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Abstract. An innovative multi-analytical approach comprising mineralogical, minero-chemical, and mi-
crostructural analyses as well as an indirect machine learning-based statistical method was applied to investigate
the mineralogy and the mineral chemistry of spinel subgroup minerals (SSMs) of different ultramafic rocks from
the high-pressure metaophiolites of the Voltri Massif (Central Liguria, NW Italy). The study was focused on the
correlation between the compositional variations of SSMs and their texture, microstructure, and the degree of
serpentinization of the host rock.

The SSM occurs with three main textures and microstructures linked to the progressive serpentinization and
deformation of ultramafic rocks during the Alpine orogenic events: (i) Cr-spinel porphyroclasts with various
degrees of recrystallization (up to magnetite porphyroblasts) within partially serpentinized peridotite and massive
serpentinite; (ii) magnetite crystals associated with pseudomorphic and non-pseudomorphic serpentine textures
(e.g., mesh, hourglass, ribbon, and interpenetrating textures) in partially serpentinized peridotite and massive
serpentinites; and (iii) magnetite crystals re-oriented along the foliations developed in serpentine schist. The
chemical composition of SSMs varies systematically within the textures and microstructures. These processes
also affected the chemical composition of SSMs, the availability of Mn, Zn, Ni, and Co in solution, and their
consequent incorporation in the lattice of chromian spinel due to olivine breakdown, the major repository of
these elements in ultramafic rocks.

At a general scale, the trace and ultratrace variability is primarily related to the petrologic and tectonic evo-
lution but, at a local scale, also the mineralogical, lithological, structural, and textural features correlated to the
degree of serpentinization and/or deformation. These significantly influence the distribution and concentration
of trace and ultratrace elements in SSMs. The results of the present work were also confirmed by an innovative
indirect statistical method performed through the Weka Machine Learning Workbench.
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1 Introduction

Spinels s.l. (sensu lato) are a very interesting class of min-
erals both for Earth and material sciences, since they crys-
tallize in a wide range of physical-chemical conditions from
crust to mantle on Earth as well as on extraterrestrial mate-
rials. Moreover, spinel-type structures have attracted interest
in various research on solid-state physics for their peculiar
characteristics.

The spinel-type structure is AB; X4, where A and B can
be either a large number of different cations with a wide
range of size and charge or vacancies that can be both ac-
commodated in spinel given its flexible structure, and X are
anions. According to Bosi et al. (2019), the 56 valid species
of spinel are divided in three subgroups on the base of the X
dominant: oxyspinel (X = 0%), thiospinel (X = $27), and
selenospinel (X = Se?~) group.

Spinel subgroup minerals (SSMs hereafter) is a subgroup
of the oxyspinel (the other subgroup in the oxyspinel is ul-
vospinel) with divalent cations at the A site and trivalent
cations at the B site.

SSMs occur in igneous, metamorphic, and sedimentary
rocks, as well as in different types of ore deposits (Dupuis
et al., 2011). These minerals form under a wide variety of
genetic conditions ranging from primary crystallization in
spinel-bearing mantle peridotites and sulfide melts to pre-
cipitation from relatively low-temperature (LT) hydrothermal
fluids (Dare et al., 2014). They are also an important prod-
uct of prograde and retrograde metamorphism of ultramafic
rocks (Evans and Frost, 1975). In particular, the magnetite
series forms in supergenic environments, as a pseudomor-
phic replacement after cassiterite, siderite, and sulfides, as
well as in skarn (King, 2004). Finally, magnetite can also
be produced by biologically induced mineralization (BIM)
(Descamps et al., 2016). It represents a mineralogical species
similar to amphiboles that crystallizes in a variety of envi-
ronments and with which spinels can associate, whose crys-
tallochemical flexibility can record the chemical and physi-
cal conditions of the formation environment and give impor-
tant genetic information (e.g., water activity, oxygen fugac-
ity; Comodi et al 2010).

SSMs can have a significant impact on the environment
and human health since they may contain and, hence, they
may be the source of potentially toxic elements (PTEs),
which can be released into soils and circulating waters dur-
ing weathering and pedogenesis. This process can be particu-
larly significant in ultramafic soils, deriving from peridotites
and serpentinites, which commonly have high concentration
of PTEs, particularly Cr, Ni, and Co (e.g., Duivenvoorden et
al., 2017; Romero-Freire et al., 2018; Fornasaro et al., 2019;
Marescotti et al., 2019).

SSMs have a cubic closest packing structure (space group
Fd-3m) with general formula XY>04. The X site is occu-
pied mainly by Mgt and Fe?" in tetrahedral coordination,
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whereas the Y site is occupied by trivalent ions (mainly Fe3 ™,
Cr3t, and AIP1) in an octahedral coordination.

Several minor, trace, and ultratrace elements commonly
substitute for either bivalent ions at the X site: Zn?T, Co*t,
Mn?*, and Ni?*. The following applies for trivalent and
tetravalent ions at the Y site: V31, S¢3*, Ga3t, and Titt
(Colas et al., 2014). However, others are known to occur in
some specific SSMs, such as those in the magnetite series:
Cu, Zr, Ba, As, Ge, Sn, Sc, Sr, Y, Nb, Mo, W, Hf, Ta, and Bi
(Deditius et al., 2018).

The chemical composition of SSMs may vary consider-
ably in response to the various genetic processes involved
in their formation, and for this reason they have been often
used as efficient fingerprints to discriminate mantle melting
processes and tectonic settings, as well as to reconstruct the
metamorphic and metasomatic evolution of their host rocks
(e.g., Irvine, 1967; Barnes and Roeder, 2001; Rollinson,
2008; Nadoll et al., 2014). The chemical composition of
SSMs has been also used in discriminating different miner-
alizing systems in ore deposits as well as in establishing the
nature of sedimentary source areas in foreland basins (e.g.,
Abre et al., 2009; Page and Barnes, 2009; Chen et al., 2020).

In this contribution we analyze possible correlations be-
tween the compositional variations of SSMs with the tex-
tures, microstructures, and the degree of serpentinization of
ultramafic rocks from meta-ophiolitic rocks of the Voltri
Massif (Ligurian Alps, NW Italy). SSMs occur in partially
serpentinized peridotites, massive antigorite serpentinites,
and foliated antigorite serpentinites and were investigated
using a multi-analytical approach comprising mineralogical
and microstructural analysis, scanning electron microscopy
and microanalysis (SEM-EDS and EMPA), and in situ mea-
surements of trace and ultratrace elements by laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS). The possible correlations between the composi-
tional variations of SSMs with the type of rock and/or mi-
crostructure were also evaluated through an indirect statisti-
cal method as implemented in the machine learning software
Weka 3.8.0 (Frank et al., 2016).

2 Geological setting

The study area is located in the NW part of the Voltri Massif
(VM), a wide metamorphic ophiolite body (about 800 km?)
at the southernmost termination of the Western Alps (Lig-
urian Alps, NW Italy; Fig. 1).

The VM represents a remnant of the Jurassic Ligurian
Tethys and is composed of tectono-metamorphic units ac-
creted during the Alpine orogenesis (Capponi et al., 2016,
and references therein). These units consist mainly of mafic
to ultramafic rocks derived from different paleogeographic
domains, including subcontinental mantle, oceanic litho-
sphere with sedimentary covers, and subordinate continen-
tal crust. The units of the VM show a polyphase tectono-
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metamorphic evolution with blueschist to eclogite facies
peak metamorphism and variable retrogressive overprints
down to the greenschist facies conditions (e.g., Messiga et
al., 1983; Capponi et al., 2016; Scarsi et al., 2018).

In the VM, peridotites occur as kilometer-scale bodies and
consist mainly of spinel- and plagioclase-bearing lherzolite,
with minor harzburgite, dunite lenses, and pyroxenite bands.
They are affected by various degrees of serpentinization de-
veloped mainly along networks of anastomosing shear zones
separating domains of low-deformed to undeformed peri-
dotites (Scambelluri et al., 1991; Cannao et al., 2016). The
study area comprises partially serpentinized peridotites and
antigorite serpentinites (Fig. 1¢).

Antigorite serpentinites comprise both antigorite-bearing
massive serpentinites and antigorite-bearing serpentine
schists, occasionally with textural relics of the mantle peri-
dotites. They represent the most abundant lithotype of the
VM, cropping out over a total area of more than 200 km?.
Gradual transitions from massive and essentially undeformed
serpentinites to strongly foliated serpentine schist occur over
the entire study area. Serpentine schists are commonly char-
acterized by a pervasive composite schistosity, with multi-
ple folding phases and shear bands (Scambelluri et al., 1991;
Federico et al., 2015; Capponi et al., 2016, and references
therein).

3 Materials and methods

Forty-five samples of ultramafic rocks were collected from
eight sites of the VM (Fig. 1c), selected according to the de-
gree of serpentinization as well as to textural and structural
criteria (e.g., intensity of foliation, degree of fracturing, pres-
ence of shear zones or tectonic contacts with other litholo-
gies). Based on field investigations and on mineralogical,
petrographic, and micro-structural/textural analyses, three
main groups of ultramafic rocks were distinguished (15 sam-
ples for each group): (i) partially serpentinized peridotites,
(ii) massive serpentinites, and (iii) foliated serpentinites. The
mineralogy, mineral chemistry, petrography, and bulk chem-
istry of the three groups were previously investigated and are
reported in Fornasaro et al. (2019).

In the present work SSMs were analyzed using a multi-
scale and multi-analytical approach including the following:
(i) micro-structural/textural analyses by means of polarized-
light optical microscopy (PLOM), (ii) major and minor
elements analysis using an electron microprobe analyzer
(EMPA-WDS), and (iii) in situ measurements of trace and
ultratrace elements by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS).

The micro-structural/textural investigations were carried
out at the DISTAV Department, University of Genoa (Italy),
using the BX-41 Olympus Microscope equipped with 2x,
4x, 10x, 20x, 40x, and 50x objective magnifications and
10x and 12.5x eyepieces.
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Major (i.e., Mg, Al, Cr, and Fe) and minor (i.e., Ti, V,
Mn, Zn, Si, Co, K, Ca, and Ni) elements in SSMs were
analyzed using the EMPA-WDS JEOL 8200 Super Probe
at the “Ardito Desio” Department of Earth Sciences, Uni-
versity of Milan (Italy). The analytical conditions were set
at 15kV accelerating voltage, 4.9 nA beam current, and a
counting time of 20s on the peaks and 10s on the back-
ground. Beam diameter is 1 um. Calibration for chemical
analysis was accomplished using the following standards:
olivine (Mg), omphacite (Na), Cr,O3 (Cr), rthodonite (Mn
and Zn), K-feldspar (K), anorthite (Al and Ca), wollas-
tonite (Si), metallic vanadium (V), fayalite (Fe), ilmenite
(Ti), cobalt oxide (Co), galena (S), and niccolite (Ni). Raw
element data were ZAF-corrected using a phi—rho—Z analysis
program, and corrected element contents were converted to
oxide contents in weight percent (wt %) assuming stoichiom-
etry. Detection limit is approximately 330 ppm for Ti (6 %
standard deviation), 460 ppm for Mn (6 % standard devia-
tion), 160 ppm for Mg (2 % standard deviation), 180 ppm for
Si (6 % standard deviation), 320 ppm for V (12 % standard
deviation), 370 ppm for Fe (8 % standard deviation), 140 ppm
for Ca (15 % standard deviation), 135 ppm for Al (4 % stan-
dard deviation), 370 ppm for Cr (10 % standard deviation),
390 ppm for Ni (9 %standard deviation), and 800 ppm for Zn
(9 % standard deviation). FeO represents total iron (oxide)
content. 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 SSMs. The analytical conditions for image acquisi-
tion were 15kV accelerating voltage, 1 um? pixel size, and
a 30 ms dwell time.

In situ quantitative analyses of major, minor, trace, and ul-
tratrace elements (Al, Ca, Co, Cr, Cu, K, Mg, Mn, Na, Ni, Si,
Ti, V, Zn, Ba, Cs, Ga, Hf, Li, Nb, P, Pb, Rb, Sc, Sn, Sr, Ta, Th,
U, Y, and Zr) were determined using a Thermo Fisher Sci-
entific iCAP Q quadrupole mass spectrometer coupled with
a Teledyne/Photon Machine ArF Excimer G2 laser ablation
system of laboratory of Petro-Volcanology Research Group
at Department of Physics and Geology, University of Peru-
gia, Italy. The analyses were conducted using a ~ 30-20 um
beam diameter, 8§ Hz frequency, and 0.032-0.105 mJ pulse
power, during the 90s analysis (50s for the gas blank and
40 s on the grain). Details on the working conditions, instru-
mentation, precision, and accuracy are reported in Petrelli et
al. (2016).

The structural formula of SSMs was calculated assum-
ing stoichiometry, following the procedure of Droop (1987);
these minerals were classified according to Gargiulo et
al. (2013).

The statistical evaluation of the possible correlations be-
tween the compositional variation in SSMs and the rock
type and/or microstructures was performed by means of
Weka 3.8.0 (Frank et al., 2016), a machine learning soft-
ware package written in Java and freely downloadable from
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Figure 1. (a) Sketch map of the Western Alps. (b) Geological map of the Voltri Massif and adjoining units, modified after Capponi and

Crispini (2002). (¢) Geological map of the study area with the sampling

https://sourceforge.net/projects/weka/ (last access: 20 Febru-
ary 2023).

4 Results

4.1 Classification of the VM spinel subgroup

The composition of SSMs occurring in the three groups of
rocks is shown in Table 1 and Fig. 2. SSMs classified accord-
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site location (red dots), modified after Capponi et al. (2013).

ing to the chemical substitution at the Y site (Fig. 2a) have
a wide compositional range covering the fields of Cr-spinel,
ferrian chromite, Cr-magnetite, and magnetite (Fig. 2). Us-
ing the classification according to the chemical substitution
at the X site (Fig. 2b), most of the SSMs are in the magnetite
field, whereas only some SSMs in the partially serpentinized
peridotites fall into the pleonaste field.

SSM minerals in the studied rocks are mainly (Fig. 2c—d)
the following:

https://doi.org/10.5194/ejm-35-1091-2023


https://sourceforge.net/projects/weka/

S. Fornasaro et al.: Trace and ultratrace elements in spinel subgroup minerals 1095

i. Cr-spinel with Fe#=[Fe3t /(Fe3t+Fe?t)] =0.1-
0.22, Mg#=[Mg/(Mg+Fe?’")]=0.3-0.7, Cr#=
[Cr/(Cr+ AD]=0.2-0.4, in partially serpentinized
peridotites;

ii. rare ferrian chromite with Fe#=0.4-0.6, Mg#=0.15—
0.2, Cr#=0.75-0.9, in partially serpentinized peri-
dotites;

iii. Cr-magnetite with Fe#=0.4-0.68, Mg#=0.01-0.2,
Cr#=0.7-0.97, and Fe#=0.5-0.68, Mg#=0-0.2,
Cr#=0.9-1, for porphyroclasts in partially serpen-
tinized peridotites and massive serpentinites, respec-
tively;

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).

4.2 Microstructure and texture of the VM spinel
subgroup

In the three rock groups, SSMs have been grouped in the
following classes (Fig. 3), according to their different mi-
crostructures and textures.

4.2.1 SSM porphyroclasts

The porphyroclasts mainly consist of scattered sub-euhedral
crystals, varying in size between 0.1 and 2 mm. They show
various degrees of recrystallization, evolving from pristine
mantle spinels.

Primary mantle spinels porphyroclasts are Cr-spinels and
are found in partially serpentinized peridotites; these por-
phyroclasts mainly occur with an amoeboid or holly leaf
morphology (e.g., Fig. 3a-b), in which Cr-spinel is sur-
rounded 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 the massive serpentinites, 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. 3c—d).

In the foliated serpentinites, pseudomorphs of almost
“pure” magnetite after Cr-magnetite occur along the folia-
tion.

4.2.2 Idiomorphic to sub-idiomorphic SSMs

Idiomorphic to sub-idiomorphic SSMs (10 to 40 um in size)
occur in trails within the different pseudomorphic serpen-
tinite textures: (i) bastites texture, with very fine mag-
netite arranged along the cleavage planes of clinopyroxenes
and orthopyroxenes (mainly augite, diopside, and enstatite)
(Fig. 3e) or (ii) along the rims of the mesh, hourglass, and
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ribbon textures of former olivines, regardless of the degree
of serpentinization of the rock (i.e., partially serpentinized
peridotites vs. massive serpentinites) (Fig. 3f).

In non-pseudomorphic serpentinites spinels may occur
as sub-millimeter scattered crystals. In general, all these
SSMs have magnetite composition (e.g., Fe#=0.68-0.69,
Mg# =0.01-0.02, Cr# = 0.27-0.38).

4.2.3 SSM porphyroclasts along foliation and shear
zones

In foliated serpentinites and in millimeter-thick shear zones
cutting massive serpentinites, SSMs occur either as ag-
gregates of allotriomorphic crystals (60 to 130 um) or as
micrometer-size crystals, oriented along the folded compos-
ite fabric (Fig. 3g-h). All these crystals are classifiable as
magnetite, but substantial compositional differences exist de-
pending on the degree of serpentinization and deformation
experienced by the host rock. For example, magnetite found
within the shear zones of massive serpentinites has a higher
Mg and lower Cr content than that found in foliated serpen-
tinites.

4.3 Crystal chemistry and trace and ultratrace
elements of SSMs

The analysis of trace and ultratrace elements in SSMs high-
lighted that their most important carrier in the studied rocks
is porphyroclasts.

In general, the contents of Mg (Fig. 2d), Al, V, Cr, and Zn
(Figs. 4-5) are higher in the porphyroclasts of partially ser-
pentinized peridotites than those of massive serpentinites and
foliated serpentinites. Conversely, the contents of Ni, Co, and
Mn increase from porphyroclasts of partially serpentinized
peridotites to those of massive serpentinites (Fig. 4). Never-
theless, porphyroclasts in massive serpentinites are richer in
Ni and Mn than those occurring in foliated serpentinites (see
enlarged area in the Fig. 4a and c).

In mesh-hosted magnetites, significant amounts of Ni
(~0.03 apfu) and Co (~0.008 apfu) occur, whereas bastite-
hosted magnetites have a significant amount of Cr
(~0.05 apfu), regardless of the rock in which they occur.

Re-oriented magnetites, in shear zones cutting massive
serpentinites, contain more Mg (~ 0.05 apfu; not show in the
figures), Ni (~ 0.02 apfu), and Mn (~ 0.014 apfu) compared
to spinels in foliated serpentinites. On the other hand, fo-
liated serpentinite SSMs (mainly magnetites) host a higher
content of Cr (~0.08 apfu) and Ti (~ 0.01 apfu) compared
to SSMs in shear zones cutting massive serpentinites. More-
over, the analytical results (Fig. 6) highlight different corre-
lation among trace elements. Manganese (Fig. 6a) has a good
positive correlation with Cr in all the rock types and in par-
ticular in the re-oriented crystals occurring in massive and
foliated serpentinites (see enlarged area of Fig. 6a). Vana-
dium, Zn, and Ti (Fig. 6b—d) have positive correlation with
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Figure 2. Classification diagrams of spinel subgroup minerals; SSMs are grouped according to their microstructure and texture; dashed
pink areas refer to the composition of primary spinel from the Voltri Massif (mainly Erro-Tobbio primary spinels; Rampone et al., 2005;
Piccardo and Visser, 2007; Borghini et al., 2007; Padovano et al., 2015); gray fields refer to the composition of ultramafic spinel in worldwide
ophiolites (see Barnes and Roeder, 2001, and references therein). (a) Ternary diagram considering the APt Cr3t, and Fe3t exchange at the
Y structural site (field contours are from Gargiulo et al., 2013). (b) Binary diagram considering the Mgz"'—Fe2+ exchange at the X structural
site (field contours are from Gargiulo et al., 2013). (¢) Mg#=[Mg /(Mg +Fe2+)] vs. Cr# =[Cr / (Cr + Al)] diagram of spinel subgroup
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enlarged areas of panels (b), (c), and (d) are shown.
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Figure 3. Spinel subgroup mineral microstructures: (a—b) SSM porphyroclasts surrounded by chlorite coronas, in partially serpentinized
peridotites; (c—d) recrystallized SSM porphyroclasts intergrowing with serpentine minerals in massive serpentinites; () SSMs within bastite
in massive serpentinites; (f) SSMs within mesh texture in partially serpentinized peridotites; (g—h) SSMs re-oriented along the foliation
in foliated serpentinites. Mineral abbreviations from Warr (2021): Chl-chlorite, Cr-Mag —chromian magnetite, Cr-Spl —chromian spinel,
Atg —antigorite, Mag — magnetite, Ol —olivine. Panels (a), (c), (e), and (g) are petrographic microscope microphotographs with plane-light;
panels (b), (d), (f), and (h) are backscattered electron (BSE) images.
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Figure 4. Correlation plots of Fe2+ (structural site X) vs. Ni (a), Co (b), Mn (¢), and Zn (d). Values are in atoms per formula unit (apfu).
Diagrams on the right are the zoomed area of the left diagram (red box) reported only for SSMs within serpentine textures and re-oriented
along the foliation. For the legend of symbols please refer to Fig. 2.
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Figure 5. Correlation plots of Fe3+ (structural site Y) vs. Al (a), Cr (b), Ti (¢), and V (d). Values are in atoms per formula unit (apfu).
Diagrams on the right are the zoomed area of the left diagram (red box) reported only for SSMs within serpentine textures and re-oriented
along the foliation. For the legend of symbols please refer to Fig. 2.
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Cr mainly in porphyroclasts of partially serpentinized peri-
dotites and massive serpentinites. Nickel shows positive cor-
relation both in porphyroclast of massive serpentinites and in
the re-oriented crystals in massive and foliated serpentinites
(see enlarged area of Fig. 6e). Cobalt does not show a clear
correlation with Cr (Fig. 6f).

Figure 7 provides an overview of the concentration of a
wide range of elements within SSMs and shows high con-
tents of Cr, Ni, V, Co, Ti, Mn, Zn, Sn, Pb, and Ga, which are
compatible in magnetite, and low Zr, Hf, Sc, Ta, and Nb val-
ues, which are incompatible in magnetite (Dare et al., 2014).

5 Discussion

The chemistry and microstructure of SSMs in ultramafic
rocks can be significantly modified both during oceanic ser-
pentinization and/or prograde and retrograde metamorphism
(Barnes, 1998, 2000). SSMs 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 SSMs related to metamorphosed
ultramafic rocks from alpine-type complexes (Fig. 2). The
analyzed SSMs record various stages of evolution linked to
the multiphase geological history of the VM (Fig. 8). In the
following, we will describe and discuss the effects of serpen-
tinization and deformation on texture, microstructure, and
chemistry of the studied SSMs. A possible evolution of the
SSM microstructures is sketched in Fig. 8.

5.1 Texture and microstructure of SSMs

In VM, the partially serpentinized peridotites show preserved
pseudomorphic textures of serpentine (mainly mesh texture
and bastite) linked to the early stage of oceanic serpentiniza-
tion of the lithospheric mantle. In these textures magnetite
microcrystals occur either within the mesh rims or along
cleavage planes of bastites.

Cr-spinels were altered by oceanic hydrothermal fluids
that promoted the reaction with silicates (i.e., olivine and py-
roxene), forming rims and veins of ferrian chromite and/or
Cr-magnetite, and Cr-chlorite coronas (Cr-clinochlore), at
a temperature likely higher than 200-300°C (e.g., Grieco
and Merlini, 2012; Merlini et al., 2012). After this reaction,
olivine and spinel were residually enriched respectively in
FeZt and Cr by a loss of MgO (olivine) and AlpO3 (spinel)
(Piccardo et al., 2001; Colas et al., 2014).

The compositional map (Fig. 9) of spinel porphyroclasts
shows that they were depleted in Cr and other metals start-
ing from veins, as already observed for serpentinization pro-
cesses (see Barnes, 2000). Therefore, the spongy alteration
texture of the spinel rims and the sites close to cracks of the
Cr-spinel can be attributed to the dissolution of several el-
ements (i.e., Al, Cr, Ti, Mg, Zn, and Co) from these crys-
tals during the serpentinization processes as also reported

https://doi.org/10.5194/ejm-35-1091-2023

by other authors (e.g., Garuti et al., 2007; Teixeira et al.,
2012). The reactions producing ferrian chromite and Cr-
clinochlore have already been assessed in several studies
(e.g., Christofides et al., 1994; Barnes and Roeder, 2001; Pic-
cardo et al., 2001; Grieco and Merlini, 2012; Colas et al.,
2014); however, there is no general agreement on the tim-
ing of this reactions, suggesting different processes such as
(i) a pre-oceanic serpentinization process, but after all deep
magmatic events (Grieco and Merlini, 2012; Merlini et al.,
2012), (ii) during the oceanic serpentinization process (Bliss
and MacLean, 1975), (iii) after the serpentinization of the
rock (Kimball, 1990; Mellini et al., 2005), during prograde
metamorphism of serpentinized ultramafic rocks (Evans and
Frost, 1975; Barnes and Roeder, 2001), during the retrograde
evolution from the high-pressure (HP) conditions (Gervilla
et al., 2012; Colés et al., 2014), or during regional metamor-
phism of ultramafic rocks, after the reactions of spinel with
silicates and metamorphic fluids (Barnes and Roeder, 2001).

According to what was observed in massive serpentinites
from VM, we suggest that, during the ongoing oceanic ser-
pentinization of the mantle rocks (Fig. 8, Stage B—C), man-
tle spinel (see dashed pink areas in Figs. 2 and 6 for the
composition) was progressively replaced by magnetite, as at-
tested by the occurrence of Cr-rich core relics, surrounded
by Cr-poor magnetite rims (Diella et al., 1994; Fontana et
al., 2008). With the progressive increase of serpentinization
degree, mesh texture evolved to hourglass texture and then,
at the early stage of deformation, to ribbon texture.

The progressive evolution, affecting the partially serpen-
tinized peridotites during the H P—LT subduction and ex-
humation events (e.g., Scambelluri et 2001; Peters et al.,
2020), caused recrystallization and the almost complete
obliteration of the oceanic pseudomorphic textures with the
subsequent formation of non-pseudomorphic massive or fo-
liated serpentinites. During these events, the formation of
magnetite porphyroblasts and the grain-size reduction of re-
crystallized magnetite porphyroclasts occurred in massive
serpentinite (Fig. 8, Stage D1). In foliated serpentinites, mag-
netite micrometer-sized crystals were re-oriented in trails
along the main foliation (Fig. 8, Stage D2).

5.2 Chemical variation in spinel subgroup minerals

The obtained results provide evidence that the wide compo-
sitional variations in trace and ultratrace elements of SSMs
are mainly controlled by the degree of serpentinization and
tectonic deformation.

In general, the trace and ultratrace element content of
SSMs seems to be mostly affected by the olivine breakdown
during serpentinization (Barnes and Roeder, 2001; Gahlan
and Arai, 2007). In the studied rocks, olivines contain high
concentrations of Ni (up to 3514 ppm), Co (up to 661 ppm),
Mn (up to 1795), and Zn (up to 1221 ppm) (Fornasaro et al.,
2019) and can be considered the main repository of these el-
ements.

Eur. J. Mineral., 35, 1091-1109, 2023
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Figure 6. Correlation diagram of Cr vs. Mn, V, Zn, Ti, Ni, and Co, respectively (EMPA-WDS and LA-ICP-MS data). Values are in parts per
million (ppm). Dashed pink areas refer to the composition of primary spinel from the Voltri Massif (mainly Erro-Tobbio primary spinels;
Rampone et al., 2005; Piccardo and Visser, 2007; Borghini et al., 2007; Padovano et al., 2015); gray fields refer to the composition of ultra-
mafic spinel worldwide (see Barnes and Roeder, 2001, and references therein). Enlarged boxes of (a) and (e) show the different compositional
trend of the SSMs in the massive serpentinites and in the foliated serpentines. For the legend of symbols please refer to Fig. 2.

Mn, Zn, Co, and Ni, released after the breakdown of
olivine, are incompatible with serpentine mineral structure
and can be transported by the hydrothermal solution involved
in serpentinization (Singh and Singh, 2013) and later incor-
porated in spinel crystal structure. SSM porphyroclasts in the
VM massive serpentinites are richer in Ni than porphyro-
clasts in the partially serpentinized peridotites (see Fig. 6).
This has been observed also in other geological context, and

Eur. J. Mineral., 35, 1091-1109, 2023

it has been noted that Ni incorporation within chromite may
be complicated by crystal-chemical effects and that Ni is
more stable in magnetite due to the inverse spinel cation dis-
tribution (Hodel et al, 2017; Beckett-Brown and Mcdonald,
2018).

In general, compared to other ultramafic massifs world-
wide, the relative abundance of Ni, Zn, and Co in the studied
magnetites can also be explained by the low concentrations

https://doi.org/10.5194/ejm-35-1091-2023
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Figure 7. Multi-element variation diagrams of the analyzed SSMs
after in situ laser ablation analysis (LA-ICP-MS data). The val-
ues have been normalized to the Earth’s mantle average composi-
tion (Palme and O’Neill, 2014). Diamonds represent porphyroclast
analyses, squares re-crystallized porphyroclasts, circles re-oriented
magnetite, and triangles magnetite within pseudomorphic serpen-
tine textures. The shaded gray area marks the sum of the ranges of
the three different lithologies. The 22 trace elements are plotted in
order of increasing compatibility into magnetite, as suggested by
Dare et al. (2014).

of sulfide (Ni-sulfides) in our samples. A high Zn content
in Cr-spinel core is common in metamorphosed ultramafic
rocks (e.g., Barnes, 2000; Saumur et al., 2013). Composi-
tional variations between cores and rims suggest that Zn be-
haves like Mg and is released from Cr-spinel during initial-

https://doi.org/10.5194/ejm-35-1091-2023

Table 2. Accuracy by class of rock when all the 45 chemical ele-
ments are involved in the classification process. The last line reports
the weighted averaged values of the true/false positive rate and the
precision (FS—foliated serpentinites; PSP —partially serpentinized
peridotites; MS —massive serpentinites).

True False Precision Class

positive  positive

rate rate

1.000 0.050 0920 FS

1.000 0.000 1.000 PSP

0.905 0.000 1.000 MS

0.968 0.018 0971  weighted
averaged

Table 3. Confusion matrix related to the results obtained with
a random forest classifier for classifying the rock type. All
the 45 chemical elements are involved in the classification pro-
cess (FS —foliated serpentinites; PSP —partially serpentinized peri-
dotites; MS —massive serpentinites).

FS PSP MS C(lassified as

Actual type 23 0 0 FS
0 19 0 PSP
2 0 19 MS

stage reactions with serpentine or Mg- and Si-rich fluids, as
suggested by Gonzalez-Jimenez et al. (2009).

The significant amount of Cr (~0.05apfu) in bastite-
hosted magnetite, regardless of the rock in which they occur,
might be correlated with the high Cr content of pyroxenes
that are, among silicates, the main Cr-bearing minerals (with
enstatites reaching up to 13 000 ppm in Cr; Fornasaro et al.,
2019).

It should be noted that the relatively high Al contents in
some SSM crystals in the serpentine textures can be due
to the presence of chlorite, which is intimately associated
with antigorite in pseudomorphic and non-pseudomorphic
textures (see Fornasaro et al., 2019).

5.3 Relationships between SSM composition and
lithologic features: a data mining approach

In this work we present the first application of a machine
learning approach (more precisely, using the software Weka
3.8.0; Frank et al., 2016) for evaluating the relationships
among the compositional variations of SSMs, in relation to
different textures and microstructures, and various degrees
of serpentinization and deformation (lithotype). We checked
the possibility of determining the host rock type and/or mi-
crostructure, starting from the quantitative knowledge of a
set of chemical elements observed in SSMs. Machine learn-
ing algorithms are becoming increasingly used, and they are
gaining popularity in an increasing variety of scientific disci-

Eur. J. Mineral., 35, 1091-1109, 2023
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Figure 8. Sketch of SSM microstructure evolution. Stage A: development of mesh texture during the early oceanic serpentinization of peri-
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during the subduction and exhumation events.

Table 4. Accuracy by class of microstructure when all the 45 chem-
ical elements are involved in the classification process. The last
line reports the weighted averaged values of the true/false positive
rate and the precision (A —SSM porphyroclasts; B—SSMs within
pseudomorphic and non-pseudomorphic textures; C —re-oriented
SSMs).

True False Precision Class

positive  positive

rate rate

0.920 0.053 0920 A

0.857 0.036 0.750 B

0.968 0.000 1.000 C

0.937 0.025 0.940 weighted
averaged

Table 5. Confusion matrix related to the results obtained with a ran-
dom forest classifier for classifying the microstructure type. All the
45 chemical elements are involved in the classification process (A —
SSM porphyroclasts; B—SSMs within pseudomorphic and non-
pseudomorphic textures; C —re-oriented SSMs).

A B C C(Classified as
Actual type 23 2 0 A
1 6 0 B
1 0 30 C

plines as they are reputedly yielding reliable results. For our
research, we used Weka 3.8.0 software, which is a powerful
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Table 6. Accuracy by class of rock when a set of only eight chemi-
cal elements are involved in the classification process. The last line
reports the weighted averaged values of the true/false positive rate
and the precision (FS—foliated serpentinites; PSP —partially ser-
pentinized peridotites; MS —massive serpentinites).

True False Precision Class

positive  positive

rate rate

1.000 0.050 0920 FS

0.947 0.000 1.000 PSP

0.905 0.024 0950 MS

0.952 0.026 0.954  weighted
averaged

open-access software including a large collection of machine
learning algorithms. We tested several classifiers provided by
Weka, and eventually we selected the random forest algo-
rithm as the one which achieved the most accurate prediction
for our data (detailed information on random forest classi-
fiers can be found in Breiman, 2001). The achieved results
clearly show that the classifier can produce a correct classi-
fication with a weighted averaged accuracy larger than 93 %,
thus proving that the chemical composition of the SSMs is
strongly affected by the type of rock as well as by texture
and microstructure.

At first, the classifier was fed with the quantitative values
related to the 45 elements (Li, Na, Cr, Mg, Al Si, P, K, Ca,
Sc, Ti, V, Mn, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Sn, Cs,
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Low elemental
concentration

High elemental
concentration

[

Figure 9. WDS compositional maps of Fe, Cr, Mn, Si, and Mg in a
porphyroclast, showing the complete removal of chromium during
chromian-spinel partial replacement by secondary magnetite along
edges and microfractures.

Table 7. Confusion matrix related to the results obtained with
a random forest classifier for classifying the rock type. Only
eight chemical elements are involved in the classification pro-
cess (FS —foliated serpentinites; PSP — partially serpentinized peri-
dotites; MS —massive serpentinites).

FS PSP MS Classified as

Actual type 23 0 0 FS
0 18 1 PSP
2 0 19 MS

Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,
Hf, Ta, Pb, Th, U) analyzed in SSMs grouped both for type
of rock and microstructure (Tables 2-5). The performance
of classifiers can be easily evaluated by means of confusion
matrix (Table 3, sometimes named error matrix), a square

https://doi.org/10.5194/ejm-35-1091-2023

Table 8. Accuracy by class of microstructure when only eight chem-
ical elements are involved in the classification process. The last
line reports the weighted averaged values of the true/false positive
rate and the precision (A—SSM porphyroclasts; B—SSMs within
pseudomorphic and non-pseudomorphic textures; C—re-oriented
SSMs).

True False Precision Class

positive  positive

rate rate

0.880 0.026 0957 A

0.857 0.036 0.750 B

1.000 0.031 0969 C

0.937 0.030 0.940  weighted
averaged

Table 9. Confusion matrix related to the results obtained with
a random forest classifier for classifying the microstructure type.
Only eight chemical elements are involved in the classification
process (A —SSM porphyroclasts; B —SSMs within pseudomorphic
and non-pseudomorphic textures; C —re-oriented SSMs).

A B C Classified as
Actual type 22 2 1 A
1 6 0 B
0 31 C

matrix that shows counts from predicted and actual values.
All correct predictions are located on the diagonal of the ma-
trix. Conversely, erroneous predictions are out the diagonal;
specifically, false positives are below the diagonal and false
negatives above the diagonal (Bonaccorso, 2022). Concern-
ing the possible classification by the rock type, the confu-
sion matrix obtained with a random forest classifier (Table 3)
highlights that only two samples were incorrectly classified
as MS instead FS, with a precision of 97 %. On the other
hand, the confusion matrix obtained for classifying the mi-
crostructure type gives a good classification with only two
incorrectly classified samples, with a precision of 94 % (Ta-
ble 5).

Finally, a reduced set of chemical elements, selected with
“best first” method provided by the software (i.e., Na, Mg,
Co, Ni, Zn, Ga, Rb, and Th) was employed to perform the
classification again: the results (reported in Tables 6-9) high-
light the good performance of the random forest classifier,
which allows achieving accuracies only slightly smaller than
those obtained when all the 45 elements were taken into ac-
count.

6 Conclusions

In this study we investigated the mineralogy and the min-
eral chemistry of SSMs in different ultramafic rocks (i.e.,
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partially serpentinized peridotites, massive serpentinites,
and foliated serpentinites) from the Voltri Massif H P-LT
metaophiolites (Ligurian Alps). We focused on variations of
the SSM composition in relation to different textures, mi-
crostructures, and the various degree of serpentinization and
deformation of these metamorphic ultramafites.

In the selected rocks, the SSMs occur within several tex-
tural and microstructural features that can be grouped into
three main classes: (i) SSM porphyroclasts with various de-
gree of recrystallization, scattered within partially serpen-
tinized peridotite and massive serpentinite; (ii) SSMs within
pseudomorphic and non-pseudomorphic serpentine textures
within partially serpentinized peridotite and massive serpen-
tinite; and (iii) SSMs re-oriented along the foliation within
foliated serpentinites.

The results highlighted a significant variation in the con-
tents of trace and ultratrace elements in SSMs during the
evolution from Cr-spinel porphyroclast occurring in partially
serpentinized peridotites to the various generations of mag-
netite (Fig. 2). This chemical variation may be related to
the serpentinization and deformation evolution of the studied
ultramafic rocks. The breakdown of olivine during serpen-
tinization causes the release of Mn, Zn, Ni, and Co, which
can be trapped within the lattice of chromian spinel. As ser-
pentinization and the following deformation progress, Cr, Ni,
and Co concentrations progressively decrease.

Our findings are confirmed by an innovative indirect sta-
tistical method performed by the machine learning approach.
The method clearly shows that the classifier can produce
a correct classification with a weighted averaged accuracy
larger than 93 %, thus proving that the composition variation
in SSMs is strongly affected by both the rock type and the mi-
crostructure. On the one hand, this further highlights a strong
correlation between a (possibly selected) set of elements and
the textural and microstructural features; the possibility to
achieve a good classification starting from a limited set of
chemical elements permits us to reduce the overall cost of
the analysis and allows researchers to focus on other possi-
bly crucial points of the investigation.

It should be noted that, compared to other ultramafic
SSMs, the relative abundance of Ni, Zn, and Co in magnetite
of VM can also be linked to the low concentrations of sulfide
in these rocks.

At a general scale, the trace and ultratrace variability in
SSMs is primarily related to the petrologic and tectonic evo-
lution but at a local scale. On the other hand, the mineralog-
ical, lithological, structural, and textural features correlated
to the degree of serpentinization and/or deformation signifi-
cantly influence their distribution and concentration in trace
and ultratrace elements.

These variations may also have significant environmental
implications since some of these trace elements are poten-
tially toxic elements which can be released to soil and circu-
lating water, depending on the host minerals and their stabil-
ity during weathering and pedogenic processes. Furthermore,
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this data might be used for the evaluation of the pedogeo-
chemical background for naturally occurring contaminants.
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