTEs along the studied soil profiles (see 6.3.6 and Fig.
6.14), is due both to the different weatherability of the primary minerals and to the
relative mobility of the different metals involved in the pedogenetic processes.
Moreover, the new forming authigenic phases can represent a permanent or
transient trap for PTEs thus playing an important role in controlling their mobility
(Sidhu et al., 1978, 1980; Chittleborough et al., 1984; Quantin et al., 2002).

Along the soil profile Ni concentrations significantly increase from the bedrock to
the saprolitic horizons and then slightly decrease toward the surface. This trend
is in agreement to what highlighted by Bonifacio et al. (2010) in a study on profiles
of ultramafic soils of the lower Susa Valley (NW ltaly).

This behavior is commonly observed in soil formed in similar pedological
environments (Caillaud et al.,, 2009; Kelepertizis et al., 2013) but is also

consistent with the tropical and subtropical environments where saprolitic "Ni-
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deposits dominated by Ni-rich clay minerals” (e.g., Villanova-de-Benavent et al.,
2013) forms in the lower part of the soil profile.

In the clay minerals (mainly smectites), Ni (up to 4 wt%) can be present both as
an element absorbed in the interlayer and as a substitute for Fe?* in octahedral
sites (Villanova-de-Benavent et al., 2013). The Fe-oxide s.s. (and subordinate the
Mn- and Al-oxides) tend to incorporate and/or adsorb non-negligible
concentration of Ni (up to 12wt%) and subordinate Co (Gerth, 2005). In general,
Goethite can incorporate much higher concentrations (up to 5 wt%) than hematite
(Beukes et al., 2000; Elias, 2002).

Although the Co is present lower concentrations than Ni, it shows a similar
behavior, being contained in the same mineralogical phases (as also highlighted
by other authors Amir and Pineau, 2000; Cailloud et al., 2009; Tashakor et al.
2014).

Cr behavior along the soil profile is mostly correlated to the nature of the
bedrocks. In PSP soil, Cr has a progressive enrichment from the bedrock to the
topsoil because the most important Cr-bearing minerals are represented by
spinel-group minerals (mainly magnetite and Cr-magnetite) and chlorite that are
unaltered or slightly altered along the soil profile, even in the most superficial
layers (Fig. 6.14).

In MS and FS soils Cr progressively decrease from the saprolite toward the
topsoil. The most abundant Cr-rich mineral is magnetite (up to 35000 ppm ppm).
In these soils. On the basis of the mineralogical results, this progressive depletion
is mostly due to the significant alteration of magnetite in the lower part of the soll
profile (saprolite and subsoils). Due to the low mobility of Cr in these conditions
(Cheng et al., 2011; Kelepertizis et al., 2013) most of the new forming Cr-bearing
minerals (goethite, hematite and clay minerals) appear to be concentrated in the
saprolitic horizons and subordinately in the subsoils.

In summary, the critical PTEs concentrations and variation in the studied
ultramafic soil profiles are linked both to the primary minerals, inherited by
bedrocks, and to the stable authigenic products (Fe-oxides and oxyhydroxides
and clay minerals). Considering the high stability of goethite, hematite and clay
minerals in supergenic environment, it is evident that this mineral species are
effective and often permanent traps for the most important PTEs of ultramafic

soils and bedrocks, thus reducing its bioavailability.
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6.4.3. Environmental concerns

The chemical dataset highlight that the concentration of Cr, Ni, and subordinately
Co always exceed (up to one order of magnitude) the residential and industrial
threshold values (CSC) according to Italian law (Fig. 6.15; D.M. 471/1999; D.Lgs
152/2006). Other detected elements of environmental concern (V, Cu, Zn, As,
and Pb) even if present are generally below these limits.

In the ultramafic soils characterized by high concentrations in PTEs, it is not easy
to discern whether these PTEs are completely related to geogenic sources or if
they can be related to anthropogenic contamination.

In order to verify the potential contamination from anthropic sources, different
environmental indexes have been proposed in literature (Kierczak et al., 2007;
Lorito, 2010; Galan et al., 2014 and reference therein). In general, these indexes
are based on a comparison between the element concentrations in the topsoil
and in the subsoil. The PTEs concentrations determined in subsoil at about 50
cm of depth can considered as a “geochemical background value" since it has
been demonstrated that may be considered unpolluted by supergenic
anthropogenic sources (Huisman et al., 1997; Galan et al., 2014).

In this thesis, the Geoaccumulation Index (lgeo), TOp Enrichment Factor (TEF),

and the Geochemical Change (GC) have been used.

Geoaccumulation Index (lgeo)

The Geoaccumulation index (Igeo) is obtained from the following formula (Muller,
1969; Forstner & Muller, 1981; Keshav Krishna et al., 2012; Galan et al., 2014):

lgeo =1092Cn/(1.5*Bn)
where:
Cn = element concentration in the topsoil
Bn = element concentration in the subsoil
1.5 = correction factor
Seven classes of contamination are distinguished on the basis of the different

values assumed by the Igeo (Table 6.4).
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lgeo Soil Quality

<0 not contaminated

0-1 from not to moderate contaminated
1-2 moderate contaminated

2-3 from moderate to high contaminated
3-4 high contaminated

4-5 from high to extreme contaminated
>5 extreme contaminated

Table 6.4 Geoaccumulation Index (lgeo) classification.

All the investigated soils show Igeo close to O (Table 6.5), with the exception of As
in MS soil (1.3) and PSP (0.6) and subordinately Pb. Considering that these
elements are present in very low amounts in the studied bedrocks and subsoils,
their superficial enrichment is presumably related to anthropic inputs.

lgeo \% Cr Co Ni Cu Zn As Pb
FS 0.034 0.003 0.018 0.007 0.069 0.051 0.000 0.087
MS 0.041 0.003 0.021 0.004 0.072 0.066 1.333 0.145
PSP 0.065 0.003 0.029 0.003 0.111 0.064 0.600 0.292

Table 6.5 Geoaccumulation Index (lgeo) classification of the investigated soils

Top Enrichment Factor (TEF)
The Top Enrichment Factor (TEF) is defined by Colbourn and Thorton (1978) as:

TEF=Ct/Cs
where:
Ct = element concentration in the topsoil
Cs = element concentration in the subsoll
Three classes of contamination are distinguished on the basis of the different

values assumed by the TEF (Table 6.6).

TEF Soil Quality

<1 subsail enrichment (lithogenic element origin)
1-3 topsoil enrichment with possible anthropic contribution
>3 anthropogenic contamination

Table 6.6 Geoaccumulation Index (lgeo) classification.

All the investigated soils show the TEF minor or close to 1 for the majority of the
PTEs (Fig. 6.16), with general higher value in PSP soils respect to serpentine soil
s.s. (MS and FS). Also considering TEF the As and Pb possible anthropogenic

contamination is confirmed.
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Fig. 6.16 Top enrichment factor (TEF) values of PTEs in the three ultramafic soil
groups

Geochemical changes (GC)

Unlike the other two indices, the geochemical changes (GC) consider the
variations of elements between the bedrock and the soil horizon. The GC of bulk
soil and for each soil horizon relative to the rock was determinate as follows
(Kierczak et al., 2007; Horen et al., 2014):

GC =[(S-R)*100]/R
where:
S = element concentration in the soil

R = element concentration in the rock

GC values higher than 0 indicate an enrichment of selected element in soil with
respect to the bedrock, while GC values lower than 0 indicate its impoverishment.
Also, in this case only Pb and As show GC value up to 1000 (Table 6.7 and Fig.
6.17)
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Bedrock GC \Y Cr Co Ni Cu Zn As Pb
Topsoil/Bedrock 86 70 76 -35 97 73 1515 2266
PSP  [Subsoil/Bedrock 66 79 101 -18 88 49 852 924
Soil/Bedrock 76 74 88 -27 92 61 1184 1595
Topsoil/Bedrock 148 -48 -37 -59 -23 93 307 2995
MS Subsoil/Bedrock 117 -22 12 -18 44 57 -76 1686
Soil/Bedrock 133 -35 -12 -38 10 75 115 2340
Topsoil/Bedrock 302 -11 50 -34 -10 85 -58 4336
FS Subsoil/Bedrock 317 17 137 -27 46 113 -58 5539
Soil/Bedrock 310 3 93 -30 18 99 -58 4938
Table 6.7 Geochemical change value of the investigated soil.
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Fig. 6.17 GC value along the soil profile
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In conclusion, even if most of the PTEs concentrations are higher than the law
limits, the mineralogical, chemical, crystal-chemical framework, combined with
the calculated environmental indices, shows that PTEs, with the exception of As

and Pb, are related to geogenic inputs.

6.5. CONCLUSION

In this study, we have analyzed the behavior of Ni, Cr, Co, and other PTEs in
ultramafic soil profiles deriving from a variety of bedrocks, from partially
serpentinized lherzolites (PSP) through massive serpentinites (MS) to foliated
serpentinites (FS).

All the investigated ultramafic soils soil profiles a weakly developed and vary in
thickness from 35 to 80 cm. In particular all the soil profile is characterized, from
the bedrock toward the topsoil, by a thick saprolitic zone (up to 50 cm) with a
gradual transition to the C horizon. The C horizon grade progressively to the A
horizon that is generally less developed. The O horizon, when present, is very
thin (up to 5-10 cm; Fig. 6.3).

In general, in all the soils related to the three bedrock groups, the mineralogy of
the skeleton (sandy and silty fractions) is closely related to bedrock mineralogy
as expected for primitive A-C soils (in order of abundance: antigorite, chlorite,
spinel-group minerals, pyroxenes, authigenic phases, quartz, olivine, and
tremolite). A general trend observed in the three groups is the progressive
increase of the clay fractions from the subsoils toward the topsoils. The clay
fraction (that represents only the 5-10 % of the soil constituents) is mainly
composed by amorphous or low-crystalline Fe-oxyhydroxides, serpentines,
smectite and illite/smectite mixed-layer clay, and clinochlore.

The presence and distribution of PTEs within the studied soils are typical of the
ultramafic soils with very high concentrations of Cr, Ni, and Co, and subordinate
but environmentally significant concentration of V, Cu, and Zn.

The PTEs considered in this work are linked both to primary and authigenic
minerals. In the primary minerals they are mainly present in serpentines, spinel-
group minerals, pyroxenes, olivines, chlorites, tremolite, talc, ilmenite. Both the
main authigenic minerals are able to scavenge significant amounts of Cr, Ni, and
Co.
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GENERAL REMARKS

Conclusions

The main objective of this PhD thesis was to determinate the mineralogy and the

chemistry of PTEs of ultramafic soil profiles from the Voltri Massif and to evaluate

how lithological, textural, and structural properties of the ultramafic bedrock with

various degree of serpentinization and deformation may affect the re-distribution

and the fate of PTEs in the soils during pedogenesis, as well as to assess their

environmental implications in the ecosystem.

The multidisciplinary and multiscale approach, used in this PhD thesis, has

allowed to highlight a series of considerations that led to the following

conclusions:

Rock

1)

2)

3)

4)

The studied rocks, that represent the bedrocks of the investigated soil
profiles, were divided in three groups according to the degree of
serpentinization and the style of deformation (partially serpentinized

Iherzolites, massive serpentinites, and foliated serpentinites).

In the studied rocks, Cr, Ni, and, subordinately, Co are invariably the PTEs
with the highest concentrations; in addition, V, Cu, and Zn are generally
found in high concentrations. The main factors controlling the PTEs
distribution within the studied ultramafic rocks appeared to be the
serpentinization degree and the deformation style and intensity which, in

turn, strictly control the mineral assemblages and the mineral chemistry.

In the studied rocks, spinel-group minerals are the main source of the
PTEs. Moreover, PTEs-bearing phases are also represented by the other
rock-forming minerals (such as serpentines, olivines, pyroxenes, and
chlorites) and some accessory phases (e.g., ilmenite and other oxides,

sulfides).

The chemical composition of the spinel-group minerals in the studied rocks
was investigated in relation to different textures, microstructures and

various degree of serpentinization and deformation. At a general scale,
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5)

the PTEs variability is primarily related to the petrologic and tectonic
evolution but, at a local scale, also the mineralogical, lithological,
structural, and textural features correlated to the degree of
serpentinization and/or deformation significantly influence PTEs

distribution and concentration.

In the rocks, the spinel-group minerals occur with particular textural and
microstructural features that can be grouped into three classes: i) spinel-
group mineral porphyroclasts with various degree of recrystallization,
scattered within partially serpentinized Iherzolites and massive
serpentinite; ii) spinel-group minerals within pseudomorphic and non-
pseudomorphic textures; iii) spinel-group minerals re-oriented along the

foliation.

Soil profiles

1)

2)

3)

4)

The studied ultramafic soil profiles vary in thickness from 35 to 80 cm and
are characterized by weakly developed A and C horizons and a very thin
O horizon (up to 5-10 cm).

In general, in all the soils related to the three bedrock groups, the
mineralogy of the skeleton (sandy and silty fractions) is closely related to
bedrock mineralogy as expected for primitive A-C soils (in order of
abundance: antigorite, chlorite, spinel-group minerals, pyroxenes,
authigenic phases, quartz, olivine, and tremolite). A general trend
observed in the three groups is the progressive increase of the clay
fractions from the subsoils toward the topsoils. The clay fraction is mainly
composed by amorphous or low-crystalline Fe-oxyhydroxides,

serpentines, smectite and illite/smectite mixed-layer clay, and clinochlore.

In the soils, more than 90% of the PTEs is represented by: Cr, Ni, Co, Cu,
Zn, and V. Cr and Ni values have very variable concentrations over a wide
range. Cr and Ni decrease according to serpentinization degree of
bedrock. Co, Zn, and Cu do not show a clear correlation with bedrock

serpentinization. V increase with the serpentinization of the bedrock.

The PTEs concentrations in the studied ultramafic soil profiles are linked

both to the primary minerals, inherited by bedrocks (e.g., serpentines,
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spinel-group minerals, pyroxenes, chlorites), and to their stable authigenic
products (Fe-oxyhydroxides and clay minerals). The PTEs leached from
the primary minerals is mainly scavenge by goethite, and subordinate by

clay.

Environmental concerns

The results evidence that Cr, Ni, and, Co systematically exceed (up to one order
of magnitude) the residential and industrial threshold values (CSC) according to
Italian law (D.M. 471/1999; D.Lgs 152/2006) both in rocks and soils. Among the
other elements, only V evidence concentration of environmental concern, since

they are above the residential CSC in soils.

However, combining the mineralogical, chemical, crystal-chemical framework,
combined with the calculated environmental indices, | have demonstrated that
the critical PTEs concentrations in the studied ultramafic soil profiles have a
geogenic origin and are linked both to the primary minerals, inherited by
bedrocks, and to their stable authigenic products (Fe-oxyhydroxides and clay
minerals). Considering the high stability of goethite, hematite and clay minerals
in supergenic environment, it is evident that this mineral species are effective and
often permanent traps for the most important PTEs of ultramafic soils and

bedrocks, thus reducing its bioavailability.

The results of this study cast doubt on the only use of threshold limits for the
environmental management and land use planning if not coupled with site-
specific mineralogical and geological investigations in areas with a high natural

geochemical background variation.

A study of this kind that combine the bulk chemistry of outcropping rocks and the
relative soil profiles with their geological, structural, mineralogical, and
crystallochemical data, can be also a useful tool in environmental concerns to
determine the PTEs distribution, to evaluate their potential mobility and
bioavailability as well as to discriminate the natural geochemical background from

possible source of contamination.

This approach could be possibly extended to other soil types characterized by
high metal loads as well as to anthropogenic contaminated soils.
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Possible future developments

The research that has been undertaken for this thesis has highlighted a number

of topics on which further research would be beneficial:

1)

2)

3)

4)

5)

Synchrotron XRF microanalysis or TEM-EDS analysis of the authigenic
minerals. This analysis can give a substantial contribution for a better
identification and characterization of clay minerals and oxyhydroxides of
environmental concern, because it is possible to obtain the mineral
identification and perform accurate structural and -crystallochemical
characterization of submicron-sized minerals, even when they occur in

complex assemblages.

Physico-chemical soil parameters (pH, Eh, CEC, Organic content,
electrical conductivity, color with spectrophotometer). The fate of PTEs
can be also controlled by some other physicochemical and chemical soil

properties such as pH, Eh, and organic matter content.

Geostatistical analysis can be a useful tool for the identification of the main
factors controlling PTEs variability in the soils. Moreover, geostatistics
(e.g., Principal Component Analysis, Cluster Analysis) will be used to
construct regional distribution maps, which will be compared to the
geographical, geological, and land use regional database using

Geographical Information System (GIS) software.

Quantitative mineralogical data will be further used to perform mass
balance calculations as well as to interpret and model the results of batch

leaching experiments that will be conducted on the different soil fractions.

Chemical analysis on the three different granulometric fraction can better
determine the control of particle size (that influenced the drainage

condition) on concentration of PTEs in the soils.
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APPENDIX A
Site Description
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Al. BRIC GIPPONE (BG)
SITE DESCRIPTION

Coordinate: 44°29.201N; 8°30.814E
Province: Savona

Town: Sassello

Altitude: 575 m.a.s.l.

Slope: 25°

Slope orientation: S

Land use: Road cut (SP 49)

Extension: 600 m?

F' .teII'te 'mae of stud are inred . .
9 ' tI)oxgllBG SiteL)J y ( Vegetation: chestnut, oak coppice wood

Fig. 2 Location of sampled profiles (orange), rocks (blue), and soils (red) in BG site (Google
Earth ®)

Location
BG site is located in Bric Gippone locality, near Sassello village (SV — Italy), along the
route SP 49, at 2.7 km from the towncentre. The outcrop covers a total area of about

600 m?, extends in length, parallel to the road. The site is located near a landslide,
recognizable for a trench under the road.

[T Cak schusts of *Passo del Turchino” @ Erx Gippone (BRG]

Pt o S8 8

Fig. 3 Overview of Bric Gipoe site Fig. 4 Geological map of BG
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Field evidences

Bric Gippone site is formed by serpentinites, which different degree of deformation
(from massive to foliated, to serpentine schists). Massive serpentines are from
centimetric to decametric fractured bodies with amygdale shape, surrounded by
cataclastic to mylonitic serpentinites.

The rock, to outcrop scale, has no relevant physical or chemical alteration evidence,
there is only not uniform yellow-reddish surface on massive serpentinites, due to
oxidation of iron oxides. The soil deposit is planar shape; the front inclination is from
sub-vertical to slightly tilted. Soil has a homogeneous structure and are not visible
erosion evidence; in the detection period the soil it appeared moist.

B tassiee Serpentinites

[] roliated Serpertintes

:] Serpertine schists
Fault Zone

® Sampled rock
@ Sampled sl
Samgled profie

Fig. 5 Geological sketch of BG site with sample location.

>

it AN

Fig. 6 Outcrop of méssve serpentinites Fig. 7 Outcrop of foiated serpentinites
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PROFILE & SAMPLING OF BRIC GIPPONE

PROFILE BG_P1

BG_P1 (0-100 cm) poorly developed
profile with a reduced thickness of about
100 cm, homogeneous soil structure,
grey-brown color with reddish oxidation
patina.

BG_S1A (5-40 cm): topsoil, dark
yellowish brown (10YR 4/6), gravelly
mud, damp, high organic fraction, with
fine to medium roots and leaves. Granular
soil structure, with rounded aggregates.

-’

Fig. 10 Topsaoll samplé BG_élA

Fig. 9 BG_P1 soil profile and relative sketch

5cm

-.:—40 cm

100 cm

Depth: 5-40 cm

Thickness: 35 cm

Grain-shape: angular to rounded
Color: 10YR 4/6

Water: damp

Granulometry: gravelly mud

Fig. 10a Thin section of soil skeleton
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BG_S1B (40-100 cm): subsoil, strong
brown, gravelly mud, damp, minor organic
fraction (millimetric roots). Abundant
angular medium and coarse gravel
(strongly weathered serpentinites, directly
originated from the bedrock weathering).
Clear smooth boundary with bedrock.

Fig. 11 Subsoil BG_S1B

Depth: 40-100 cm

Thickness: 60 cm

Grain-shape: angular to rounded
Color: 7.5YR 4/6

Water: damp

Granulometry: gravelly mud

Fig. 11a Thin section of soil skeleton

BG_R1 (>100cm): foliated serpentinite, fine grained, dark green to brownish green.
The main foliation is marked by from elongated to pseudo-fiber serpentine minerals,
chlorites and micrograined magnetite. Sample surface is covered by reddish brown

oxidation patina.

Fig. 12 Rock sample BG_R1

PROFILE BG_P4

BG_P4 (0-60 cm): profile is poorly
developed with a reduced thickness about
60 cm, homogeneous soil structure, gray-
brown color with reddish oxidation patina.
The topsoil is darker and reddish (10YR
4/3) than the subsoil (7.5YR 5/4). The
BG_P4 soil has a greater gravel fraction
than BG_P1. The trend in the increase of
redness moving from the bottom to the top
of the profile.

Rock: foliated serpentinite

Texture: foliated

Grain size: fine

Minerals: serpentine, magnetite, chlorite

Color: dark green

Weathering: superficial oxidation patina

A Fig. 13 Overview of B_P4 soil rofile

176



Fig. 14 BG_P4 soil profile and relative sketch

BG_S4A (3-30 cm): topsoil, brown (10YR
4/3), muddy gravel, wet, high organic
fraction, with fine roots and leaves.
Granular soil structure, with rounded
aggregates.

y

Fig. 15 Topsoil sample BG_S4A‘

BG_S4B (30-60 cm): subsoil, brown,
muddy gravel, wet, minor organic fraction
(mm roots). Abundant angular medium
and coarse gravel (strongly weathered
serpentinites, originated from the bedrock
weathering). Clear smooth boundary with
bedrock.

3cm

60 cm

Depth: 3-30 cm

Thickness: 27 cm
Grain-shape: angular

Color: 10YR 4/3

Water: wet

Granulometry: muddy gravel

Fig. 15a Thin section of soil skeleton
Depth: 30-60 cm
Thickness: 30 cm
Grain-shape: rounded
Color: 7.5YR 5/4
Water: wet
Granulometry: muddy gravel
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Fig. 16 Subsoil sample BG_S4E; Fig. 16a Thin section of soil skeleton

BG_R4 (>60 cm): massive antigorite-serpentinite with weak foliation. Light greenish-
gray, with reddish-brow oxidation patina.

Rock: massive serpentinites

Texture: weak foliation

Grain size: fine

Minerals: serpentine minerals, chlorite

Color: greenish-gray

Fig. 17 Rock sample BG_R4 Weathering: reddish-brown patina

PROFILE BG_P2

BG P2 (0-70 cm) poorly developed
profile with a reduced thickness of about
70 cm, homogeneous soil structure,
orange-brown color with reddish oxidation
patina.

Fig. 18 Overview of BG_P2 soil profile
BG_SS3 (10-70 cm): composite sample, light gray to dark brown, gravelly mud, damp,
organic fraction is 30 wt% (roots and leaves). Abundant angular to rounded medium
and coarse gravel (strongly weathered serpentinites, directly originated from the
weathering of bedrock). Bedrock contact is not visible.

Depth: 10-70 cm

Thickness: 60 cm
Grain-shape: rounded to elonged
Color: 2.5YR5/2 moist, 5YR7/2 dry

Water: damp

Fig. 19 Soil sample BG_SS3 Granulometry: gravelly mud

BG_R2 (>10 cm): high foliated serpentinite (pencil cleavage), fine grained, with
millimetric sub-rounded dark-brown oxide (presumably magnetite). No superficial
alteration evidences. Green-gray to gray-blue. Fracturing subparallel to foliation, with
millimetric opening and filled by whitish “soft” mineral (presumably talc).
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Rock: foliated serpentinite

Texture: high foliated

Grain size: fine

Minerals: serpentine, magnetite, talc (?)

Color: green-gray to gray-blue

Fig. 20 Rock sample BG_R2 Weathering: absent

PROFILE BG_P5

BG_P5 (0-20 cm) poorly developed
profile with a reduced thickness of about
20 cm, homogeneous soil structure,
brown color with reddish oxidation patina.

Fig. 210vr\}iV\7of BGP
BG_S5 (10-20 cm): composite sample, light yellowish brown to strong brown, muddy
gravel, damp, organic fraction 28 wt% (roots and leaves). Subrounded and elonged
coarse gravel (strongly weathered serpentinites, directly originated from the weathed
bedrock). Clear smooth boundary with bedrock.

Depth: 10-20 cm

Thickness: 10 cm

:‘4 Grain-shape: subraounded to elonged
% Color: 7.5YR 4/4 (moist), 10YR 6/4 (dry)
Water: moist
: ig. 22 Soil sample BG_S5 Granulometry: muddy gravel

BG_R5 (>20 cm): foliated serpentinite, fine grained, foliation is marked by elonged
and prismatic antigorite grain. Gray-brown to gray-green, with rare brown oxidation
patina on surface. Not frequent fractures with soft white mineral (talc?).

Rock: foliated serpentinite
Texture: foliated

Grain size: fine to medium
Minerals: serpentine minerals

Color: gray-green to brown

L

Fig. 23 Rock sample ‘RG_RS Weathering: moderate
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Fig. 24 Location of sapling point of siI
sample BG_S2

Fig. 25 Soil sample BG_S2

PROFILE BG_P6

BG_P2 (0-70 cm) poorly developed
profile with a reduced thickness of about
70 cm, homogeneous soil structure,
orange-brown color with reddish oxidation
patina. Bedrock contact is not visible
(sampling by hand auger).

BG_S2 (10-50 cm): composite sample,
yellowish brown (10YR 5/4, dry color) to
strong brown (10YR 5/6, moist color),
gravelly mud, damp, organic fraction 38
wt% (roots and leaves). Subrounded and
elonged coarse gravel (strongly
weathered serpentinites, directly
originated from the bedrock weathering).

Depth: 10-50 cm

Thickness: 40 cm

Grain-shape: subrounded

Color: 10YR5/4 dry, 10YR5/6 moist
Water: damp

Granulometry: gravelly mud

BG_R3 (>50 cm): massive serpentinite, medium-size grained. Gray-green to gray-
white, with millimetric yellowish gray altered edge. Alteration is also along fractures.
Millimetric light green rounded aggregates are visible.

Fig. 26 Rock sample BG_R3

Rock: massive serpentinites
Texture: massive

Grain size: medium

Minerals: magnetite, serpentine
Color: gray-green to gray-white

Weathering: millimetric yellowish edge
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SOIL CLASSIFICATION

1A

_r==H s16
e 52
" San

L4
355

Fig. 28 Color CIE-L*a*b* classification

Fig. 27 Folk classification
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A2. BADIA TIGLIETO (BT)
SITE DESCRIPTION

Coordinate: 44°31'30”N; 8°36’07"E
Province: Genova

Town: Tiglieto

Altitude: 380 m a.s.l.

Slope: subvertical

Slope orientation: SW-NE

Land use: Abandoned quarry

Extension: 400 m?2

Fig. 1 Satellite image of study area (in red ) )
9 atetite ggig;-rositse;j y area (inre Vegetation: chestnut, oak coppice wood

Fg. 2 Location of sampled profiles (orange), rocks (blue) in Badia Tigliéto site (ogle Earth)
Location

BT site is located near Abbazia di Santa Maria della Croce, along the route SP 76, at
2 km from Tiglieto town-center. The site is an abandoned quarry of railway ballast.
Unique quarry face (oriented SW-NE), without benching evidence.

Field evidences

There are many shear zone (fracture system) with associated cataclastic zone, that
divided the rock mass in metric and decametric blocks. On fracture surface there is a
white patina, with slip fiber. Presence of TC lens.
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¢ WL . :‘ X
o . o B,
‘ . A“\"‘ri‘.&‘n e, T4
[ Partially serpentirized peridatites of "Morte Tobbio®
[ Artigeetic serpentne schint of “inc del Derte” @tadad Ngiete (57)

Fig. 4 Geological map of BT

_Aoad.
Fig. 5 Geological sketch of BT site with sample location

Fig. 6 Outcrop of foliated serpentinites Fig. 7 Outcrop of TC
PROFILE & SAMPLING OF BADIA TIGLIETO
PROFILE BT_P1

(5-50 cm) poorly developed profile with a reduced thickness of about 100 cm,
homogeneous soil structure, grey-brown color with reddish oxidation patina.
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BT _S1A (10-25 cm): topsoil, light
yellowish brown, muddy sandy gravel,
very wet, high organic fraction, with
bioturbation and medium roots. Coarse
fraction represents ~50 wt.%. Soll
structure is poliedric with low developed
aggregates.

Fig. 9 Soil sample BT_S1A
BT_S1B (25-50 cm): subsaoil, light yellowish brown, muddy sandy gravel, very wet.

Low organic matter content. High coarse fraction directly originated from the
weathering of bedrock). Clear smooth boundary with bedrock.

Fig. 10 Soil sample BT_S1B

Depth: 10-25 cm

Thickness: 15 cm

Grain-shape: angular and elongated
Color: 2.5Y 6/3 (dry)

Water: very wet

Granulometry: muddy sandy gravel

Fig. 9a Thin section of soil skeleton

Depth: 25-50 cm

Thickness: 25 cm

Grain-shape: angular and elongated
Color: 2.5Y 6/4 (dry)

Water: very wet

Granulometry: muddy sandy gravel
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BT_R1 (>50 cm): foliated antigorite-serpentinite, fine grained, dark green. The main
foliation is marked by from elongated to pseudo-fiber serpentine minerals, chlorites
and micrograined magnetite. Low weathering evidence on sample surface.

Rock: Foliated serpentinites

Texture: foliated

Grain size: fine

Minerals: magnetite, serpentine minerals

Color: dark green

Fig. 11 Rock sample BT_Rl Weathering: very low
BT_R2 (from 20m to soil profile): foliated serpentinite, fine grained, dark green. The
main foliation is marked by from elongated to pseudo-fiber serpentines, chl and
micrograined magnetite, with little white interlayers. Low weathering evidence on
sample surface, white patina with slip fiber.

Rock: Foliated serpentinite + TC

| Texture: foliated

Grain size: fine

Minerals: serpentine minerals, talc (?)

Color: dark green, lighter layer

Fig. 12 Rock sample BT_Ré 7 Weathering: very low, slip fibers

SOIL CLASSIFICATION

GRAVEL

@ET_S1A
@FET 518 | T
SIS — @FT S1A
TTTT @61_518
11 :
(e
I
Lt
oS
: ik Qims NG - p—
MUD W o mE B SAND Fig. 14 Color CIE-L*a*b* classification

Fig. 13 Folk classification
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A3. CASE LAVRIN (CL)
SITE DESCRIPTION

Coordinate: 44°29.741 N, 8°35.155 E
Province: Savona

Town: Urbe

Altitude: 650 m.a.s.l.

Slope: 30°

Slope orientation: SE

Land use: stone dump (quarry tailings)

Extension: 500 m?2

Fig. Satellite image of study are (in red .
box CL site) Vegetation: grass

Google Earth N

Fig. 2 Location of sampled rocks (blue), and soils (red) in Case Lavrin site (Google Earth ®)

Location

This site is “homemade” former quarry from which materials for rural building were
extracted. It left behind a large amount of waste material scattered over the studied
site, as well as tailing areas. The outcrop is located on a rocky spur, with a slope up
to 30°.

Field evidences

Rocks outcrop with discontinuity in vertical body with height from 1 to 2.5 m, and a
width from 4 to 10 m. There are decametric to centimetric chevron fold. The main
structure is represented by different set veins. Set veins with fibrous filling are: i)
syntectonic fibers vein; ii) cross fibers vein; iii) slip fibers vein.
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| ! At oo the serportine &

[ Ecloatx metagablbe of ‘Fasso del Faallo’

Fig. 3 Overview of Case Lavrin site. Fig. 4 Geological map of CL

] fFolisted Serpentinite @ Sempled rock =
Fauk Zone © Sempled soil ,— -
C} - 4C Section

Fig. 7A Geological sketch of CL site with sample location
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[[] Foliated Serpentnite @ Sampled rock
@ Sampled sou!

L Fault Zeew

CF - 4 Section

Fig. 7B Geological section.

SOIL SAMPLE

CL_S6 (10-50 cm) composite soil, from
10-15m rock, at the top of slope deposit.
Brown-green to brown gray-green,
gravelly mud, organic fraction 16 wt%.

Depth: 10-50 cm
Thickness: 40 cm
Grain-shape: angular to rounded

Abundant angular to rounded medium
and coarse gravel (directly originated
from the bedrock). Bedrock contact is not
visible.

CL_S7 (10-25 cm): composite soil, sampled near outcropping rocks. Soil is poor
developed, with thickness <50cm (rhizosphere <15cm). Brown green-blue to gray-
blue, muddy gravel, very wet. Abundant angular to rounded medium and coarse gravel
(strongly weathered serpentinites, directly originated from the bedrock desegregation).
Organic fraction is 24wt% (mainly leaves).

Color: Gleyl 4/5G wet, Gleyl 8/10Y dry
Water: wet
Granulometry: gravelly mud

Depth: 10-25 cm

" Thickness: 15 cm

Grain-shape: angular to rounded
Color: Gleyl 5/5GY (dry)

Water: very wet

~ Granulometry: muddy gravel

Fig. 8 Soil sample CL_S7

ROCK SAMPLE

CL_RS8: high foliated serpentinite (pencil cleavage), fine grained, with millimetric (2-
5mm) subrounded dark-brown oxide (mag?). Fracturing subparallel to foliation, with
mm opening and filled by whitish “soft” mineral (talc?). Foliation marked by elongated
atg and rounded mag trails. Color is not homogeneous, vary from green-gray to blue-
gray on fresh surfaced; exposed surface is yellow-gray to yellow-brown

Rock: foliated serpentinite

Texture: foliated
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=== Grain size: fine
g

Minerals: serpentine mineral, magnetite

= Color: gray-green to yellow-green

Weathering: surface yellow patina

-

Fig. 9 Rock sample CL_R8

CL_R9: high foliated serpentinite (pencil cleavage), fine grained, with millimetric (2-8
mm) sub-rounded dark-brown oxide (mag?). Fracturing subparallel to foliation, with
mm opening and filled by whitish “soft” mineral (talc?). Foliation marked by elongated
atg and rounded magn trails. Color vary from green-gray to blue-gray; exposed surface
is yellow-gray to yellow-brown

| Rock: foliated serpentinite

- Texture: high foliated

Grain size: fine

Minerals: serpentine minerals, magnetite

Color: green-gray to blue-gray

Fig. 10 Rock sample CL_R9 Weathering: surface yellow patina
CL_R10: high foliated serpentinite (pencil cleavage), fine grained, with millimetric (2-
8 mm) sub-rounded dark-brown oxide (presumably mag). Fracturing subparallel to
foliation, with millimetric opening and filled by whitish “soft” mineral (tlc?). Color is
green-black; exposed surfaces are yellow-brown and characterized by presence of
slip fibers.

-

-~ 4 Rock: foliated serpentinite
' \4‘ Texture: high foliated

 Grain size: fine

. Minerals: n.d.

Color: green-black

Fig. 11 Rock sample CL_R10 Weathering: yellow patina with slip fibers

SOIL CLASSIFICATION

GRAVEL W
90 7 —
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1 8=
A Lot | 1 L4
_-4 -
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5%
g o Tgims NEE\ - —
NUD M M P S SAND Fig. 13 Color CIE-L*a*b* classification

Fig. 12 Folk classification
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A4. DIGA ANTENNA (DA)
SITE DESCRIPTION

Coordinate: 44°28.942 N, 8°35.744 E
Province: Savona

Town: Urbe (S. Pietro d’Orba)
Altitude: 560 m.a.s.l.

Slope: subvertical

Slope orientation: SW

Land use: road cut (SP 40)

Extension: 3mx3m (90% rock exposition)

Fig. Satellite image of study are (in red . .
box DA site) Vegetation: chestnut, oak coppice woods

Google Earth

Fig. 2 Location of sampled rocks (blue) and soils (red) in Diga Antenna site (Google Earth ®)

Location

Diga Antenna site is located near Diga Antenna dam, near S. Pietro d’Orba village,
along the route SP 40, bordering the artificial lake of Antenna. The outcrop is a wall
rock of 3 m in height and 30 m in lengths, rock outcrops for 90% of total area.

Field evidences

Site is formed by from massive to foliated serpentinites, with interlayer of TC schist,
near contact with eclogitic metagabbros. At W part of outcrop, there are metric to
decametric massive serpentinites block; central part of outcrop is made of interlayering
of FS and TC; E part is represented by eclogitic metagabbros (not sampled). There
are many shear zones with mylonitic and cataclastic zone; it notes in these damage
zones water is abundant. Soil is poor develop (thickness 30-50 cm), discontinuous and
irregular. It follows the slop morphology. Soil structure is homogeneous without
significant evidence of erosion, soil color is brow to green. At sampling time, it was
wet.
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| SRS T T
Fig. 3 Overview of Diga Antenna site Fig. 4 Geological map of DA

.
I  Serpentinites [ ] Eclogites
Bl Te<hl wbridrocks [l Fault Zane

SW

B Eclogitic mesagnbbeo of Farssa del Fajallo”

S0, Faul Zone

NE

Road
Fig. 5 Geological sketch of DA

SOIL SAMPLE

DA_S4 (10-30cm): composite sample, olive yellow to yellowish brown, muddy gravel,
dump, organic fraction is 35wt% (roots and leaves). Abundant angular to rounded
medium and coarse gravel (strongly weathered serpentinites or TC, directly originated
from the rock disaggregation). Bedrock contact is not visible.

Depth: 10-30 cm

4 Thickness: 20 cm

Grain-shape: angular to rounded
Color: 10YR 4/2 (wet); 2.5Y 6/4 (dry)
Water: dump

Fig. 6 Soil sample DA_S4 Granulometry: muddy gravel

DA_S5 (10-30 cm): composite sample, light brownish gray (dry color) to gray brown
(wet color), muddy gravel, dump, organic fraction is 38wt% (roots and leaves).
Abundant angular to elongated-rounded medium and coarse gravel (strongly
weathered serpentinites or TC schist, directly originated from the alteration of
bedrock). Bedrock contact is not visible.

Depth: 10-30 cm

Thickness: 20 cm
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\ Grain-shape: angular to rounded
Color: 10YR 3/2 (wet); 2.5Y 6/2 (dry)

Water: dump

{
J

R

Ll o

Granulometry: muddy gravel

Fig. 7 Soil sample DA_S5

ROCK SAMPLE

DA_R®6: slightly foliated serpentinite with TC, fine to medium grained, dark green to
black-purple. The foliation is marked by opaque minerals (mainly mag)

i v —— e

A S . Rock: massive serp. + TC

: "".i Texture: massive/slightly foliated
Grain size: fine to medium
Minerals: serpentine, oxide

Color: dark green, dark gray, black purple

Fig. 8 Rock sample DA_R6 Weathering: absent

DA_RY7: foliated serpentinite, fine grained, grey-dark green. Presence of fiber
minerals on the sample surface. Not weathering evidence.

Rock: foliated serpentinites
Texture: foliated

Grain size: fine to medium
Minerals: serpentine, oxide

| Color: grey-dark green

WV,

Rock sample DA_R7 Weathering: absent

Fig.l.9>

SOIL CLASSIFICATION
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Fig. 10 Folk classification
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AS5. STRADA GIUSVALLA (GIU)
SITE DESCRIPTION

Coordinate: 44°26'53"N 8°25'32"E
Province: Savona

Town: Pontinvrea

Altitude: 433 m.a.s.l.

Slope: subvertical

Slope orientation: S

Land use: Road cut

geradnter
Gooaqle Farth .
o Extension: 30 mx 4 m

g. 1 Satellite image of study area (in red . .
box GIU site) Vegetation: chestnut, oak coppice woods

Google Earth : 7

Fig. 2 Location of sampled profiles (orange) in Strada Giusvalla site (Google Earth ®)

Location

GIU site is located along the SP (n°43), near Pontinvrea village (SV — lItaly). The
outcrop is a road cut and covers an area of 120 m?, extends in length, parallel to the
road.

Field evidences

GIU site is formed by antigorite serpentinites, with different rheologic behavior (from
massive to cataclastic/mylonitic serpentinite). Present of vein of chrysotile and fibrous
amphiboles.
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[ Antigorite serpentine schist of ‘Bric del Deote” @ stroda Giusvall
[ Tertiory Piedmont Busins

Fig. 3 Overview of Strada Giusvalla site Fig. 4 Geological map of GIU

PROFILE & SAMPLING of STRADA GIUSVALLA
PROFILE GIU_P1

U

(0-80 cm) poorly developed profile with a reduced thickness of about 80 cm,

homogeneous soil structure, grey-brown.
!1 . 7 ~

5cm

S e G 0
Fig. 5 GIU_P1 soil profile and relative sketch

Depth: 5-20 cm

GIU_S1A (5-20 cm): topsoil, yellowish Thickness: 15 cm

brown, muddy gravel, dump, high organic Grain-shape: angular rounded
fraction (bioturbation, leaves, and roots).
Polyandric soil structure, rare centimetric 0lor: 10 YR 5/4 (dry)
rounded clasts or aggregate. Water: dump

Granulometry: muddy gravel
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GIU_S1B (20-50 cm): intersail, yellowish
brown, muddy gravel (increase of coarse
fraction), dump. Abundant angular
medium and coarse gravel (strongly
weathered serpentinites, directly
originated from the weathering of
bedrock).

Biog

Fig. 7 Intersoil sample GIU_S1B

GIU_S1C (50-80 cm): subsoil (probably C
horizon), dark yellowish brown, muddy
sandy gravel, wet. Abundant angular

medium and coarse gravel (strongly
weathered serpentinites, directly
originated from the weathering of
bedrock).

[\

T

\

Fig. 8 Subsoil sample GIU_S1C

Fig. 6a Thin section of soil skeleton
Depth: 20-50 cm
Thickness: 30 cm
Grain-shape: angular to rounded
Color: 10 YR 5/4 (dry)
Water: dump
Granulometry: muddy gravel

Fig. 7a Thin section of soil skeleton
Depth: 50-80 cm
Thickness: 30 cm
Grain-shape: angular
Color: 10 YR 3/4 (dry)
Water: wet
Granulometry: muddy sandy gravel

Fig. 8a Thin section of soil skeleton

GIU_R1 (>80 cm): massive serpentinite, medium to coarse grained, dark green to olive
green (relics?). Micrometric (opening 0.5 mm) sets vein filling by oxides or fibrous
serpentine. Not evidence of superficial alteration.

Rock: massive serpentinite
Texture: massive

Grain size: medium to coarse
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Fig. 9 Rock sample GIU_R1

SOIL CLASSIFICATION
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Fig. 10 Folk classification

Minerals: srp, magmatic relics (ol? px?)

Color: black to olive dark green

Weathering: not evidence

o
i

i
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@Gl 51A
@GIUSIE
@GIU SIC

Fig. 11 Color CIE-L*a*b* classification
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A6. ROCCA GRIN (RG)
SITE DESCRIPTION

Coordinate: 44°30.161N 8°32.542E
Province: Savona

Town: Sassello

Altitude: 630 m a.s.l.

Slope: subvertical

Slope orientation: SW

Land use: abandoned quarry

Extension: 70x30 m

Fig. 1 Satellite image of study are (in red . )
box RG site) Vegetation: chestnut, oak coppice wood

& :
RG R RGP

Google Farth
Fig. 2 Location of sampled profiles (orange), rocks (qu), and soils (red) in RG site (Google
Earth ®)

Location

Abandoned railway ballast quarry, with a quarry face of 8 m high and 75 m wide,
partially recognizable branch cultivation, with a height of about 3 m of elevation. The
quarry has an area of about 70x30 m.

Field evidences

In Rocca Grin site rocks are peridotite with varying degrees of serpentinization. At
mesoscale, the rock has no relevant physical or chemical alteration evidence, except
for yellow-reddish surface patine, due to oxidation of iron oxides, in particular on less
serpentinized peridotite.

Evident correlation between rock deformation, structural domain and set veins
presence. Presence of three different set vein: a) extensional set vein with cross fiber
chrysotile, chlorite, Fe-oxides, talc; b) syn-tectonic set vein with chrysotile, antigorite,
chlorite, Fe-oxides; ¢) shear vein with slip fiber.
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Soil has a thickness ranging to 80-90 cm, is homogeneous without stratification
evidence from bedrock to rhizosphere.

[ Arvigoritic sepestine schist of ‘Beic del Dente® [ Teetary Pindmont Basin
Partislly serpentiniced peridotives of Monte Toabio” @ Fosca Grin (RG)

Fig. 4 Geological map of RG

10
2y

5 Fault Zone

—— Fault
Af - = Section

Bl vartially serpentinized peridotites

© Sampled profile
@ Sampled rocks
©® Sampled soils

AI

Fig. 5 Geological sketch and geological section of RG site with sample location
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Fig. 6 Partiélly serpntiizd peridotité Fig. 7 Fault zone

PROFILE & SAMPLING OF ROCCA GRIN
PRFILE RG_P1

Flg 8 RG Pl son proflle and relative sketch
Depth: 0-20 cm

Thickness: 20 cm
Grain-shape: rounded
Color: 5YR 4/8
Water: dump

Flg 9 Topso” sample RG_SlA Granu|0metry muddy gl‘avel/gl‘avelly mud
Depth: 20-40 cm

Thickness: 20 cm
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Grain-shape: subrounded
Color: 2.5YR 3/6
Water: dump

Granulometry: gravelly mud

Rock: partially serpentinized peridotite
Serp. Degree: 75-80 %

Texture: massive

Grain size: medium

Minerals: serpentine minerals, pyroxene
Color: green to black

Weathering: superficial red patine
Rock: partially serpentinized peridotite
Serp. Degree: 75-80 %

Texture: massive to slightly foliated
Grain size: medium

Minerals: serpentine minerals, pyroxene

Color: green to black

Fig. 12 Unweathered rock sample RG_R1B  Weathering: less superficial red patine

PROFILE RG_P2

65 cm

Fig. 13 RG_P2 soil profile and relative sketch
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Depth: 2-20 cm

Thickness: 18 cm

Grain-shape: rounded to subangular
Color: 2.5Y 2.5/4 (dry)

Water: dump

Fig. 14 Topsoil sample RG_S2A Granulometry: gravelly mud
B ok ARLE . Depth: 20-65 cm

Thickness: 45 cm
Grain-shape: angular
Color: 25Y 3/4

Water: wet

. oy .
Fig. 15 'S;bsoilsapl GB Granulometry: muddy sandy gravel

: ' ' Rock: partially serpentinized peridotite
Serp. Degree: 80-90 %

Texture: foliated

Grain size: medium

Minerals: rare relict, fiber minerals
Color: dark to brown

Weathering: network vein

Rock: partially serpentinized peridotite
Serp. Degree: 80-85 %

Texture: massive to slightly deformed
Grain size: medium

Minerals: serpentine minerals, pyroxene
e, v, Color: green to black

Fig. 17 Unweathered rock sample RG_R2B  Weathering: oxidation patine

PROFILE RG_P3
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2cm

50 cm

£
. ) =%

Fig. 18 RG_P3 soil profile and relative sketch
Depth: 2-25 cm

F o

Thickness: 23 cm
Grain-shape: subrounded
Color: 2.5Y 2.5/4

Water: wet

Fig. 19 Topsoil sample RG_S3A Granulometry: muddy sandy gravel
% Depth: 25-50 cm

Thickness: 25 cm
Grain-shape: rounded
Color: 5YR 3/6

Water: dump

Fig. 20 Subsoil sample RG_S3B Granulometry: gravelly mud
:;° ! Rock: partially serpentinized peridotite
Serp. Degree: 80-85 %

Texture: foliated

\ Grain size: medium

; Minerals: serpentine minerals, pyroxene
Color: green to black

Fig. 21 Weathered rock sample Féé_ﬁ3A Weathering: rare oxidation patine

Rock: partially serpentinized peridotite
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Serp. Degree: 75-80 %

Texture: massive

Grain size: medium

Minerals: serpentine minerals, pyroxene

Color: green to black

Weathering: rare oxidation patine
Fig. 22 Unweathered rock sample RG_R3B

PROFILE RG_P4

2cm

70 cm

| Depth: 2-25 cm

| Thickness: 23 cm

: Grain-shape: rounded to subangular
 Color: 7.5YR 5/6

Water: dump
Granulometry: gravelly mud
Depth: 25-70 cm
Thickness: 45 cm
Grain-shape: subrounded
Color: 2.5Y 5/10

Water: dump

Granulometry: gravelly mud
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Rock: partially serpentinized peridotite
Serp. Degree: 80-90 %

Texture: massive to foliated

Grain size: medium

Minerals: magmatic relics, fiber minerals
Color: brown to orange
Weathering: oxide patine

Rock: partially serpentinized peridotite
Serp. Degree: 75-80 %

_ Texture: massive

Grain size: medium

Minerals: olivine relics

Color: brown

Weathering: oxide patine

OTHER SAMPLES

Depth: 10-35 cm
Thickness: 25 cm
Grain-shape: subangular to rounded

Color: 2.5 YR 3/6 (wet), 7.5 YR 4/6 (dry)

Water: dump

Fig. 28 Soil sample RG_S8 Granulometry: gravelly mud

Depth: 10-40 cm

Thickness: 30 cm

Grain-shape: subangular to rounded
Color: 2.5 YR 3/4 (wet), 7.5 YR 4/6 (dry)
Water: dump

Fig. 29 Soil sample RG_SQ Granulometry: muddy gravel

' . Rock: partially serpentinized peridotite
Serp. Degree: 75-80 %

Texture: massive to foliated

2 Grain size: medium to coarse

" Minerals: serpentine, px, (talc vein?)
Color: black-brown to dark green
Fig. 30 Rock sample RG_R4 Weathering: white patine
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Rock: partially serpentinized peridotite
Serp. Degree: 75-80 %

. Texture: foliated

Grain size: medium to coarse

' Minerals: serpentine, px, (talc vein?)
Color: black-brown to dark green

Weathering: white patine

SOIL CLASSIFICATION

GRAVEL e
e ®NSA
ERS S 3 LA
Af{‘:’ l ;‘h.!;k
36 4N
SIEEYY
Wi
EICR1 LY
rgery
A6 5%
5%
3 o TS T - —_—
nup W o oS S SAND Fig. 33 Color CIE-L*a*b* classification

Fig. 32 Folk classification
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A7. STRADA FERRIERA

SITE DESCRIPTION

G:'-o;]leF:.rr'\ i

Fg. 1 Satellite image of study area (in red
box SF site)

Google Earth

e

Fig. 3 Overview of Strada Ferriera site
Location

Coordinate: 44°26'2"N; 8°25'27"E
Province: Savona

Town: Pontinvrea

Altitude: 578 m.a.s.l.

Slope: subvertical

Slope orientation: SE

Land use: Road cut (SP 41)
Extension: 10 mx5m

Vegetation: chestnut, oak coppice woods

| A Cosds /
Yo TERIC HOSBWAINA 72
s N s S

!
’ . ": /:,

\y =
¢ l.-":”(}»r\rw){l‘.u
Y /3

' :-"

[7] Antigaritic serpentine schst of “Bric del Derne”
D Tertiary Padmont Basn

Fig. 4 Geological map of SF
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SF site is located along the SP 41, at Km of Ferriera Village. The outcrop is a road cut
and covers an area of 50 m?, extends in length, parallel to the road. SF site is formed
by massive serpentinites with superficial red patine of oxidation.

e Zme @ Smedeoe
Serpustinks. B Sampded Polile PR . B 4

. Coddatur peting

Road
Fig. 5 Geological sketch of SF site with sample location.

PROFILE & SAMPLING OF STRADA FERRIERA
PROFILE SF_P1

(0-80 cm) poorly developed profile with a reduced thickness of about 80 cm,
homogeneous soil structure, grey-brown to yellowish grey.

25 cm

Bt s = 4 )
Fig. 6 SF_P1 soil profile and relative sketch
Depth: 5-25 cm
SF_S1A (5-25 cm): topsaoil, dark yellowish : .
brown (10 YR 4/4), gravelly mud, dump, Thickness: 20 cm

Grain-shape: subangular to subrounded
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soil aggregates are rare. High organic
fraction (bioturbation and roots).

Fig. 7 Topsoil sample SF_S1A

SF_S1B (25-50 cm): intersoil, brown,
gravelly mud. Abundant angular medium
and coarse gravel (strongly weathered
serpentinites). Erosion evidence
(superficial water erosion).

Fig. 8 Soil samplé SF_S1B

SF_S1C (50-80 cm): subsoil (C horizon),
dark brown, dump, gravelly mud.
Abundant angular medium and coarse
gravel (strongly weathered serpentinites,
directly originated from the weathering of
bedrock). Clear smooth boundary with
bedrock.

Fig. 9 Soil sample SF_S1C

Color: 10 YR 4/4 (dry)
Water: dump
Granulometry: gravelly mud

Fig. 7a Thin section of soil skeleton
Depth: 25-50 cm
Thickness: 25 cm
Grain-shape: angular
Color: 10 YR 4/3 (dry)
Water: dump
Granulometry: gravelly mud

Fig. 8a Thin section of soil skeleton
Depth: 50-80 cm
Thickness: 30 cm
Grain-shape: angular
Color: 10 YR 3/3 (dry)
Water: dump
Granulometry: gravelly mud

Fig. 9a Thin section of soil skeleton

SF_R1 (>80 cm): weathered bedrock, massive serpentinite with red oxidation patine.

Rock: massive serpentinite
Texture: massive
Grain size: medium to coarse
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Minerals: magmatic relic (?), serpentine,
oxides, hydroxides

Color: dark green, dark red, brown

Weathering: superficial and internal red
patine (hematite?), weathered rock

£ 3 - 3

/Fﬂi‘g. 10 Rock sample SF_R1
SF__RZ (>100 cm): unweathered bedrock, massive serpentinite with red oxidation
patine.
' Rock: massive serpentinite
Texture: massive

Grain size: medium to coarse

Minerals: magmatic relic (?), serpentine,
oxides, hydroxides

Color: dark green, dark red, brown

Weathering: superficial and internal red
Fig. 11 Rock sample SF_R2 patine (hematite?)

SOIL CLASSIFICATION

GRAVEL @A
@SF S18 FTETS
L ( =t 1 !
S ¥ AT @516
802 T T T i@5F sic
R Ea ANEE
T
mG msG -
a0 %,
/ * oM g5
e
AUD W Y, P Fig. 13 Color CIE-L*a*b* classification

Fig. 12 Folk classification
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A8. Torrente ORBA (TO)
SITE DESCRIPTION

Coordinate: 44°31'3"N, 8°37'22"E
Province: Genova

Town: Tiglieto

Altitude: 418 m a.s.l.

Slope: subvertical

Slope orientation: W

Land use: Abandoned quarry, stream bank

Extension: 200 m?2

Fig. Satellite image of study are (inred . .
box TO site) Vegetation: chestnut, oak coppice woods

Fig. 2 Location of sampled profiles (orange) and rocks (blue) in TO site (Google Earth ®)
Location

TO site is an abandoned quarry on the stream bank of the Orba creek and the
Provincial Road No. 64, between Tiglieto and Acquabianca village. The quarry has
been cultivated with a single front and the signs left by the wedges for the extraction
of the blocks are still visible, probably abandoned due to the rheological variability of
the material given the presence of more massive portions and others with very
pervasive low angle cleavage.

Field evidences

- Vein with pluri-centimetric serpentine fibers (antigorite).
- Presence of low-angle cleavage.

210



Vs

&
@ Frrerh O T

el ST i
[ arbgaiiswpe low edid o "tk de Dvecs”
B reogik metsgantr ot "Pawss el Fado”

Fig. 4 Geological map of TO

[

Fig. Itd sérpniites
PROFILE & SAMPLING OF TORRENTE ORBA
PROFILE TO_P1

(5-50 cm) poorly developed profile with a reduced thickness of about 45 cm,
homogeneous soil structure, green-gray. Bedrock contact is not clear visible.

5cm

4-25cm

50 cm

Fig. 8 TO_P1 soiI.profiIe and relative sketch
Depth: 5-25 cm

211



TO_S1A (5-25 cm): topsoil, pale yellow
(2.5 Y 3/4), dump. High organic fraction,
with fine roots, leaves, and bioturbation.
Granular soil structure, with rounded
aggregates.

RRntl P71

Fig. 9 Topsoil sample TO_S1A

TO_S1B (25-50 cm): subsoil (C horizon),
reddish brown (2.5Y 7/4), dump. Very low
organic fraction. Abundant angular
medium and coarse gravel (strongly
weathered serpentinites, directly
originated from the weathering of
bedrock). Bedrock contact is not clear
visible.

57 2% .
ol e R o

Fig. 12 Rock sample TO_R5

Thickness: 20 cm

Grain-shape: subangular to subrounded
Color: 2.5Y 3/4 (dry)

Water: dump

Granulometry: muddy gravel/gravelly mud

Depth: 25-50 cm

Thickness: 25 cm

Grain-shape: angular to rounded
Color: 2.5Y 7/4 (dry)

Water: dump

Fig. 10a Thin section of soil skeleton

Rock: foliated serpentinites
Texture: high foliated

Grain size: very fine grained
Minerals: n.d.

Color: black to dark green
Weathering: superficial patine
Rock: tremolite-chlorite schist
Texture: high foliated

Grain size: fine

Minerals: fiber mineral
Color: black to dark blue

Weathering: white and orange patine
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SOIL CLASSIFICATION
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Fig. 13 Folk class

ification

Fig. 14 Color CIE-L*a*b* classification
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APPENDIX B
Supplementary Database

Available only on electronic support

B1. Major and trace element analysis (EMPA-WDS) of the PTEs-minerals in the
rocks and calculated formula (Original data).

B2. Major and trace element analysis (EMPA-WDS) of the PTEs-minerals in the
soils and calculated formula (Original data).

B3. Trace and ultra-trace analysis (LA-ICP-MS) of the PTEs-minerals in rocks
and soils (Original data).

B4. Major and trace elements compositions for compiled ultramafic rocks
worldwide.

B5. Major and trace elements compositions for compiled ultramafic soils
worldwide.

B6. Major and trace elements compositions for compiled silicate minerals of
ultramafic rocks worldwide.

B7. Major and trace elements compositions for compiled spinel-group minerals
of ultramafic rocks worldwide.

B8. Major and trace elements compositions for minerals of ultramafic soils
worldwide.

B9. XR-Powder Diffraction data with Rietveld refinement (Original data).
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