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A B S T R A C T

Rock fragments from the deepest parts of a buried hydrothermal system belonging to the Mesozoic Tethys Ocean
entered as xenoliths in a Miocenic diatreme, hence brought to the surface, in the Hyblean Plateau (Sicily). Some
xenoliths consist of strongly serpentinized ultramafic rocks bearing blebs of abiotic organic matter, where clusters
of amorphous carbon nanoparticles, including nanodiamonds, are immersed. Such an occurrence conjures up
established hypotheses that diamond surfaces are suitable catalytic platforms stimulating the assemblage of
complex bio-organic molecules relevant to the emergence of life on Earth. The appearance of bio-organic mol-
ecules under primitive Earth conditions is one of the major unsolved questions on the origin of life. Here we report
new micro-Raman spectra on blebs of abiotic organic matter from a selected xenolith. Diamond bands were
related to hydrogenated nanocrystalline diamonds, with size of nearly 1–1.6 nm, formed from organics at low
pressures and temperatures. In particular, diamond surfaces can give rise to crystalline interfacial water layers
that may have played a fundamental role in the early biosphere evolution as a good medium for rapidly trans-
porting positive charges in the form of hydrated protons. Nowadays, proton gradients in alkaline hydrothermal
vents along oceanic ridges are generally viewed as key pre-biotic factors. In general, serpentinites span the entire
geological record, including prebiotic times. These hydrous ultramafic rocks often display evidence of abiotic
carbon species, both organic and inorganic, including nanodiamonds, being also capable to give rise to chemi-
osmotic processes and proton gradients necessary to the organisms, such as the “Last Universal Common
Ancestor” (LUCA), in the prebiotic Earth.
1. Introduction

Serpentinite-hosted hydrothermal systems are ideal places for abiotic
synthesis of organic compounds, both gaseous and condensed, generally
having low molecular weight (McCollom and Seewald, 2013; Mé;nez
et al., 2018). In addition, serpentinite systems favour the formation of a
number of redox-sensitive minerals, such as sulfides, whose surfaces are
capable of binding simple organic molecules, hence catalyzing different
proto-biochemical reactions (Holm et al., 1993; Bebié and Schoonen,
2000; Wang et al., 2010). It has been therefore reasonable to consider
serpentinite systems as ideal places for the emergence of life on the early
Earth (e.g. Russell et al., 2005). In more recent geological times, mo-
lecular hydrogen, abiotic organic compounds and sulfur, produced dur-
ing the multistage hydrothermal alteration of the oceanic crust, have
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provided energy sources for metabolic reactions of microbial ecosystems
(e.g. Brazelton et al., 2011; Men�ez et al., 2018 and references therein).

The abiogenic production of organic compounds (low-molecular-
weight alkanes in most cases) in serpentinite-hosted hydrothermal sys-
tems is thought to occur via Fischer–Tropsch-type (FT-t) reactions (e.g.
Konn et al., 2009):

nCO2 þ (3nþ1)H2→ CnH2nþ2 þ 2nH2O (1)

Such a reaction, at molecular scale, can be viewed as a process
catalyzed by diverse oxide minerals (e.g. magnetite, trevorite), native
metals and alloys, formed as by-products of the serpentinization re-
actions (e.g. McCollom and Seewald, 2013).

Submarine hydrothermal systems in the prebiotic Earth have there-
fore had the “basic ingredients” required for the so-called
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Fig. 1. Geological setting of the study area. The nanodiamond bearing sample has been recovered from the tuff-breccia deposit from Valle Guffari (VG in the figure).
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chemoautotrophic origin-of-life scenarios, including an abundance of
chemical energy sources and conditions conducive to the reduction of
CO2 to simple organic compounds. Cores of many enzymes involved in
carbon fixation in extant chemosynthetic microorganisms contain Fe–S
clusters, whose structure resembles the unit cell of sulfide minerals found
in deep-sea hydrothermal-vent chimneys (Bl€ochl et al., 1992). This sug-
gests the possibility that enzyme cores may represent remnants of the
earliest stages of biochemical evolution. Geochemical gradients that
developed at the interface between alkaline, H2-rich hydrothermal fluids
and mildly acidic CO2-rich seawater would have provided sources of
chemical energy for evolving metabolisms (Schulte and Rogers, 2004).
Carbon dioxide and possibly other electron donors, such as SO4

2�, would
have been available to provide energy via reactions that include meth-
ano-l genesis and sulfate reduction (McCollom and Seewald, 2013). pH
gradients may have been an additional source of metabolic energy in
these environments (Lane et al., 2010). Proton gradients in alkaline hy-
drothermal vents are thought to be promoting conditions for the origin of
life (Lane et al., 2010), as commonly observed in archea and bacteria. As
expected, they generate proton gradients across cytoplasm membranes
and conduct electrons and pump protons using ferredoxins, quinones and
cytochromes (Baymann et al., 2003). Extant microorganisms gain
metabolic energy by maintaining a proton gradient across membranes,
and in serpentine-hosted submarine hydrothermal environments,
including those likely occurred on early Earth, such gradients would
evolve naturally at the interface between hydrothermal-vent fluids and
seawater.

In addition to the essential role of mineral surfaces in the organic
synthesis via FT-t pathway, surfaces of several mineral phases were also
thought to be catalytic platforms stimulating the assemblage of complex
bioorganic molecules relevant to the emergence of life on Earth (Holm
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et al., 1993; Bebié and Schoonen, 2000; Hazen and Sverjinsky, 2010).
Carbon is considered an excellent platform for proto-biochemical re-
actions (Sommer et al., 2008). Surface conductivity on
hydrogen-terminated polycrystalline CVD (chemical vapor deposition)
diamond was first reported by Landstrass and Ravi (1989). It has been
demonstrated that high concentration of hydrogen in the gas mixture is
required to promote the formation of diamond bonds, as opposed to the
equilibrium form of carbon, graphite (Spitsyn et al., 1981; Matsumoto
et al., 1982; Fedoseev et al., 1984). Landstrass and Ravi (1989) have
shown that the main movement of hydrogen within or out of the film,
could occur at annealing temperatures as low as 100 �C. The diamond
surface could create the crystalline interfacial water layers even at room
temperature (Sommer et al., 2008). These layers would play a funda-
mental role in biology and evolution (Szent-Gyorgyi, 1971). They are
also essential for the viability of bacteria (Webb, 1965). Life may have
started with building such water structures (Szent-Gyorgyi, 1971)
because these are a goodmedium for rapidly transporting positive charge
in the form of hydrated protons (Sommer et al., 2008). In this respect, it is
important to highlight that nanodiamonds are present in shallow Earth
crustal rocks, whose formation is connected to organic matter and water
including serpentinites (e.g. Simakov et al., 2015; Simakov, 2018 and
references therein).

Nanodiamonds are carbon nanoparticles of enigmatic origin; they can
be defined as the archetypal “macroscopic molecule” (Dahl et al., 2003).
Hydrogen-terminated diamonds and nanometre-sized diamondoid hy-
drocarbons form a continuous structural series (Piekarczyk, 1999)
including lower diamondoids (<1 nm), higher diamondoids (~1–2 nm),
nanocrystalline and chemical vapor deposition (CVD) diamonds (~2
nm–1 μm), and macroscopic diamonds (Angus and Hayman, 1988; Ris-
tein, 2001). Nanodiamonds are found also in chondrite meteorites (Dai



Table 1
Synoptic petrologic and geochemical information on the sample.

Sample label Geographic coordinates Sample type Shape/Size Secondary processes

G3 37�04009.2700N Ultramafic
xenolith

Ovoid/~12 cm � 8 cm � 6 cm Serpentinization carbonation
14�49007.9200E
Elv. 848 m

Mineral mode (~vol%) Mineral chemistry
Cpx Opx Spl Srp

Cc ¼ 40 Wo ¼ 45.5 mol% 9 Mg#
75 (Core)
70 (Rim)

Cr#
35 (Core)
43 (Rim)

SiO2 ¼ 43.2 wt.%
MgO ¼ 43.5 wt.%
H2O ¼ 12.8 wt.%

Srp ¼ 33 En ¼ 49.5 mol% 91.6
Cpx ¼ 9 Fs ¼ 5 mol% 7.5
Opx ¼ 8 Mg# ¼ 90 92
Spl ¼ 4 Al2O3 ¼ 3.9 wt.% 2.4
OM ¼ 4 Cr2O3 ¼ 0.6 wt.% 0.3
Others ¼ 2 TiO2 ¼ 0.14 wt.% 0.03

Whole-rock chemistry

Major elements (in wt.%) Trace elements

Actual Volatile-free

SiO2 25.90 50.46 Cr ¼ 2986 ppm
Al2O3 2.11 4.15 Ni ¼ 1070 ppm
TiO2 0.10 0.20 S ¼ 1400 ppm
Fe2O3* 3.56 7.00 Zr ¼ 6.3 ppm
MgO 15.40 30.22 Y ¼ 2.5 ppm
Na2O þ K2O 0.12 0.24 ΣREE ¼ 23.2 ppm
L.O.I. 24.20 – La/Yb ¼ 39

Note: Cc ¼ calcite; Srp ¼ serpentine and its phyllosilicate retrograde products (chlorite/smectite interlayers); Cpx ¼ clinopyroxene; Opx ¼ orthopyroxene; Spl ¼ spinel;
OM ¼ condensed organic matter; Others ¼ sulfides (pyrite, pentlandite, millerite, galena), apatite, Fe-sulfate, sylvite.
Mg# ¼ 100 Mg/(Mg þ FeT); Cr# ¼ Cr/(Cr þ Al); Fe2O3* as total Fe3þ.
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et al., 2002) and interplanetary dusts (Galli, 2010). These nanodiamonds
are often associated with diamondoids (Bauschlicher et al., 2007). As-
tronomers concluded that 3% of the carbon present in meteorites is in
diamond form and that 10%–20% of interstellar carbon exists in the form
of ultrananocrystalline diamonds (Tielens et al., 1987). In addition,
Kouchi et al. (2005) related interstellar diamond formation to water and
organic matter. As expected, radio-astronomy observations have detec-
ted many other compounds coexisting with nanodiamonds, such as hy-
droxyl OH, water and ammonia vapors, formaldehyde, carbonmonoxide,
methanol (wood alcohol), ethyl (wine) alcohol, and dozens of other more
complex organic molecules in interstellar clouds (e.g. Nakano et al.,
2002).

On Earth, remarkable amounts of diamondoids occur in crude oils and
gas condensates (from 35 ppm to 2075 ppm, respectively; e.g. Nekhaev
et al., 2011). In this respect, it is worth to recall that fragments of ser-
pentinites from the deepest parts of a buried hydrothermal system
belonging to the Mesozoic Tethys Ocean lithosphere entered as xenoliths
in a Miocenic tuff-breccia pipes, and were brought to the surface in the
Hyblean Plateau (Sicily). Hyblean ultramafic xenoliths represent a suit-
able case-study, since they display widely serpentinized areas with blebs
of condensed organic matter, due to abiotic synthesis. Interestingly, the
organic matter contains tiny opaque carbonaceous flakes hosting clusters
of nanodiamonds (Simakov et al., 2015).

2. Background

The Hyblean Plateau (Sicily, Southern Italy; Fig. 1) consists of a
tectonically uplifted sedimentary and volcanic sequence cross-cut by a
NE–SW-oriented system of extensional faults accommodated along a N–S
trending, right-lateral transform fault zone (Fig. 1). A long and steep
submarine slope, the “Hybla-Malta Escarpment”, separates the eastern
part of the Plateau from the Ionian abyssal plain. The exposed section of
the Hyblean sedimentary sequence includes marine limestones and
marls, Upper Cretaceous to Miocene in age, and Plio-Quaternary open-
shelf clastics. Commercial boreholes reached Triassic carbonates, clayey
deposits and basic igneous rocks at about 5 km b.s.l., even though
geophysical data may suggest that the entire sequence is 8–10 km in
thickness (Chironi et al., 2000). Basic volcanic rocks, representing a time
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interval from Upper Cretaceous to Pleistocene, crop out in different
places of this area, especially in its northern part (Fig. 1).

A few nephelinitic diatremes, Upper Miocene in age (e.g. Carbone and
Lentini, 1981; Suiting and Schminke, 2009) occur in the central part of
the Plateau. The diatreme-filling breccia hosts a number of deep-seated
xenoliths which consist of mantle-ultramafics and gabbros.

No outcrops, nor core-drill recovery of rocks from the pre-Triassic
basement exist in the Hyblean Plateau as well as in the entire Central
Mediterranean area. Seismic data, including tomography models, on the
Hyblean Plateau and surrounding areas, can be either compatible with a
serpentinized oceanic lithosphere (Manuella et al., 2013; Giampiccolo
et al., 2017) or a strongly delaminated continental crust (Musumeci et al.,
2014). Results of geological and paleontological investigations suggested
that in the Late Permian the area corresponding to the present Sicily
mainland, hence including the Hyblean sector, was located along a
trans-Pangea seaway, connecting the western Tethys to Panthalassa
through the present Mediterranean, the NW Africa offshore, and the
Caribbean areas (Vai, 2003). The petrologic and geochemical investiga-
tion of the Hyblean deep-seated xenoliths validated the Vai’s hypothesis
(e.g. Manuella et al., 2015). In particular, Scribano et al. (2006a) found
petrologic and geochemical evidence that the Hyblean oxide-rich tho-
leiite-gabbros, with sheared texture, closely resemble those drilled and
dredged in modern oceanic core complexes (OCCs) along (ultra)
slow-spreading oceanic ridges (e.g. Natland and Dick, 2001; Sharkov,
2012). Additionally, a set of petrographic evidence of abyssal-type hy-
drothermal metasomatism has been observed in many Hyblean xenoliths,
including severe serpentinization of ultramafic rocks (Scribano et al.,
2006b; Manuella, 2011). On these grounds, it is not a surprise that traces
of hydrocarbons found in some hydrothermally altered gabbro and ser-
pentinized ultramafic xenoliths (Ciliberto et al., 2009; Scir�e et al., 2011)
have been interpreted as abiotic organic compounds produced in the
serpentinite basement via FT-t reactions.

3. Material and methods

The case-study sample is a strongly serpentinized and carbonated
ultramafic rock extracted from the Valle Guffari tuff-breccia pipe (VG in
Fig. 1), late Miocene in age, in the central part of the Hyblean Plateau



Fig. 2. Microphotographs displaying
different aspects of the sample. (A) Magnified
picture of a portion of the cut surface of the
sample. (B) Portion of a thin section of the
sample viewed under an optical microscope
(plane-polarized transmitted light). Serpen-
tine replaces former olivine, whereas organic
matter (purplish) occurs either between
serpentine fibers or as discrete blebs. (C)
Detail of the same thin section highlighting
clusters of black carbonaceous particles
immersed in the purplish organic matter
(plane-polarized transmitted light). (D) A thin
slice of the raw organic matter as it appears
under the optical microscope. Arrows indicate
opaque patches consisting of clusters of
diverse carbonaceous particles including
nanodiamonds (detailed explanation in the
text). (E) SEM image (BSE mode) of a portion
of an uncoated thin section of the sample
where serpentine, organic matter, and Ni-Fe
oxide grains coexist (detailed explanation in
the text). (F) SEM image of an uncoated thin
section displaying the unusual textural re-
lationships between fibrous serpentine and
organic matter. (G) SEM image (BSE mode) of
an uncoated fragment of the sample display-
ing serpentine, organic matter, and calcite.
The arrow points to the zone viewed at higher
magnification in the adjoining image (H). (H)
High-magnification SEM image of the zone
indicated by the arrow in (G), highlighting
the relationships between organic matter and
calcite grains (detailed explanation in the
text). Legend: Px ¼ pyroxenes; Opx ¼ ortho-
pyroxene; OM ¼ organic matter; Srp ¼
serpentine and coexisting talc, chlorite, and
smectites; Cc ¼ calcite; CRP ¼ micrometric
clusters of carbonaceous particles.
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(Fig. 1). The sample has an ovoid shape, being about 12 cm � 8 cm �
6 cm in size.

The analytical methods related to previous investigations are re-
ported in the related papers (Scir�e et al., 2011; Simakov et al., 2015).
Some data discussed in the present paper were newly acquired by the
means of scanning electron microscope (SEM) and micro-Raman spec-
trometre. The used SEM was a TESCAN-VEGA\\LMU SEM equipped with
an EDAX Neptune XM4 60 microanalysis working in energy dispersive
spectrometry (EDS). Observations were made in backscattered electron
mode under low vacuum conditions, on row fragments of the sample and
on polished cut surfaces with no carbon coat. Quantitative analyses on
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silicate minerals were performed under high vacuum conditions at
accelerating voltage 20 kV and beam current 0.2 nA, in carbon-coated
polished thin sections.

Micro-Raman spectra on representative blebs of organic matter have
been acquired with a Raman Jasco NRS-3100 apparatus at Catania
University. The spectrometre was equipped with a microscope with �10,
�20 and �100 objectives. A laser excitation source at 532 nm was
applied and the laser power was controlled bymeans of a series of density
filters, in order to avoid heating effects. Depth resolution was set to few
micrometres by means of a confocal hole. The system has been calibrated
using the 520.7 cm�1 Raman band of silicon before each experimental



Fig. 3. Raman spectra of different portions of the sam-
ple. (A) RS spectra of an asphaltene sample obtained on a
U-1000 spectrometer: (a) 1300 cm�1, indicating the
presence of nanodiamonds; (b) 1580 cm�1; and (c) 1600
cm�1, possibly indicating graphitic planes; (B) RS spectra
of similar asphaltene sample obtained on a Jasco NRS-
3100 spectrometer: (a) 1300–1312 cm�1, indicating
the presence of nanodiamonds; (b) 1576 cm�1, (c) 1610
cm�1, possibly indicating graphitic planes. Legend: Dm –

RS spectra of diamond, Gr – RS spectra of graphite.
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session. Raman (RS) and photoluminescence (PL) spectra were recorded
on a U-1000 spectrometer with micro-Raman attachment at room tem-
perature at Lebedev Physics Institute for the same blebs. Low-power
excitation light (514.5 nm, <20 mW) was focused to a spot diameter of
10–40 μm. This allowed us to study the homogeneous and transition
areas of the sample surface and monitor the absence of laser heating
effect on the sample. The RS spectra were recorded with a resolution of
1–5 cm�1. Since the Raman spectrum had a very low intensity, it was
necessary to use a large time constant and subtraction of the luminescent
background. Moreover, it was necessary to reduce the scan range
(926�1938 cm�1) in order to obtain a satisfactory signal-to-noise ratio.

4. Results

Petrologic and geochemical characteristics of the sample are synop-
tically reported in Table 1. Optical and SEM investigations (Fig. 2A)
revealed that the sample consists of coarse pyroxene (enstatite and Cr-Al-
diopside) and smaller Cr-Al-spinel grains immersed in a dominant
assemblage of secondary minerals consisting of calcite and serpentine
(lizardite), with minor talc, smectite, magnetite, trevorite, millerite, py-
rite, Fe-sulfate, and Sn- and Pb-sulfides. No olivine is preserved in this
rock as it has been fully replaced by serpentine (Fig. 2B). The primary
spinel displays an oxidized outer rim. Pyroxene grains are locally cross-
cut by pressure cracks filled with secondary minerals. Clinopyroxene
and serpentine are widely replaced by calcite.

Notably, the sample contains ~5 vol% of S-bearing asphaltene-like
organic matter intermixed with serpentine fibers (Fig. 2D–F), forming
discrete blebs and filling narrow cracks in the pyroxene grains and be-
tween grains (Fig. 2B). Furthermore, transmitted light observations, on
standard thin-sections and thin speks of the unthreaded organic matter,
revealed the abundance of micrometre-sized black (opaque) carbona-
ceous flakes (Fig. 2C and D) interspersed in the semi-transparent organic
matter. HRTEM (high resolution transmission electron microscope) ob-
servations on the aforementioned black carbonaceous flakes showed
(Simakov et al., 2015) that they contain aggregates of nanodiamonds
mostly ranging from 1 nm to 6 nm. A few 10 nm-sized diamonds were
also observed. This was the first clear evidence of the occurrence of
nanodiamonds in a serpentinite. The infrared spectrum of residual black
carbonaceous materials without silicates and soluble organic materials
(treated asphaltene) indicated abundant aliphatic (CH3 and CH2) hy-
drocarbons and minor aromatic (C¼C) hydrocarbons (Simakov et al.,
2015). The stable carbon isotope values (δ13C) of the saturated and ar-
omatic hydrocarbon fractions extracted from the asphaltene sample were
�29.8‰ and �32.8‰, respectively. The δ13C of the remaining solid
residue (treated asphaltene) was �29.0‰ (Simakov et al., 2015).

4.1. New Raman investigation

Raman and photoluminescence spectra for two asphaltene blebs (A,
B) containing black carbonaceous flakes display the following bands:
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1287–1302 cm�1, 1580 cm�1, 1600 cm�1 (case "A", Figs. 3A) and
1300–1312 cm�1, 1576 cm�1, 1610 cm�1 (case "B", Fig. 3B). Bands at
1580–1600 cm�1 and 1576–1610 cm�1 may be due to the graphitic
planes interconnected by sp3 bonds (Karavanski et al., 2001). The ~
1300 cm�1 bands can be attributed to nanodiamonds. From the obtained
data, their frequency can be estimated as 1297 � 10 cm�1 (Fig. 3A) and
1306 � 6 cm�1 (Fig. 3B). The Raman line of fundamental oscillation
experiences, as known, a low-frequency shift and asymmetric broadening
with a decrease in the size of the crystals. This effect was explained on the
basis of the phonon confinement model of Ager et al. (1991). Koniakhin
et al. (2018) developed a new method, combining the dynamical matrix
method (DMM) and the bond polarization model (BPM). Focusing on
nanodiamond powders, the authors demonstrated that the DMM�BPM
theory fits in the most recent experimental data much better than the
commonly used phonon confinement model. Using the results of Konia-
khin et al. (2018), it is therefore possible to roughly estimate the size of
nanodiamonds in the studied carbonaceous flakes, being ~1.2 � 0.2 nm
and ~1.4 � 0.2 nm, respectively. It cannot be excluded that larger
nanodiamonds also coexist in different asphaltene blebs from the sample,
as previous HRTEM investigation (Simakov et al., 2015) reported nano-
diamonds ranging from1nm to10nm in size,withdominant size is~6nm.

5. Discussion

5.1. Origin of the organic matter and carbon particles

Scir�e et al. (2011) described the multistage geologic history of the
sample on the basis of its mineral assemblage. They also studied the
organic matter by the means of micro-Fourier transform infrared spectra
(μ-FTIR), X-ray photoelectron spectroscopy (XPS), thermo-gravimetric
(TGA) and differential thermal analysis (DTA). They excluded that the
organic matter could be infiltrated into the sample from an external
source and concluded that it was a by-product of the serpentinization
process that presumably occurred during the Early Triassic when the
Hyblean uppermost mantle was tectonically exhumed at the Tethys
Ocean seafloor (see Section 2). The serpentinization process in this re-
gion developed through time under different physic-chemical conditions;
since its early stages, the conditions favored the formation of abiogenic
hydrocarbons via FT-t synthesis. Fe-Ni alloys (e.g. awaruite) were puta-
tive catalysts of the FT-t synthesis, which, at a molecular scale, can be
viewed as a catalyst-surface process (McCollom, 2013). The awaruite
catalyst from the sample oxided to trevorite in the final stages of the
serpentinization process (Scir�e et al., 2011). At the final stage of ser-
pentinization, the FT-t synthesis also yielded unsaturated hydrocarbons,
including aromaticrings whose polycondensation gave rise to
asphaltenes.

The secondary mineral assemblage in the sample suggested the
presence of seawater-derived hydrothermal fluid with dissolved CO2.
Hence, based on the phase relationships in the MgO-SiO2-H2O system
(Evans, 2004; Klein and Bach, 2009), the detection of the lizardite



Fig. 4. Diamond-graphite dimensional curve from Manuella (2013) for T-d
parameters (solid line – at normal pressure, dashed line – at 0.1 GPa, pointed
line – at 0.2 GPa).

Fig. 5. Variation in the C–O–H system composition with oxygen fugacity at 300
�C and 2 kbar. MH: magnetite-hematite buffer; CCO: CO-CO2-carbon buffer;
QFM: quartz-magnetite-fayalite buffer; WM: wustite-magnetite buffer.
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polytype by X-ray diffraction (XRD) suggests that the highest serpenti-
nization temperature was ~300 �C (Scir�e et al., 2011). On the other
hand, the FTIR spectrum obtained using the attenuated total reflectance
(ATR) method for the residual black carbonaceous materials indicates
temperatures lower than 327 �C (Simakov et al., 2015).

The subsequent stages in the history of the sample’s alteration were
characterized by its incipient steatization, formation of clays after
serpentine, and severe carbonatation of hydrocarbons and silicate min-
erals; these processes occurred at increasing f(O2) and f(CO2) conditions,
hence decreasing f(H2) conditions. The occurrence of altered relict of
spinel grains suggests that, in its earliest geologic history, the sample
equilibrated in the upper mantle in the spinel-peridotite stability field,
where graphite is the most stable carbon allotrope.

To summarize, an upper mantle volume consisting of nominally
anhydrous, spinel-bearing, mantle peridotite veined by clinopyroxenite,
was tectonically exhumed at a shallow sub-seafloor area of the slow-
spreading Ionian Thetys Ocean presumably in the Early Triassic. There
the ultramafic rocks interacted with a seawater-dominated hydrothermal
fluid. In fact, the olivine and part of the orthopyroxene were transformed
into serpentine, while the clinopyroxene was nearly unaffected.

The different generations of serpentine veins in the sample, along
with their relationships with Fe-oxide and Fe-Ni sulfide micrograins,
suggest that serpentinization developed in several stages at different
temperatures. The f(O2) of the system evolved from reducing (i.e., below
the quartz-fayalite-magnetite–QFM–buffer) to significantly oxidizing
conditions (e.g. above the magnetite-hematite buffer), with the water/
rock ratio increasing concomitantly through time. These circumstances
can explain the oxidized outer rim of the primary spinel, along with the
lack of primary sulfides (e.g. pentlandite), as opposed to the occurrence
of millerite and pyrite, the latter showing alteration fringes into spongy
magnetite and Fe-sulfate (Scir�e et al., 2011). In this regard, the sulfur
fugacity was probably in the range of �1.8 < logf(ΣS) < �0.6, as sug-
gested by the sulfide stability fields reported by Frost (1985). Moreover,
an increasing f(CO2) through the geologic history of the sample is
recorded by its extensive and pervasive carbonatation (Fig. 2A, D, G and
H), which probably developed in different stages (Scir�e et al., 2011).
5.2. Processes of nanodiamond formation

Some Raman-bands in the organic matter correspond, as mentioned,
to diamonds of size 1–1.6 nm. Diamonds of the same size have been
obtained by synthesis (Stehlik et al., 2015) and detected in meteorites
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(Daulton, 2006). In accordance with classification of Piekarczyk (1999) it
corresponds to “higher diamondoids” formed in the temperature range of
150–350 �C at low pressure conditions (Dahl et al., 2003). Molecules of
higher diamondoids (e.g. C22 and higher polymantanes) contain 4 to 11
diamond-crystal cages. The latter consist of 88 atoms, which corresponds
to diamond sphere with diameter of nearly 1 nm. The octamantane class
with formula C34H38 shows 18 isomeric structures with both chiral and
achiral forms. All of these higher diamondoids correspond to
nanometer-sized, H-terminated, diamonds of diverse shapes and sizes
(Dahl et al., 2003). In accordance with the model of Badziag et al. (1990)
they correspond to the transition of hydrocarbons to hydrogen termi-
nated diamonds.

The studied nanodiamonds therefore correspond to the hydrogen-
terminated polycrystalline CVD diamond reported by Landstrass and
Ravi (1989), which can give rise to the crystalline interfacial water
layers. Because of the surface energy, nanosized diamonds could be
stable in the thermodynamic stability field of graphite. The size of the
nanodiamonds is reported to decrease with increasing temperature
(Gamarnik, 1996; Jiang et al., 2000; Manuella, 2013) (Fig. 4). Since there
is no agreement between the results of the cited authors, it is not possible
to extrapolate univocal temperature values which, however, are always
compatible with the different stages of the serpentinization process (e.g.
Evans, 2004; Klein and Bach, 2009).

We consider the following reaction for olivine hydration and forma-
tion of serpentine along with magnetite and dihydrogen:

3Fe2SiO4 þ 3Mg2SiO4þ 6H2O → 2Mg3Si2O5(OH)4 þ 2Fe3O4þ 2H2 þ
2SiO2 (2)

Taking into account the mineral assemblage in the sample and the
phase relations reported by Evans (2004), we suggest that the initial f(O2)
conditions were nearly the same as those of the quartz-magnetite-fayalite
buffer. In fact, the lack of primary, high metal/S Ni-Fe sulfides in the
sample (e.g. pentlandite) suggests an early desulfurization event with the
probable formation of Ni-Fe alloys (e.g. awaruite; see previous section).
This stage of the process is related to abiotic hydrocarbon synthesis via
FT-type reactions. The temperature during this stage was presumably
300–150 �C.

In the CO2-SiO2-FeO-H2O system, the following reaction is also
possible.

6Fe2SiO4 þ CO2 (aq) þ 2H2O → 6SiO2 þ 4Fe3O4 þ CH4 (3)



Fig. 6. The crystalline interfacial water layers on the diamond surface.
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During the development of reactions (2 and 3), f(H2) increases and
f(O2) decreases, corresponding to the transition from QFM to WM
(wustite-magnetite) buffer. The composition of the C-O-H fluid system
equilibrated with free carbon was calculated using the GFluid program
(Zhang and Duan, 2010). This composition corresponds to water-rich
fluid at the QFM buffer, and methane-rich fluid at the WM buffer (Fig. 5).

The transition from QFM to WM buffer has been put forward to
explain, for example, the significant emission of hydrogen and methane
over the ophiolitic zones (Schrenk et al., 2013). From the
physic-chemical model of nanodiamond formation from fluid (Simakov,
2010) it follows that in those cases where hydrogen is much more
abundant than methane, in the H–C system, the formation of nano-
diamonds is possible by the reaction:

CH4→ C þ 2H2 (4)

The serpentinization reaction in WM buffer conditions resulted in the
full replacement of olivine, partial replacement of orthopyroxene, and
formation of hydrocarbons (presumably alkanes; e.g. Ciliberto et al.,
2009) along with the majority of the free nanocarbons (nanodiamond
and graphite). The 6-nm diamonds were realistically formed during these
processes. As a result, carbon was immersed in the hydrocarbon medium
(Fig. 2C), protecting nanocarbons from late replacement by carbonate.
On these grounds, it is opportune to note that the carbon isotopic results
Fig. 7. Scheme of cell formation in accordance with model of Lane et al. (2010). (A) T
of LUCA in hydrothermal fluid. (B) The middle stage of cell formation: Proton-motiv
clusters in the hydrothermal fluid. (C) The final stage of cell formation: Proton-motiv
nanodiamonds, black tire – nanographite, blue point – organics).
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obtained in the serpentinite (see previous section) are consistent with the
isotopic data of methane formed in hydrothermal systems. For example,
Etiope and Schoell (2014) reported a set of δ13C values between �32‰
and�30‰, similar to the sample values, in gaseous hydrocarbon seepage
from serpentinizing ultramafic rocks in the Othyris Ophiolite complex
(Greece). This confirms the shallow hydrocarbon sources of the nano-
carbon formation in the serpentinite.

Diamond nuclei formation is possible also (Simakov, 2010) from
H2O-CO2-rich fluids containing minor CH4 contents which corresponds
to the region of f(O2) between CCO (upper limit of carbon stability) and
QFM buffers (Fig. 5). Rudenko et al. (1993) indicated that diamond could
be formed under such a chemical condition by the reaction of methane
and carbon dioxide:

CH4 þ CO2→ 2C þ 2H2O (5)

At higher temperatures the formation of micrometre-sized diamonds
is possible in the serpentinization processes of ultramafic rocks
(Farr�e-de-Pablo et al., 2018). The micrometre-sized diamonds could be
formed here from hydrocarbon fluids by reactions (4) and (5) at super-
critical water conditions (Simakov, 2018). On nowadays several scien-
tific groups from different countries have independently confirmed the
existence of diamonds in ophiolites (Yang et al., 2014, 2015, 2020 and
references therein).
he initial stage of cell formation: Proton-motive force exists across the boundary
e force exists across the boundary of LUCA on the seed of hydrogenated carbon
e force of living cells finally forming from LUCA. (In the clusters red diamonds –
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5.3. Mineral surfaces as key factors for abiogenesis

Pyrite in the sample is most probably related to the circulation of S-
rich hydrothermal fluids, at moderate temperature conditions (T < 350
�C), as suggested by relevant experimental data (e.g. Shock, 1992). In a
later stage of the hydrothermal system geological history, dramatic
variation of physic-chemical parameters, such as a significant increase in
the water/rock ratio, induced desulfidization, hence pyrite grains were
extensively replaced by Fe-oxides which mainly consist of magnetite
(Scribano et al., 2019), according, for example, to the following reaction
(Qian et al., 2010):

3FeS2 (s)þ 6H2O ¼ Fe3O4 (s) þ 6H2S (aq)þ O2 (g) (6)

More precisely, pyrite dissolution kinetics can be described in term of
an electrochemical mechanism. The anodic reaction produces ferrous
and sulfate ions (Caldeira et al., 2010):

FeS2 þ 8H2O ¼ Fe2þ þ 2SO4
2� þ 16Hþ þ 14e� (7)

Reactions (6 and 7), and possibly others, can create favorable con-
ditions for the onset of chemiosmotic processes and proton gradients in
the alkaline hydrothermal vents. The hydrated nanodiamonds, as it was
noted before, are good media for proton transporting because diamond
surface could create the crystalline interfacial water layers (Fig. 6).
Certainly there are yet a lot of missing pieces in such an extremely
complex puzzle consisting of the formation, at T < 100 �C, of ‘LUCA’
structures (Last Universal Common Ancestor of cells; Lane et al., 2010).
RNA, DNA, the universal genetic code, transcription, translation, ribo-
somes, a rotor-stator-type ATPase, ATP and the Krebs cycle in all living
organisms could be inherited from LUCA (Lane et al., 2010). The
proton-motive force is made by analkaline (high pH) internal effluent
from LUCA’s founding hydrothermal vent and an acidic (low pH)
external environment of carbonic acid solution (Fig. 7A). At this stage,
hydrogen could be outgassed from nanodiamonds (Landstrass and Ravi,
1989), and create the high [Hþ] layer on cluster surfaces. The trans-
formation of the LUCA structure to the living cell might have been
possible on the surface of the carbonaceous cluster, including nano-
diamonds, due to the high pH in the surrounding fluid medium (Fig. 7b).
As a result, an electron flow across the “membrane” from donors to ac-
ceptors is set up, likewise it occurs in living cells (Fig. 7c).

6. Conclusions

The finding of carbonaceous flakes with clusters of hydrogenated
nanodiamonds dispersed in blebs of condensed abiotic organic matter in
a serpentinite xenolith from the Hyblean area, supports the hypothesis of
the prebiotic relevance of the several reactions occurring in abyssal
serpentinite systems in the prebiotic Earth (Dodd et al., 2017). In fact, the
carbonaceous clusters with dissolved hydrogen layers can give rise to
high [Hþ] abundance also forming inner organics crystalline water layers
on the nanodiamond surfaces (Sommer et al., 2008). In addition, the
presence of sulfide minerals in the sample may be related to chemios-
motic processes, hence to proton gradients. Both nanodiamond clusters
and sulfide minerals are therefore capable of stimulating the formation of
different prebiotic compounds necessary, even though not sufficient, to
the formation of ‘LUCA’ (Last Universal Common Ancestor) structure in
the early Earth (Lane et al., 2010).
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