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Abstract

Pyrite and organic matter closely coexist in some hydrothermally-altered gabbroic xenoliths
from the Hyblean Plateau, Sicily. The representative sample consists of plagioclase, Fe-oxides,
clinopyroxene, pyrite and minor amounts of many other minerals. Plagioclase displays
incipient albitization, clinopyroxene is deeply corroded. Pyrite grains are widely replaced by
spongy-textured magnetite, which locally hosts Ca-(and Fe-)sulfate micrograins and blebs of
condensed organic matter. Whole-rock trace element distribution evidences that incompatible
elements, particularly the fluid-mobile Ba, U and Pb, are significantly enriched with respect to
N-MORB values. The mineralogical and geochemical characteristics of the sample, and its U-
Pb zircon age 0f 216.9 £ 6.7 MA, conform to the xenolith-based viewpoint that the unexposed
Hyblean basement is a relict of the Tonian Tethys lithospheric domain, mostly consisting of
abyssal-type serpentinized peridotites with small gabbroic intrusions. Circulating hydrothermal
fluids there favored the formation of hydrocarbons trough Fischer-Tropsch-type organic
synthesis, giving also rise to sulfidization episodes. Subsequent variations in temperature
and redox conditions of the system induced partial de-sulfidization, Fe-oxides precipitation
and sulfate-forming reactions, also promoting poly-condensation and aromatization of the
already-formed hydrocarbons. Here we show organic matter adhering to a crystal face of a
microscopic pyrite grain. Pyrite surfaces, as abiotic analogues of enzymes, can adsorb and
concentrate organic molecules, also acting as catalysts for a broad range of proto-biochemical
reactions. The present data therefore may support established abiogenesis models suggesting
that pyrite surfaces carried out primitive metabolic cycles in suitable environments of the early
Earth, such as endolithic recesses in mafic rocks permeated by hydrothermal fluids.
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Introduction

Scientific reports on abiogenesis traditionally focus more on biological and biochemical
aspects, even though the main topic actually extends over the entire realm of the natural
sciences (e.g. Ferris et al. 1996; Hazen and Sverjensky 2010), including mineralogical,
petrologic and geochemical studies. These can shed light on the inorganic background on
which the biochemical processes began. For example, Lindgren et al. (2011) reported that in
some rocks from Ireland, Carboniferous in age, pyrite acts as a substrate for the concentration
of organic matter. Such an intriguing occurrence conjures up, and even supports, those models
suggesting, albeit with different modulation, that pyrite (and other metal sulfides) played a key
role in abiogenesis (e.g. Wiachtershduser 1988; Blochl et al. 1992; Heinen and Lauwers 1996;
Holm and Anderson 1998; Tessis et al. 1999; Schoonen et al. 1999; Martin 2012).

The present paper documents a different case of pyrite associated with organic matter,
occurring in a xenolith of hydrothermally altered gabbro from the Hyblean Plateau, Sicily. In
particular, evidence is provided of organic matter adhering to a pyrite crystal face, a few
micrometers in size, that is a pre-requisite for processes such as condensation of biomolecular
precursors, prebiotic catalysis and autocatalytic metabolism. In addition, a comprehensive set
of petrologic data is here reported and discussed, in order to outline the complex igneous and
hydrothermal history of the sample.

Pyrite as a Key Mineral for Abiogenesis

As known, the isometric polymorph of the iron disulfide, pyrite, is a semiconductor, partially
ionic crystal. It displays NaCl-type cubic structure (lattice constant a=5.419 A, space group
Pa3) with Fe?* at the cation site and S,>~ dimers at the anion site aligned along the cube
diagonal <111>. Pyrite surfaces can selectively adsorb and concentrate different organic
molecules, hence promoting a broad range of chemical reactions (Holm et al. 1993; Bebié
and Schoonen 2000; Cody et al. 2000, 2004; Zhang et al. 2003; Schulte and Rogers 2004;
Pollet et al. 2007; Murphy and Strongin 2009; Wang et al. 2010; Kundell 2011; Liu et al. 2012;
Suzuki et al. 2018).

Although the iron and sulfur atoms in the crystal lattice of the pyrite are arranged according
to an isotropic 3D geometry, the occurrence of dumbbell shaped S-S pairs can give rise to
anisotropic patterns at atomic scale (“atomic terrace edges”: Herbert et al. 2014), on the crystal
surfaces. For example, on the (001) crystal face, one of the two sulfur atoms of the S,2~ dimer
is situated above, and the other below, the terminal plane of iron atoms. The apparent tilting of
such S-S pairs along particular crystallographic directions produces on the surface a regular
array of ridges and grooves, two atoms in thickness (Philpott et al. 2004). These are possible
catalytic sites for a variety of chemical reactions, even those displaying (proto)biochemical
relevance, also favoring unidirectional arrangement of newly formed polymers (Philpott et al.
2004).

In addition, the pyrite surfaces often displays sulfur vacancy (Vs) and iron vacancy (V)
defect sites. A defective pyrite {100} surface can be due, for example, to more reduced sulfur
S2- originating from the breaking of the surface S,2~ dimers, coupled with the oxidation of
surface Fe?+ ions to Fe3+. Therefore in a Vg site there are two 4-coordinated (defective) surface
iron sites (e.g. Nesbitt et al. 1998; Stirling et al. 2007; Murphy and Strongin 2009; Xian et al.
2019). In addition, vacancy sites can coalesce as vacancy clusters, which are considered more
stable than dispersed individual ones (Herbert et al. 2014).
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Different defect sites often coexist on the same pyrite surface, which can therefore
bind chemically different species (Bebi¢ and Schoonen 2000). Some organic com-
pounds are capable of migrating laterally over the pyrite surface without losing their
overall cooperative surface bonding (Wéchtershduser 1988). Such a surface migration
process can give rise to the casual contact of two different compounds, which can
polymerize producing more complex compounds. Some organic units can be indirectly
surface bonded by being attached to directly surface-bonded constituents, therefore
increasing the complexity degree of the system. Wichtershduser (1988) highlighted
that organic compounds bound to pyrite surface can persist or spread only if the rate
of production equals or exceeds the rate of depletion by detachment. In this respect,
weakly bonding constituents give way to stronger bonding ones, giving therefore rise
to a process of “natural selection”. Such surface processes may eventually give rise to
organic compounds displaying biochemical relevance, such as nucleic acids and
proteins.

Both molecular and dissociative adsorption can occur in the pyrite surface (Stirling
et al. 2015; Zhao et al. 2014; Li et al. 2018), the latter being generally more
energetically favorable on defect sites (e.g. Xian et al. 2019). Adsorption and hetero-
geneous catalysis on the pyrite surface also depend on different physicochemical
parameters of the system. For example, relatively high temperature can decrease
activation free energy barriers, high pressure may favor polymerization reactions
(e.g. Pollet et al. 2007). Dry or wet conditions can also modify the reactivity of the
pyrite surfaces. On dry pyrite surfaces the lowest empty atomic orbitals are on the
Fe2* sites whereas, in wet conditions, water molecules bind on surface iron atoms,
hence exposing the surface sulfur atoms to potential nucleophilic attacks (Guevremont
et al. 1998; Stirling et al. 2015).

The interfacial free energy of a given organic compound and pyrite surface has been
described as a balance between attractive Lifshitz—van der Waals force, repulsive or attractive
electrostatic force and acid/base interaction force (Sharma and Rao 2003). In the presence of a
liquid phase, as it occurs in hydrothermal conditions, the van der Waals interaction energy is
negligible. The electrostatic forces can be depicted by the zeta-potential ((), which is the
potential at plane of shear between the interacting materials. Electrophoresis experiments by
Sharma and Rao (2003) indicated that, in presence of molecular oxygen, the pyrite zeta-
potential has an inversed relationship with pH of the hydrothermal solution (¢>0 if pH< 7,
(>0 if pH> 7). On the other hand, experiments by Bebié and Schoonen (2000) showed that
the pyrite zeta-potential, under anoxic conditions, is negative at any pH values. The presence
of a bridge of divalent cations, such as Ca2* and Mg?*, is therefore necessary to allow adhesion
of (poly)anionic organic molecules on a pyrite surface in the early Earth environments (Bebié
and Schoonen 2000). It is worth to notice that Ca+ and Mg?* (and Fe2+) are the most common
divalent cations in mafic silicate rocks.

Aforementioned auto-metabolic processes imply the occurrence of abiotic organic com-
pounds already bound on the surface of pyrite, as potential reactants to produce (bio)polymers.
Some authors (e.g. Wachtershduser 1988) hypothesized that the abiotic production of simple
organic compounds, such as low molecular weight hydrocarbons and formic acid, may occur
on the same surface of pyrite, as the exothermic behavior of reaction of iron monosulfide and
hydrogen sulfide under anaerobic conditions:

FeS + H,S —FeS, + H, (1)
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can even drive the endothermic reduction of carbon dioxide, according, for example, to the
following reaction:

CO,(aq) + FeS + HyS—HCOOH + FeS, + H,0 (2)

Nevertheless, it has been demonstrated on thermodynamic basis that under hydrothermal
conditions such a process is precluded by high activation barriers (Schoonen et al. 1999;
Michalkova et al. 2011). The organic molecules capable of adhering to the surface of pyrite to
initiate a “surface metabolism” reaction pathway should therefore have formed elsewhere,
through a different (abiotic) synthesis.

Reactions on pyrite surface may be chirally selective, since pyrite crystals often exhibit
striations, usually parallel to [001] on their {210} faces, as a result of selective adsorbing of
impurities (e.g. Endo and Sunagawa 1973). In this respect Hazen and Sholl (2003) suggested
that symmetry breaking on a chirally-selective mineral surface is a plausible geochemical
mechanism for the chiral selection, and subsequent homochiral polymerization, of amino acids
in the prebiotic Earth.

More in general, a pyrite-mediated abiogenesis is quite consistent with the ubiquitous role
of iron and sulfur in a number of key biologic compounds, such as some proteins (e.g.
ferredoxins) and related enzymes, (Schulte and Rogers 2004; Suzuki et al. 2018). Correspond-
ingly, Weiss et al. (2016), through the study of a number of protein-coding genes and protein
clusters from sequenced prokaryotic genomes, inferred that the biochemical pathway of the
“last universal common ancestor” (LUCA: e.g. Lane et al. 2010) included iron—sulfur clusters.

Submarine Hydrothermal Systems as Primary Loci for Abiotic Organic Synthesis
and Metal Sulfides Formation: The Early Earth Perspective

Scientific results of modern marine geology enterprises revealed a number of seafloor hydro-
thermal vents along slow- and ultra-slow oceanic ridges, where serpentinized mantle ultra-
mafics and mafic igneous intrusives were tectonically exhumed at sea-floor (e.g. Natland and
Dick 2001; Mével 2003; Snow and Edmond 2007; Silantyev et al. 2011; Andreani et al. 2014).
Serpentinite-gabbro hosted hydrothermal systems can be divided in two main types on the
basis of the physicochemical characteristics of their vent fluids (e.g. Rona et al. 2010). In one
of two types of hydrothermal systems, fluids exhibit a relatively low temperature (T =40—
90 °C), being also strongly basic (pH =9-11.5) and very poor in transition metals, silica and
Mg. Minerals precipitated at the vent sites give rise to complex systems of overlapping and
branching columnar chimneys, known as “white smokers”, mostly consisting of carbonate and
sulfate minerals. In this case, the subsurface hydrothermal circulation is though to be driven by
the heat released by the exothermic serpentinization reactions (e.g. Evans 2004). The “Lost
City” hydrothermal system located 15 km west of the spreading axis of the MAR at 30°N, can
be considered the archetypal of white smokers (e.g. Kelley 2015).

The other type of hydrothermal fluids circulating in serpentinites may resemble those
emitted by basalt-hosted systems, hence displaying high temperature (up to 407 °C: German
et al. 2004), acidic (pH =2-5) and anoxic character, with high contents in sulfur and transition
metals, especially Fe (Seyfried et al. 2011). Abundant metal-sulfides precipitate when the
hydrothermal fluids mixes with ambient cold seawater, giving rise to seafloor chimneys dark in
color (“black smokers™: e.g. Kelley 2015; Firstova et al. 2016). The serpentinization reactions
occurred prior to, and independently of, the sulfide mineralization event, and the hydrothermal
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circulation is thought to be driven by the conductive cooling of deep-seated igneous bodies
(German et al. 2004). The Rainbow is a typical black smoker structure sited on a serpentinite
protrusion (“oceanic core complex: OCC) in the MAR (36°14’ N) (Marques et al. 2007,
Seyfried et al. 2011).

Di-hydrogen, methane and other light organic compounds are common components of
fluids issuing from hydrothermal seafloor vents, both white- and black-smokers, sited upon
serpentinized mantle rocks (e.g. Fu et al. 2007; Konn et al. 2009; Cannat et al. 2010).
Serpentinite-hosted hydrothermal systems are thought to be ideal places for the FTT abiotic
organic synthesis, which consists of the catalytic hydrogenation of dissolved inorganic carbon
species (e.g. Szatmari 1989; Holm and Charlou 2001; Charlou et al. 2002; McCollom and
Seewald 2007; McCollom 2013; Etiope and Schoell 2014; Sforna et al. 2018). Di-hydrogen
necessary for the FTT synthesis in hydrothermal conditions is mostly released by different
reactions implying the anaerobic oxidation of ferrous iron by the protons of water (e.g.
Schikorr-type reaction: Schikorr 1933). Typical cases of H, production are related to the
hydration of anhydrous mafic silicate minerals. Considering, for instance, the fayalite end-
member of the olivine (Palandri and Reed 2004; Bach et al. 2006; Frost and Beard 2007;
McCollom and Seewald 2007):

3Fe,Si04 + 2H,0—2Fe;04 + 3Si0, (aq) + 2H, (3)

Magnetite, being one of the products of (3), is one of the most effective catalyst for the FTT
organic synthesis, even in hydrothermal systems, together with Ni-Fe and Cr-Fe oxides, Ni-Fe
and PGE-bearing alloys (Foustoukos and Seyfried Jr 2004; Fu et al. 2007; Lazar et al. 2012;
McCollom 2013). The role of metal sulfides as FTT catalysts is still debated, since more than
2 wt% of dissolved sulfur in the hydrothermal fluid de-activates most metal-oxide and native-
metal catalysts (e.g. McCollom and Seewald 2007).

The molecular hydrogen, abiotic organic compounds and sulfur produced in the abyssal
serpentinite systems provide energy sources for metabolic reactions of microbial ecosystems
dominated by anaerobic methanotrophs and cryptoendolithic chemolithoautothrophic, sulfur-
oxidizing, microorganisms (e.g. Brazelton et al. 2011; Ménez et al. 2018). This fact inevitably
gives rise to the “contamination” of abiotic hydrocarbons by a variety of biogenic organic
compounds (e.g. Gold 1999).

It is generally considered very likely that submarine hydrothermal systems hosted in mafic—
ultramafic rocks were present, even very abundant, on the ultramafic oceanic crust of the pre-
biotic Earth (e.g. Russel et al. 2005). This would result, as in modern cases, in chemically
reactive environments rich in H,, CO,, S, P, N, Fe and other transition metals, far from
equilibrium conditions, displaying temperature, redox and pH gradients (e.g. Kelley 2015).
The early ocean was particularly rich in dissolved CO, from the primitive atmosphere and also
rich in hydrogen from serpentinization reactions affecting the widespread ultramafic substra-
tum, including komatiite lava flows. The production of abiogenic organic compounds was
therefore much more favored than it can be in modern times (Russel et al. 2005). The
coexistence of pyrite (and other sulfides) and organic compounds was certainly quite common
in Early Earth submarine environments, especially in the fractured mafic and ultramafic rocks
hosting the ascending limbs of high-T hydrothermal cells, and in the related vents at the
seafloor. Accordingly, some authors (e.g. Lane et al. 2010; Dodd et al. 2017) suggested that
LUCA was a thermophile organism, which inhabited a submarine, anaerobic, hydrothermal
vent setting.
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Ancient Submarine Hydrothermal Events Inferred from the Study of Hyblean
Ultramafic and Gabbroic Xenoliths

Diatremes from the Hyblean Plateau (Sicily: Fig. 1), Late Miocene in age (Carbone and
Lentini 1981), carried out, as a rule for such unusual eruptive systems, a number of rock
fragments (xenoliths), generally having the size of a fist, deriving from the underlying pre-
Triassic basement, which is not exposed anywhere in this region nor in the surrounding areas.
A 30 years study of the Hyblean deep-seated xenoliths has led researchers to conclude that the
Mesozoic to Cenozoic sedimentary and volcanic succession of this Central Mediterranean area
(Fig. 1) is set on a “fossil” oceanic lithosphere likely belonging to the Oman-Levantine-Sicily
branch of the Permian Tethys Ocean (e.g. the review provided by Manuella et al. 2015;

" LEGEND
Em 9

00 8
-m 7
N 6
@s 5
Bl 4
am 3
- 2
—— 1
Fig. 1 Location (a) and geological sketch map (b) of the sample area. Arrow indicates the site (Valle Guffari) of
the xenolith-bearing tuff-breccia deposit where the sample has been collected. Legend: 1) Major fault lines; 2)
Rudists-bearing limestones (Upper Cretaceous); 3) Submarine mafic volcanic rocks (Cretaceous); 4) Cenozoic
limestones; 5) Marly—limestones and marls (Oligocene — Miocene); 6) Xenolith-bearing diatremes and/or related
tuffeccia deposits (Tortonian); 7) Plio-Pleistocenic OIB-type and E-MORB-type volcanic rocks; 8) Neogene—
Quaternary open-—shelf clastics; 9) Folded and thrusted marine sedimentary rocks (Mesozoic to Cenozoic) and

Messinian salt deposits (Simplified after Lentini and Carbone 2014) (¢) “GoogleEarth™ satellite view of Valle
Guffari area. The arrow indicates the tuff-breccia outcrop where the sample was taken
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Giampiccolo et al. 2017). In this respect, gabbroic xenoliths have played a crucial role to put
forward the aforementioned hypothesis. Scribano et al. (2006a) highlighted that the oxide-rich
variety, with sheared (“mortar”) texture, closely resembles gabbro from modern oceanic
fracture zones (FZs) along slow-spreading ridges (e.g. Natland and Dick 2001). Moreover,
secondary mineral assemblages occurring in various Hyblean xenoliths record a complex
hydrothermal history likely developed in an abyssal serpentinite system (Scribano et al.
2006b, 2009; Manuella et al. 2015, 2018). Organic matter, often associated with reduced
carbon species (including nanodiamonds: Simakov et al. 2015), occurs in some serpentinized
ultramafic and spilitized gabbroic xenoliths. An abiotic origin of the aforementioned organic
matter via FTT synthesis associated to serpentinization reactions has been tentatively put
forward by Scribano and Ioppolo (2006) and hence experimentally substantiated by Ciliberto
et al. (2009) and Scire et al. (2011). Nevertheless, none of aforementioned samples, bearing
abiotic organic matter, exhibit significant amounts of sulfide minerals.

Here we consider a xenolith of hydrothermally altered gabbro, displaying an assemblage of
redox-sensitive sulfur-bearing minerals which coexist with a sizable amount of organic matter.
Although we collected in the same area several xenoliths exhibiting the same petrologic and
geochemical characteristics as the sample, the latter has been selected as representative of the
entire group.

Material and Methods

The sample (SM2) is a gabbroic xenolith from the tuffsite-breccia deposits outcropping in
Valle Guffari, Hyblean area (Sicily, Southern Italy: Fig. 1). The aforementioned tuff-breccia is
related to a shallow-submarine diatreme structure, Upper Miocene in age (Carbone and Lentini
1981; Suiting and Schmincke 2009; Suiting and Schmincke 2010). The sample exhibited
rough oval shape, ~18 c¢m in length, ~10 cm in width. It caught our attention due to the
intriguing odor of bitumen released in the course of cutting to make a thin section. Heating on
a methane flame of a hand specimen of the same confirmed the above-mentioned circum-
stance, with the additional information due to a transient scent of sulfur, issuing just before the
more persistent odor of bitumen. No visible impregnation of hydrocarbons has been detected
in the outcropping zone of the sample, in Valle Guffari (Fig. 1), ruling therefore out a late
impregnation of hydrocarbons in the outcrop area. Moreover, this is located in a steep wall
along a narrow mountain-path, being quite outside any form of pollution due to human
activities.

Routine petrography study was performed by the means of optical microscope and
scanning electron microscope (SEM). Mineral chemistry was obtained by SEM fitted with
Energy dispersion system (EDS), microprobe fitted with wavelength dispersion system (WDS)
and Laser Ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Whole rock
chemistry was done via ICPMS and ICPAES. U-Pb zircon age has been obtained by LA-
ICPMS. Micro-Raman spectra were useful to assess some mineralogical and organic geo-
chemistry issues.

Going into more details, we used a TESCAN-VEGA\LMU SEM at the Department of
Geological Sciences, Catania University (Italy). Observations were made in backscattered
electron mode under high vacuum conditions at accelerating voltage 20 kV and beam current
0.2 nA. SEM was equipped with an EDAX Neptune XM4 60 microanalysis working in energy
dispersive spectrometry (EDS). Qualitative analyses on organic compounds were performed
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on uncoated thin sections and on rough fragments of the sample. Wavelength-dispersive
analyses of major elements of diverse minerals were performed using the JEOL JXA 8230
electron probe micro-analyzer (EPMA) at the Department of Biological, Ecological and Earth
Sciences of the Universita della Calabria (Cosenza, Italy). Calibrations were carried out using
native metals and silicates as standard materials. Analyses were obtained under the following
instrumental conditions: an accelerating voltage of 15 kV, a beam current of 10 nA, a beam
spot of 5 um, and an analysis time of 100 s. A detection limit of 0.01 wt.% is for all the
detected elements.

Selected portions of the whole-rock were crushed and powdered with an agate mortar.
Weighted aliquots were sent to the laboratory of SGS (Canada). The powdered samples were
there analyzed by ICP-AES and ICP-MS technical procedures, with different digestion
methods. In particular, digestion by lithium metaborate fusion was used to analyze major
elements and most trace elements. Sodium peroxide fusion was used to analyze REE. Two-
acids digestion, which is based on a combination of 2:1 HNO3: HCI, was used to analyze
major and different trace elements in order to get information on the composition of non-
silicate minerals, since most silicate minerals remain undigested by such weak solute. The
accuracy of the methods was determined by analyzing certified reference materials, while their
precision was determined with replicate analyses (and found to be generally better than 10%).
More information is given in the SGS analytical services guide (com/—/media/global/docu-
ments/brochures/sgs-analytical-guide.pdf).

In situ trace-element analyses were performed in key minerals by laser ablation ICP-MS
technique at Istituto Nazionale di Geofisica e Vulcanologia (INGV) in Palermo. Selected
fragment of the sample, of about 80 pum in thickness, were polished before analysis. The
analytical system consisted of an Agilent-7500 CX quadrupole mass spectrometer coupled
with an ArF excimer laser ablation system (GeoLas Pro). During analysis, samples were
maintained in a helium atmosphere, with a laser output energy of 10 J/cm2, a repetition rate of
10 Hz, and a 130-pum-diameter circular spot. We used Ca, Si, and Fe as internal standards and
NIST 612 as an external standard. The NIST 612 analyses were carried out at the start, middle,
and end of each analytical session. The precision was determined during each analysis session
from the variance of ~15 NIST 612 measurements, which gave a relative standard deviation of
b5%. The accuracy, calculated using the BCR-2 international standard, was b10% for most of
the elements.

Zircon U-Pb age was obtained at University of Pavia by Laser ablation model “Geolas 200
Q-Microlas”, type “Excimer ARF” and ICP-MS model “Element I, ThermoFinningan Mat”,
type “Single-collector double-focusing magnetic sector field”. Spot diameter was 20 and
10 um. Determined isotopes were: 202Hg, 204(Pb + Hg), 206Pb, 207Pb, 208Pb, 232Th, 238U, Data
reducing software was GLITTER (van Achterbergh et al. 2001). Seven spot analyses were
made in a single zircon grain to ensure a statistically valid result.

Phase Analyses and Whole-Rock Chemistry of the Sample

Plagioclase About 75% by volume of the sample consists of a porphyroclastic
aggregate of plagioclase grains, 0.5-2.5 mm in size (Fig. 2a,c). Porphyroclasts often
display finely polysynthetic mechanical twinning according to the albite and
pericline laws, whereas subgrains are generally untwinned. Both porphyroclasts
and subgrains display undulose extinction, being also crosscut by an unusual
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Fig. 2 Petrographic details of the sample seen at different magnification. a Magnified picture of the cut surface of
a small fragment of the sample. Pale colored areas consist of plagioclase feldspar, the differently colored areas
include Fe—oxide(s), sulfides, relicts of pyroxene and other minerals as reported in the text. b A more magnified
area of the previous picture, highlighting the textural relationships between plagioclase (P1), Fe—oxide (Fx) and
pyrite (Pt) grains. ¢ Microphotograph of part of a thin section of the sample (plane pol. light) displaying an
aggregate of corroded pyroxene grains (Cpx) surrounded by an opaque rim. Pale colored areas consist of
inequigranular plagioclase (P1) grains. d Microphotograph (plane pol. light) showing checkerboard-type fracture
system in a plagioclase grain of the same thin-section as in (c), and lots of secondary fluid inclusions. e SEM
image of a portion of clinopyroxene grain evidencing corrosion features and breakdown products (X =amor-
phous or cryptocrystalline silicate matter). f SEM image displaying a particular of one of the numerous Fe-
oxide(Fx) areas in the sample, with associated Ca-Fe-sulfate micrograins (Sf)

checkerboard-like fracture system (Fig. 2d), and hence clouded by a number of
secondary fluid inclusions whose nature is not yet clarified. Plagioclase feldspar
displays patchy zoning (An mol% = 28-50: Table 1) containing 750—1200 ppm of Sr
and 60—150 ppm of Ba (Table 2).
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Table 1 Major elements distribution in the whole sample (WR). The values obtained with the (weak) two-acids
digestion method are reported in brackets (WR*). Minimum, maximum and average values of microprobe spot
analyses on essential minerals (cpx = clinopyroxene; Pl=plagioclase; Fe-Ox = Fe-oxide minerals) are also
reported

WR(WR¥*) Cpx [Aver. 30] PI [Aver. 30] Fe-Ox
wt%
Si0, 45.1 (0.98) 51.9-53.6 [52.7] 58.6-62.2 [60.09] 0.00-3.22
TiO, 0.80 (0.17) 0.3-0.5 [0.47] bdl 0.06-0.60
ALO; 20.4 (1.73) 2.7-4.0 [3.47] 24.9-26.6 [25.85] 0.47-1.77
Fe,0; (Tot.) 10.7 (11.18) nd nd nd
FeO (Tot.) nd 6.7-9.9 [7.73] 0.1-0.5 [0.31] 74.61-93.96
MnO 0.04 (0.02) bdl bdl bdl
MgO 1.99 (1.17) 13.4-14.4 [13.92] 0.1-0.6 [0.36] 0.40-2.65
CaO 7.88 (1.47) 16.5-20.3 [18.81] 4.9-8.1 [6.63] bdl
Na,O 4.90 (0.29) 0.7-1.6 [0.88] 4.4-8.3 [5.79] bdl
K,0 0.86 (0.15) bdl 0.2-1.9 [0.79] bdl
P,05 0.38 (0.38) bdl bdl bdl
Cr,05 bdl 0.1-0.16 [0.13] bdl bdl
S 0.46 bdl bdl bdl
LOI 2.09 nd nd nd
Total 95.6 - - -
CO, 0.25 nd nd nd

Fe-Oxides About 12% by volume of the sample consists of irregular patches, dull gray in
color, largely formed by Fe-oxide minerals (Fig. 2a,b). Detailed electron microscope obser-
vations highlighted that these Fe-oxides consist of an irregularly packed assemblage of rosette-
like aggregates of Fe-oxide platelets, <1 mu in size, which give rise to a finely porous texture
(Fig. 2f). Even though no investigation on magnetic susceptibility of the sample has been
performed, it has been empirically observed that a hand-specimen of the whole-rock, about
2.5%2.5x0.5 cm in size, placed on the cover glass of a standard field—geology compass
(Bézard), induces a ~25° deflection to the compass needle. Moreover, the largest Fe-oxide
patches of the sample can attract and hold a stapler pin from a distance <0.5 cm. Such a
magnetic behavior of the sample indicates that the Fe-oxide domains largely consist of
magnetite.

Microprobe spots in the spongy-textured Fe-oxide(s) areas detected almost only Fe, but low
quantity of Ti (0.06 < TiO,wt% < 0.60) and Al (0.47 < Al,O3 wt% < 1.76: Table 1). As
previously mentioned, the magnetic behavior of the sample Fe-oxides strongly points to a
magnetite-rich composition, although the occurrence of some hematite and/or a crystalline or
amorphous hydroxide phase cannot be ruled outs. LA-ICPMS analyses revealed trace amounts
of Cr (0.63 < Cr ppm <77) and Ni (171 <Ni ppm <2357), with Ni/Cr > 30.

The Fe-oxide(s) micro-Raman spectrum (Fig. 3a), exhibits a strong background noise,
probably due to fluorescence related to pore-filling organic matter. Two bands are clearly
above the background, the one with a peak at about 643 cm™, the other displaying a broad,
asymmetric shape (Fig. 3a), in the spectral range 750775 cm™!. Hanesch (2009) highlighted
that poor crystallinity leads to a broadening of the Fe-oxyhydroxides bands. The main peak of
magnetite is reported at 667 cm™!, with minor bands at 540 cm™! and 310 cm™! (de Faria et al.
1996; RRUFF ID: R060191). Nevertheless, Hanesch (2009) highlighted that magnetite is at
risk of being damaged by the laser-beam, e.g. by heating induced oxidation (Shebanova and
Lazor 2003; Gasparov et al. 2000). The morphology of the spectrum and position of peaks
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Table 2 Trace element analyses (ICP-MS or ICP-AES) on the whole-rock (WR: fraction processed by Li-
methaborate or Na-peroxide fusion; WR*: fraction processed by two-acids solution), and in situ La-ICPMS
analyses on some mineral phases (Cpx (a) and Cpx (b) are two different zones in the same clinopyroxene grain;
plag. = plagioclase; Fe-Ox (a) and Fe-Ox (b) are two different, random points in one of the numerous Fe-Oxide
domains in the sample. A representative analysis on a relatively massive pyrite grain is also reported (Full
explanation is given in the text)

WR WR(*) CPX Plag. Fe-Ox Pyrite
ppm a b a b
Rb 4.6 2.1 0.02 0.56 0.68 bdl 1.11 2.56
Ba 316 75 0.47 48.58 175.18 bdl 26.88 59.11
Th 0.9 0.7 0.15 0.08 bdl bdl 0.03 0.01
6] 1.14 0.81 0.04 0.06 bdl 0.09 0.26 0.75
Nb 7 0.18 0.14 0.49 bdl 1076 0.62 1
La 22 9.1 10.11 10.16 12.21 bdl 9.26 1.17
Ce 38.9 19.8 40.5 58.65 14.98 0.11 17.16 1.87
Pb 14 11.7 0.11 8.76 1.95 bdl 37.06 5.6
Pr 4.51 nd 7.21 6.67 1.23 bdl 0.57 0.16
Sr 995 84 34.45 38.76 1204 7.63 11.45 18.55
Nd 16.2 nd 38.72 32.44 3.47 bdl 0.87 0.73
Zr 90.4 10.1 147.8 87.58 0.07 76.74 3.51 2.85
Sm 33 nd 11.8 8.98 0.3 bdl 0.1 0.12
Eu 1.88 nd 2.86 2.56 1.5 0.05 0.05 0.07
Gd 2.76 nd 12.39 8.77 0.23 0.22 0.27 0.11
Tb 0.23 0.27 2.01 0 0.02 0.06 0.01 0.02
Dy 2.06 nd 11.78 1.18 0.12 0.35 <0.02 0.14
Y 94 5.51 60.11 19.3 0.23 3.98 0.16 0.35
Ho 0.31 nd 223 1.25 bdl 0.14 0.02 0.02
Er 0.87 nd 5.92 3.25 bdl 0.44 <0.01 0.03
Tm 0.13 nd 0.82 0.47 bdl 0.09 <0.002 0
Yb 0.7 0.4 497 3.1 bdl 0.81 0.07 0.05
Lu 0.05 0.05 0.75 0.4 bdl 0.13 <0.005 0.01
\% 127 102 0.15 82.16 0.9 5028 13.07 5.08
Co 180 168 0.08 344 1.19 356.09 387.49 53.22
Zn 224 214 89.56 158.81 1.76 460.57 343.23 66.16
Cu 721 733 1.83 61.44 24.55 11.69 722.29 771.7
Cr 31 16 6.51 31.86 0 235.84 18.34 0
NI 476 513 19.67 54.99 1.28 214.89 838.25 170.93

displayed in Fig. 3a can be therefore an artifact due to the transformation of magnetite into a
mixture of poorly crystalline hematite (x-Fe,O3) and maghemite (y-Fe,O3) nanoparticles (e.g.
de Faria et al. 1996; Hanesch 2009; Chernyshova et al. 2007). The occurrence in the sample of
some original hematite replacing pyrite together with magnetite, cannot be however ruled out.
Sparse, strongly corroded, relicts of ilmenite, of likely igneous origin (Scribano et al. 2006a)
also occur in the sample, consisting of TiO, =46 wt%; FeO (total) =42.82 wt%; MgO =

8.97 wt%.

Iron Sulfide Pyrite occurs as aggregates of inequigranular (1-250 um in size), grains gener-
ally anhedral (Fig. 4a,c). A few euhedral pyrite grains, as small cubes displaying either smooth
or pitted (Fig. 4e) faces, were also observed between the dominant anhedral pyrite micrograins.
The relatively coarse subgrains are irregularly arranged, giving rise to wide interstitial areas
filled by selvages of the smallest (<3 pum in size) grains (Fig. 3c) which locally display
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Fig. 3 Micro-Raman spectra of different components of the sample (a = Fe-oxide; b = pyrite; ¢,d = two different
blebs of organic matter)

framboidal texture (e.g. Butler and Rickard 2000). Both coarse and fine pyrite grains are more
or less replaced by spongy-textured magnetite (Fig. 4a, d) hosting clusters of Ca- and Fe-
sulfate micrograins, organic matter (Fig. 2f), and fibrous, Mg-rich, silicate minerals tentatively
ascribed to the fibrous-clay (sepiolite — palygorskite) group. Pyrite massive grains closely
approaches the theoretical FeS, composition (e.g. Fe=46.21 wt%; S=53.79 wt%: S/F =
2.000), whereas some spots in the alteration rim are out of pyrite stoichiometry because of
some sulfur deficiency. LA-ICPMS spot analyses (Table 2) revealed very low contents in Cu
(224-771 ppm), Zn (66—131) and negligible Pb (2-9 ppm). Micro-Raman spectrum, with
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Fig. 4 SEM images (BSE mode) of fragments and thin section of the sample, displaying pyrite and pyrite—Fe-
oxide(s) assemblages. a SEM image (secondary electrons) of pyrite (Pt) micrograins surrounded by their
breakdown products largely consisting of Fe-oxide(s) (Fx), immersed in a plagioclase (Pl) matrix. b EDS
elemental map of sulfur, iron and calcium distribution in the same as in (a). ¢ Typical aspect of an aggregate
of pyrite grains occurring in a fragment of the sample. d Detail of the boundary surface between a pyrite relict and
the surrounding spongy Fe-oxide selvage. Arrow (bottom left comer) indicates exolution blades of galena. e
Framboidal and ehuedral pyrite coexisting in one of the numerous pyrite clusters f Detail of the previous image
evidencing truncated pyrite microcrystals at a framboid surface (Butler and Rickard 2000)

main bands at 343 cm™! and 376 cm™! (Fig. 3b), confirms that the considered sulfide is the
FeS, cubic polymorph (pyrite: Vogt et al. 1983).

Pyroxene Clinopyroxene forms about 6% by volume of the sample mineral assemblage,

consisting of aggregates of a few highly corroded grains, 1-3 mm in size, immersed in a
turbid matter, or as fragments of individual grains (Figs. 2c,e and 5a,b). The
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aforementioned turbid matter, often hosting amygdalae of hyaline calcite, consists of clay
minerals, probable limonite and blebs of an amorphous or cryptocrystalline silicate
matter. The pyroxene grains display very fine exsolution lamellae of Ca-poor pyroxene
and/or ilmenite, often coexisting in parallel arrays. Such ex-solution lamellae are impos-
sible to avoid during the microprobe analyses and certainly influence the analytical result
(Table 1). Pyroxene mineral chemistry can be summarized as the following: (42 <Wo
mol% <43.5; 43.6<En mol% <45.5; 12.2<Fs mol% <12.8), with Na,O~ 1 wt%,
AlO3=3.8 wt%, TiO,=0.5 wt%. Representative trace element analyses obtained by
LA-ICPMS spot analyses are reported in Table 2. The unusually high content in Ba
(=48 ppm: Table 2) in some spot analyses may indicate the occurrence of secondary
mineral (e.g. amphibole or its retrograde products), less than one micrometer in size,
replacing the pyroxene.

Zircon Only one euhedral zircon grain (ZrO,=66.13; HfO,=0.80; SiO,=32.7) was
observed in the sample, and hence selected for U-Pb dating (Fig. 5). Seven spot LA-
ICMS analyses were performed in the single zircon grain for uranium - lead dating.
Methodology details are report in the text. The spots were distributed evenly in the
grain and no zones with different ages were detected. Concordia diagram indicates a

238J-206Ph age of 216+6.7 Ma age (Fig. 5).

Other Minor Minerals Scarce amounts of apatite and many other minerals also occur in the
sample. Apatite bears some thorium (Th=51 ppm), uranium (U=19 ppm) yttrium (Y =
664 pm) and REE (in particular Ce =593 ppm and Nd =626 ppm). There are different Cu-
bearing minerals including a Cu-oxide, whose chemical composition (CuO =91.9 wt%; Zn =
5.2 wt%; FeO=1.24 wt%; NiO=1.66 wt%) and acicular texture indicate the tenorite
polytype. Tenorite is often associated with irregular patches, turquoise-blue in color at the
hand-specimen scale, of a copper-bearing silicate phase, tentatively ascribed to chrysocolla
accordingly to EDS analyses. Moreover, some amygdalae filled by single calcite grains are
rimmed by a film of a Cu-rich phase, likely a copper carbonate, impossible to analyze precisely
because it is smaller than the spot beam. Covellite (Cu=59.64 wt%; S=40.36 wt%)
micrograins are also dispersed in several areas of the sample. Different metal-sulfides
micrograins, less than 25 mp in size, also rarely occur in the sample, including cadmian
sphalerite, realgar, calcopyrite and galena. Monazite-(Ce), and a LREE-rich oxide mineral
tentatively ascribed to the Aeschynite-group minerals were also detected by a carefully SEM
investigation.

Whole-Rock Chemistry

Due to the relatively high modal abundance of non-silicate minerals in the sample, two
portions of the powdered sample were processed by two different digestion methods prior to
obtain ICP-MS chemical analyses. The one method gives rise to the digestion of the entire
mineral assemblage, the other does not digest most silicate minerals, but some clay minerals
and silicate glass. The comparison between the different analytical results, in the light of the
modal and normative mineral assemblages and mineral-chemistry data, provided us valuable,
though not definitive, information on the distribution of major elements between silicate and
non-silicate minerals in the sample.
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Fig. 5 Microphotographs
documenting the petrographic
aspects of the only zircon grain

in the sample suitable for U-Pb
dating. a Magnified picture of a
cut surface of an hand-specimen
of the sample (P1=plagioclase;
Zm = zircon; Cpx =
clinopyroxene). b SEM image
(BSE mode) of the central zone of
the same area as in (a). ¢
Concordia diagram (238U/2% Pb
vs. 207Pb/206Pb) based on eight
LA-ICPMS spot analyses in the
same zircon grain as in (a,b). More
information is given in the text
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Whole rock major element analysis (Table 1) of the “fully-digested” portion of the

sample displays relatively low contents in

magnesium (MgO=1.99 wt%), calcium

(Ca0="7.88 wt%) and silica (SiO,=45 wt%), and relatively high contents in iron
(Fe,Oj5 as total iron=11.72 wt%) and in sodium (Na,0O =4.9 wt%) according to the high
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modal abundances of plagioclase feldspar and Fe-rich, non silicate minerals. On the other
hand, major element analysis on the “partially-digested” fraction (Table 1) yielded very
low totals (sum of oxides=17.55 wt%), iron being the most abundant element
(11.18 wt%, as total Fe,O3). This fact indicates that most of the iron of the rock is
allocated in the oxide and sulfide minerals. Large part of the MgO in the sample occurs
in the partially digested portion as well, probably occurring in clay minerals. On the
other hand, the MgO obtained by subtracting the amount of the partially digested sample
to that of the fully digested one, is 0.82 wt%, being therefore compatible with the
estimated modal occurrence of clinopyroxene in the sample (about 5% by volume). Most
of CaO (=6.41 wt%) is allocated in the “fully digested”, silicate rich fraction, accordingly
to the modal abundance of plagioclases. CaO in the mostly non-silicate fraction is
1.47 wt%. (Table 1). Looking into more details, 0.15 wt% of CaO may be allocated to
phosphates (apatite in most part), as calculated on normative (CIPW) basis. About
0.38 wt% of CaO occurs as carbonate, consistently with the 0.25 wt% CO, detected in
the whole rock by coulometry The rest (=0.98 wt%) of the non-silicate CaO may be
allocated to sulfate (gypsum and/or anhydrite) which has been detected by EDS spot-
analyses (Figs. 2f) between the pyrite breakdown products.

A problematic aspect of the major element distribution in the whole-rock is related to the
relatively low value of the sum of the analyzed oxides (Total =95.1 wt%: Table 1), which
includes the mass fraction lost on ignition (LOI =2.29 wt%), as recorded in the analysis of the
“fully digested” fraction. In this respect, we put forward the hypothesis that about 5 wt% of the
sample mass, possibly in form of hardly reactive organic compounds, such as PAH-rich
polycondensates, escaped even the “strong” digestion process (by Li-methaborate fusion),
hence persisting unanalyzed.

Considering results on portions of the sample digested by Li-metaborate and Na- peroxide
fusion, respectively, trace element distribution (Table 2) evidences a significant REE fraction-
ation (Cen/Yby=14.6) with positive Eu anomaly (Fig. 6). This fact agrees with the high
modal abundance of plagioclase (~70 vol%) in this rock. Some fluid-mobile elements are more
or less enriched with respect to MORB values (e.g. Rb=6 x MORB; Ba=38 x MORB; Sr=
8.6 x MORB; Th=5.5 x MORB; Pb=14 x MORB), whereas the amounts of less mobile
elements (e.g. MREE, HREE, Y, Nb) are MORB-like or depleted at different extend with
respect to MORB values (Fig. 6).

Comparisons between trace element abundances between fully-digested and partially-
digested portions of the sample indicate that Sr is almost totally allocated in the silicate
fraction (e.g. plagioclase) whereas V, Co, Zn and Cu, mostly occur, as expected, in non-
silicate (e.g. sulfide and oxide) minerals.

Organic Matter

Looking at a cut surface of the sample by the means of a (10x) magnifying glass, organic
matter appears as irregular patches, 0.3 to 1.5 mm in width, black in color, with a glassy luster.
In a standard thin section, under the optical microscope, the organic matter looks quite opaque.
Blebs of organic matter, 20 — 200 pum in size, often associated with Ca-, and minor Fe-sulfate,
and Mg-rich clay minerals, often occur in the oxide-hydroxide areas (Fig. 7a). More interest-
ingly, SEM observations revealed blebs of organic matter adhering to crystal-faces of euhedral
pyrite grains (Fig. 7b). Organic matter also fills pores, less than one micron in size, in the
spongy-textured Fe-oxides.

@ Springer



Pyrite and Organic Compounds in Intrusive Mafic Xenoliths

35

Rock/N-MORB

Sample/c1

80 a
B Rhyolite
Comendite
701 I Pantellerite
Rhyodacite
4 Dacite
Trachyte
601 Andesit
ndesite .
Trachyandesite Ehonolite
501 .
" Alkali basalt
Sub-alkaline basalt Basanite
T . Nephelinite
40 T T
0.01 .1 1.00 10
> NbIY (ppm)
10 1
1
011 a--wR1 § Y
-e--WR2
0,01 T T T T T T T T T T T T T T T T T T
RbBaTh U NbLaCePbSrZrTb Y Yb Lu V Co Zn Cu Cr Ni
100 =
10 1
- Cpx1
-=-\WR1
1 T T T T T T T T T T T T T

La Ce Pr

Nd Sm Eu Gd Tb Dy Ho Er

Tm Yb Lu

Fig. 6 Multiclement variation diagrams of whole-rock and some mineral phases of the sample. a Classification
of the sample (circle) through the Nb/Y vs. SiO, of Whinchester and Floyd (1977). b Morb-normalized

compatibility diagram of two fractions of the whole-rock, processed by Li-methaborate fusion (WR1) and

two-acids digestion (WR2), respectively. ¢ REE patterns (CI normalized) of the sample whole-rock (WR1)
and one of its pyroxene grains. Patterns indicated as cpx1 and cpx2 represent results of spot analyses by La-

ICPMS performed in two different zones of the same pyroxene grain. More information is given in the text

Micro-Raman analyses were performed in two blebs of organic matter in the 500—
2500 cm™! Raman shift region. The samples presented an intense fluorescence signal.
Fluorescence profiles exhibit a broad bulge, with a “crown” of several peaks, in the
spectral range 1250-1650 em™! (Fig. 3c¢) and 1250-1500 cm™' (Fig. 3d), respectively,
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Fig. 7 SEM images (BSE mode)
illustrating textural relationships
between organic matter (OM) and
coexisting minerals in the sample.
a View of a typical assemblage of
spongy-textured Fe-oxide (Fx)
micrograins, organic matter (OM)
and Ca- Fe-sulfate micrograins
(Sf). b Organic matter (OM)
attached in one of the faces of a
small, ehuedral pyrite grain
belonging to a pyrite micrograins
aggregate as in Fig. 2a. ¢ A rela-
tively large bleb of organic matter
filling a void in a plagioclase rich
area of the sample. More explana-
tion is reported in the text.

where chemically heterogeneous carbonaceous materials display their characteristics
Raman bands (e.g. Ferrari and Robertson 2000; Cloutis et al. 2016). Unfortunately,
such low quality spectra do not allow sorting out closely juxtaposed peaks, and hence
multiple interpretations exist for the various peaks. For example, peak at 1280 cm™!
may indicate CH, wagging (Dollish et al. 1974; Sforna et al. 2018 and references
there reported), peaks at 1315 and 1353 ¢cm™! CHj; bending (Cloutis et al. 2016), peak
at 1380 cm™! symmetric CH; bending, peaks at 1405 and 1464 ¢cm™' C—H bending
(Cloutis et al. 2016). Bands at 1300 and 1350 cm™! may be related to deformation of
phenyl rings and C-C stretching (Cloutis et al. 2016). In addition, Jelicka et al. (2006)
and Gremlich and Yang (2000) assigned the bands at 1386 and 1468 cm™! and a weak
band at around 1400 cm™' to symmetric stretching vibrations of COO— functional
groups. On the other hand, one of peaks in the range about 1370 - 1380 cm™! the
“disorder” (D) band of the reduced carbon (e.g. Ferrari 2001; Reich and Thomsen
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2004). Moreover, peaks at 1424, 1573 and 1630 cm™! can be associated to C=C
stretching (Cloutis et al. 2016). The first order Raman band of the “ordered “carbon
materials (“G” band: e.g. Ferrari 2001), in the spectral range between 1560 and
1630 cm™!, here displays very low intensity in one of the two spectra (Fig. 7¢),
lacking at all in the other one (Fig. 3d).

Obvious physical characteristics of the sample organic matter (e.g. its capability of
being cut in thin section and polished, the bitumen odor released on heating) conjure
up macromolecular organics rich in PAHs, such as petroleum asphaltenes (e.g.
Rodrigues Coelho et al. 2006). Accordingly, the high fluorescence noise here recorded
(Fig. 3c,d) may be related to organic compounds displaying conjugated bonds (Matrajt
et al. 2004 and references reported there), hence consisting of a number of PAHs with
large ring systems and/or functional groups, which exert mesomeric effects (e.g.
Busemann et al. 2007; Cloutis et al. 2016). On the other hand, the Raman bands of
the sample organics are not consistent with compounds rich in PAHs, which display
strong “G” band, since the electronic and vibrational properties of PAHs tend towards
those of graphite, as the system becomes large enough to contain six aromatic rings in
conjugation (e.g. Loppnow et al. 2004). On the above grounds, the present set of data
best corresponds to some macromolecular compounds, tentatively indicated as “natural
hydrocarbon (petroleum) resins” (e.g. Andersen and Speight 2001) characterized by
relatively large number of saturated bonds within their fused ring systems, hence
displaying much lower aromaticity than asphaltenes (e.g. Hashmi and Firoozabadi
2013).

Discussion

The porphyroclastic texture of the sample and its modal composition correspond to
those observed in the “sheared oxide-gabbros”, which are relatively common among
the Hyblean xenolith suite (Scribano et al. 2006a). On the other hand, several
petrologic and mineralogical features (such as evidence of Na-metasomatism in the
plagioclase, relatively high abundance of pyrite and, more in general, of ores, some of
which being quite unusual in mafic igneous rocks; the incipient-to-advanced break-
down of pyroxene and ilmenite) strongly indicate that the putative gabbro protolith
underwent a complex alteration history. In consideration of the alteration effects on
chemical composition, the sample can be classified by using the SiO, vs. Nb/Y
diagram (Winchester and Floyd 1977), where it plots in the subalkaline basalt
(gabbro) field, close to the alkaline basalt field (Fig. 6a).

The Late Triassic zircon age implies an original sub-seafloor setting, in accordance with the
geological history of the Hyblean region as inferred from field and borehole investigations
(e.g. Vai 1994, 2003; Bianchi et al. 1987), geophysical data (Catalano et al. 2000; Giampiccolo
et al. 2017) and studies on deep-seated xenoliths (Scribano et al. 2006a, b; Manuella et al.
2015).

Previous studies on Hyblean xenoliths (Scribano et al. 2006b, 2009; Ciliberto et al.
2009; Scire et al. 2011; Manuella 2011, 2015, 2016, 2018) indicated that an “abyssal”
serpentinite system was active in this area since the early Mesozoic time. Pyrite
occurring in the sample is most probably related to S- and metal-rich hydrothermal
fluids circulating in the shallow sub-seafloor, as inferred from the study of present
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(Marques et al. 2007; Rona et al. 2010; Kawasumi and Chiba 2017) and “fossil” (e.g.
Barriga 1990) oceanic settings. A temperatures <160 °C is suggested for the hydro-
thermal fluids related to the pyrite formation according to experimental data by Taylor
et al. (1979) and Rickard (1997).

The Pyrite Perspective

Some of the pyrite—forming reactions in abyssal-type hydrothermal systems, such as that
suggested by Holm and Anderson (1998), imply an iron monosulfide precursor

2FeS + 4/3H,0—FeS, + 1/3Fe;04 + 4/3H, (4)

Products of reaction (4) entail some molar volume increasing with respect to reactants, that
may explain the unusual “checkerboard type” fracture system in the plagioclase porphyroclasts
(Fig. 2d). Butler and Rickard (2000) suggested that, since the FeS precursor dissolves as
cluster complexes of quantum-sized particles displaying an electroactive behavior, the newly
formed pyrite grains assume anhedral, even “framboidal”, texture. According to experiments
by Qian et al. (2010), the morphology of the pyrite crystals could be also related to the pH
value of the circulating hydrothermal solution. A pH value >4 favors formation of anhedral
grains, whereas ehuedral grains (Figs. 4e and 7b) can be formed at pH < 4.

Although part of the magnetite in the sample may be a co-product of the pyrite—forming
reaction (4), textural relationships between the two mineral phases indicate that large part of
the magnetite is a product of the pyrite breakdown (Figs. 4a—d). In this respect, it is reasonable
to hypothesize that dramatic variation of physicochemical parameters of the aforementioned
hydrothermal system (related, for example, to an increasing of the water/rock ratio) induced
desulfidization and hence pyrite grains were extensively replaced by Fe-oxides and some
sulfates. On these grounds, the Fe-oxide formation may be regarded as the reverse of the
magnetite sulfidization pathway suggested by Qian et al. (2010):

1.87FeS, (s) + 1.13Fe?* (aq) + 4H,0 + 0.87H, (g)5Fe;04 (s) + 3.74H,S(aq) + 2.26H* (5)

3FeS; (s) + 6H,O5Fe;04 (s) + 6H,S (aq) + O, (g) (6)

Some energy required for pyrite desulfidization reactions (5, 6) may have been likely provided
by an hypothetical shallow-sited igneous intrusion, which is a common occurrence in oceanic
core-complexes (OCCs) hosting hydrothermal systems (e.g. Grimes et al. 2008).

Desulfidization of pyrite may also occur through the hydroxylation on defect sites with no
need of external energy inputs. Experimental results by Xian et al. (2019) validated the
hypothesis by Borda et al. (2003) that, under hydrothermal anaerobic conditions, the oxidation
of H,O by the defective Fe sites on the pyrite surface produces OHe radicals:

Fe*™ + HyO 0 —Fe?™ + OHe (45 + H' (7)

Borda et al. (2003) also suggested that the combination of two (OHe) can produce H,O, and
subsequently O,. Molecular oxygen can therefore induce desulfidization in defect-free pyrite
surfaces:
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FeS; +7/2 0, + H,O—Fe*™ +2S0,* + 2H" (8)

From the data-set reported by Qian et al. (2010), it is possible to infer that pyrite desulfidization
and magnetite production produces an equivalent molar volume decrease up to ~60%, which
may explain the porous texture of the Fe-oxide in the sample (Figs. 2 and 4).

Pyrite dissolution kinetics can be also described in term of an electrochemical mechanism
(Rimstidt 2003). The anodic reaction produces ferrous and sulfate ions (Caldeira et al. 2009):

FeS; + 8H,0—Fe?™ + 28047 + 16H' + 14e— (9)

Hence the related cathodic reaction (Caldeira et al. 2009):
Fe*t + e-—Fe?* (10)

The sulfate anion (SO427) released by the pyrite breakdown (7, 9), can react with dissolved
metal cations to produce sulfate minerals. In the study case, Ca?* ions were produced by the
process of albitization of calcic plagioclase, Ca-sulfate (Fig. 2f) being therefore the main
reaction product:

Ca*" + 804> —CaS0y (11)

The formation of an unknown, presumably scarce, amount of Fe-sulfate, as indicated by EDS
spot-analyses, suggests that part of Fe2+ deriving from the breakdown of pyrite escaped the Fe-
oxide formation.

Abiotic Organic Compounds

Condensed organic compounds, such as aliphatic hydrocarbons and asphaltenes, were
previously detected in some Hyblean gabbroic and ultramafic xenoliths by the means
of impact-direct pyrolysis mass spectrometry (EI-DPMS), micro- Fourier transform
infrared spectra (p-FTIR), thermogravimetric and termodifferential analyses, X-ray
photoelectron spectroscopy (XPS) (Ciliberto et al. 2009; Scire et al. 2011). The same
authors concluded that the FTT synthesis in an abyssal hydrothermal system is the
most likely process to originate the aforementioned organic matter. The same FTT
synthesis may be therefore invoked for the origin of the organic matter in the sample.
In this respect, molecular hydrogen has likely derived from a Schikorr-type reaction
involving divalent iron released during pyroxene breakdown (Fig. 2c), and hence
inorganic carbon, as CO, and carbonate, and adequate catalysts, such as magnetite,
were certainly present in the same system. The molecular hydrogen may have been
present in the circulating hydrothermal fluid, being therefore due to the
serpentinization of the peridotite wall rocks.

On the other hand, sulfides were in negligible amount in the xenoliths studied by
Ciliberto et al. (2009) and Scir¢ et al. (2011), while they are relatively abundant in
the present case. The role of sulfides as FTT catalyst has been discussed by several
authors (Cody et al. 2004; McCollom and Seewald 2007; Bromfield and Coville 1999;
McCue and Anderson 2014; Holm and Anderson 1998). Cody et al. (2004) concluded
that pyrite is not an effective FTT catalyst. On these grounds we put forward the
hypothesis that the organic matter attached on the pyrite surface (Fig. 3b) was not
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produced in the same surface, but it has been already formed in different places of the
same sample via FTT synthesis not involving sulfides, as previously mentioned. FTT
synthesis is thought to produce relatively light, hence very mobile, hydrocarbon
species (e.g. Chaumette et al. 1995; McCollom 2013). This fact may explain the
occurrence of organic matter in any capillary fractures, fluid inclusions and
micrometric pores in the sample, even though the organic matter presently displays
a dense, highly viscous hence hardly mobile, behavior. On these premises, early
formed light (and mobile) hydrocarbons, except the fraction likely entrapped in fluid
inclusions, got severe degradation (e.g. aromatization and poly-condensation) through
the entire history of the hydrothermal system, giving eventually rise to the extant
blebs of solid-like matter sparse in the rock. In this respect, Scir¢ et al. (2011)
typified as asphaltenes (Calemma et al. 1995) the organic matter occurring in some
hydrothermally altered, ultramafic xenoliths from the same area, locally hosting
clusters of nanodiamonds (Simakov et al. 2015).

Implications on Abiogenesis

Natural hydrocarbon resins, as those abiotically formed in the sample, consist of
complex organic molecules bearing highly aromatic and acidic moieties, with
sulfur, oxygen, and nitrogen heteroatoms, being therefore highly polar species
with high surface activity (Andersen and Speight 2001). This fact likely favors
the adhesion of resins to adequate defective pyrite surfaces. In this respect, it is
noteworthy the probable occurrence of COOH™ groups in the sample organics, as
indicated by micro-Raman spectra (Fig. 3c,d). The synthesis of complex prebiotic
molecules on the pyrite surface here is facilitated, since such “hydrocarbon resins”
display an intrinsic structural and compositional complexity being therefore apt to
be transformed into more complex organic molecules, with possible biological
relevance. On the other hand, the pyrite dissolution reactions (7, 8) suggested by
Caldeira et al. (2009), as protons and electrons producers, may also give rise to
chemiosmoisis and hence fundamental proto-biochemical compounds, according to
Lane et al. (2010).

Some cubic pyrite micrograins occurring in the sample display pitted surface (Fig.
4d). A typical “pit” appears as an irregular half-bubble much less than one microm-
eter in size. There are different ways for pits formation on the pyrite surfaces.
Experimental results under reducing conditions by Herbert et al. (2014) suggested
that at a temperature of ~240 °C, vacant cation and anion sites coalesce into pits of
<100 nm in lateral dimension and of either one-half or one lattice parameter in depth.
Repeatedly clustering of point defects can eventually give rise to pits as large as those
observed in the sample. Such pits look like ideal isolated niches to synthesize
prebiotic compounds, and hence to host and “protect” finite molecular entities func-
tional to biological processes (e.g. Koonin and Martin 2005). Moreover, the “coarse”
pyrite aggregates (Fig. 4c) also display a lot of open cavities, much less than one
micrometer in size, locally giving rise to a sort of “honeycomb” structure (e.g.
Figure 4e), which may serve as anchors for primitive cellular membranes (Russell
and Hall 1997; Martin and Russell 2003; Koonin and Martin 2005). Accordingly, The
FTT synthesis can give rise to chains of hydrophobic hydrocarbons, possible precur-
sors of biological membranes (e.g. Lane et al. 2010).
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The possible formation of reactive oxygen species (ROS), even molecular oxygen,
on pyrite defect sites (e.g. Xian et al. 2019) has been considered by Borda et al.
(2003) as a potential way for the oxygen generation and local accumulation on early
Earth prior to the “great oxidation event” (GOE). In this respect, endolithic conditions
should be ideal sites for local O, accumulation. One may speculate that the selective
evolution of endolithic chemolithotrophs occurring by change in the aforementioned
oxygenated recesses, would therefore have eventually give rise to facultative anaer-
obes, as the high electronegativity of oxygen makes it ideal as terminal electron
acceptor.

The Mesozoic age of the sample suggests that organic compounds with biological relevance
can spontaneously arise every time on Earth, provided that adequate physicochemical condi-
tions occur, such as in endolithic niches in abyssal hydrothermal systems. The newly formed
biomolecules are however unlikely to give rise to new evolutionary lines, as it happened in the
Early Earth, since they will be easily involved in metabolic reactions of nearby living
organisms.

It is also opportune to mention that the Fe-oxides and Ca- Fe-sulfate mineral assem-
blage, produced by anaerobic sulfide oxidation, as observed in the sample, may have
implication even in extraterrestrial contexts, such as in the widespread occurrence of
sulfates associated with Fe-oxides in the Martian soils (e.g. Bibring et al. 2007; Weitz
et al. 2014; Schmidt et al. 2018).

Conclusions

The set of petrologic data here discussed suggest that the sample was initially part of a
small tholeiite-gabbro igneous intrusion in a ultramafic-mafic oceanic core complex
(OCC), belonging to the Ionian section of the Tethys Ocean. The intrusive body was
later permeated by H,-rich hydrothermal fluids which promoted the formation of organic
compounds, such as low-molecular-weight aliphatic hydrocarbons, by FTT synthesis. A
subsequent temperature increasing of the circulating fluids, probably due to the emplace-
ment of an igneous sill at greater depth, favored diffuse sulfidization episodes in the
country rocks, including the sample. In a later stage of the activity of the hydrothermal
system, pyrite replaced previous iron monosulfides as a consequence of a temperature
decreasing of the circulating fluids. A further declining of the temperature and an
increasing of the water/rock ratio, gave rise to more important changes in the redox
conditions of the system, such as extensive de-sulfidization, Fe-oxides precipitation,
sulfate formation, also promoting poly-condensation and aromatization of the already
formed, hydrocarbons.

The occurrence of both pyrite and abiotic organic matter in the same rock recalls an
established school of thought which considers pyrite as a key mineral for abiogenesis. The
present data also cautiously suggest that rocks likewise the sample, permeated by hydrothermal
fluids, were favorable sites for the concentration of adequate reactants and development of
pyrite-mediated prebiotic reactions in the shallow subsurface of the early Earth. In addition,
polycondensed organic compounds resembling petroleum resins, ultimately deriving from
FTT abiotic synthesis, may have been effective starting reactants for proto-biochemical
reactions in the surface of pyrite crystals.
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