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X-ray powder diffraction and multi-wavelength Raman spectroscopy were employed to characterize carbona-
ceous geomaterials, offering the first nanostructural analysis of rare pyrobitumen (LP) samples from the Lopérec
gold deposit in Brittany, France, by comparing them to Karelian shungite (KS) and carbon allotropes samples.
The inter-reticular distances d(goz) for LP/KS, derived from X-ray diffraction patterns, are 3.57(1)/3.48(1) ;X, with
Xeray diffraction crystal thickness Lc(ooz) and graphitization degree of 1.4/2.0 nm and 6.9/13.1, respectively. Raman band
Raman scattering deconvolution indicates graphitic domain sizes of L, = 6.7/8.2 nm and graphene-like flake tortuosity L = 9.2/
DET 11.3 nm. Extensive density functional theory calculations on various 2D nanoflakes accurately predict that the D
and G Raman bands may originate from graphene quantum dots, which form part of the nanostructure of these
geomaterials. LP exhibits greater structural disorder than KS, along with a lower density (1.60 vs. 1.85 g/cm®),
suggesting a lower degree of graphitization, likely due to formation at a lower temperature (~300 °C). The
Lopérec pyrobitumen is believed to result from a redox process involving a COz-rich, oxidizing hydrothermal

solution interacting with a local hydrocarbon source.

1. Introduction

In nature, the evolution of carbon-based organic matter from
diagenesis to strong metamorphism conditions can result in the forma-
tion of graphite, or to disordered material with carbon-rich composition
(> 90 wt.%), such as anthracite and pyrobitumen (also known as
anthraxolite). Pyrobitumen is generally considered as the ultimate re-
sidual solid end-product of organic matter in thermally mature oil res-
ervoirs [1]. On a large scale, this geomaterial is a non-graphitizable,
non-crystalline carbon that, even at high temperatures, does not convert
to highly ordered graphite and instead keeps its amorphous structure
composed of disordered sp? type carbon species. Another distinctive
type of pyrobitumen [2,3] is shungite that forms giant deposits in Lower
Proterozoic strata of Karelia (Russia), and whose genesis remains
debated [4].

During ore prospecting in the Armorican Massif (western France) by
the French geological survey (BRGM), an auriferous quartz-vein deposit
was discovered in Lopérec, in the central Finistere department [5,6]. A
mineralogical study of this deposit [7] revealed a significant presence of
pyrobitumen.
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The geology of Lopérec deposit located on the NW margin of the
Chateaulin carboniferous basin, overlying Ordovician and Devonian
formations (Fig. 1), has been presented by Bouchot et al. [5] and Mar-
coux [6]. It is subordinated to a NE-SW shearing within the Kermerrien
formation of Strunian and Visean ages, composed of black shales, schists
and quartzites. The tectonic process permitted the formation of miner-
alized quartz veins, as well as massive chert (silicified Strunian).

Four stages of ore deposition have been distinguished during the
hydrothermal process. Main ore sulfides are pyrite (major), arsenopyrite
and pyrrhotite, in a matrix of quartz and minor siderite [7]. Gold is
subordinated to stage 1, and the end of stage 4. Organic matter was
deposited in quartz-siderite veins and chert during stage 4. Pyrobitumen
is well developed within this chert (up to ~10 % volume).

The microstructure of carbonaceous geomaterials is of significant
interest due to their abundance as natural carbon resources and their
potential applications in energy storage, functional carbon-based ma-
terials, and advanced composites. For instance, shungite has industrial
potential in oxidation-reduction processes, water purification, and as an
additive in diverse materials [8]. The nanostructure of shungite with
graphene flakes, quantum dots, and other carbon species, presents

2667-0569/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Localization of Lopérec gold deposit (Finistere department, Brittany).

exciting opportunities for advanced applications in fields that harness
the unique properties of nanosized carbon components as e.g. energy
storage, composites, or absorption. Likewise, pyrobitumens—charac-
terized by extensive and high-purity carbon reserves—should hold sig-
nificant promise for similar applications.

In this study, an unprecedented in-depth analysis of the nano-
structure of Lopérec pyrobitumen (LP) is conducted using a combination
of X-ray diffraction (XRD), Raman spectroscopy, and density functional
theory (DFT) calculations. The analytical results are compared with
those obtained from a typical massive Karelian shungite (KS) sample,
used as a reference. The implications for the graphitic nanostructures of
the two specimens are discussed. Based on these analyses, the geo-
formation processes responsible for the natural development of
Lopérec pyrobitumen are explored, and new hypotheses regarding its
origin are proposed.

2. Experimental

Various pyrobitumen-rich samples were selected on ore dumps,
where it forms millimetric- to centimetric-size aggregates, in white
quartz and minor siderite. Inclusions of pyrite can be present in some
samples.

The Hanneman balance [9] was used to measure the pyrobitumen
density on minute pure fragments selected under the binocular. It yiel-
ded a density d of 1.60, compared to 1.85 for the shungite sample. This
value is in agreement with the density variation of disordered sp? carbon
(1.5-2.2) [10]. Mohs hardness (~ 6) is identical to that of the shungite
sample. The metallic character of Lopérec carbonaceous matter was
confirmed with a multimeter, while a diamond tester revealed poor
thermal conductivity. These properties are typical of pyrobitumen,
similar to shungite. Chemical composition was checked by scanning
electron microscopy (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS). In addition to the major elements C (94 wt%) and O
(5 wt%), minor elements detected were S (0.4 wt%), as well as Na, Cl, Pb
(0.2 wt%), and trace amounts of Si, Al, Fe (0.1 wt%). Thus, the O/(C +
O) atomic ratio of 0.045 in LP is higher than the value of 0.03 found in
shungite [3].

X-ray powder patterns were obtained with a D8 Brucker diffrac-
tometer using Cu Ka radiation (1.5406 A). Samples were scanned from
10° to 90° 26, with a 0.0197° 20 step size and a counting time of 1 s per
step.

Raman and micro-Raman spectroscopy experiments were conducted
using several setups with different excitation wavelengths and integra-
tion times ranging from 1 to 10 s. In this work, Horiba Jobin-Yvon and
OceanOptics QEPro spectrometers were used. The former were equipped
with objectives x50 or x100 and 900 gr/mm or 1800 gr/mm gratings
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and were operated with an Ar+ laser and semiconductor excitation
sources at 473.13 nm, 514.5 nm, 532 nm, and 660 nm. The QEPro
Peltier-cooled spectrometer (IEMN) was operated with a 785 nm laser
focused via a fiber optics on the samples. The spot size and spectral
resolution of the micro-Raman setups were ~1-2 um/0.7 pm and 2
em™/0.7 em™ while the laser power on the samples was comprised
between 1.5 mW and 20 mW. The experiments were conducted on up to
six different samples, with measurements repeated at various locations
on the surface of each sample. A visual inspection was performed after
each experiment to confirm that the laser spot caused no damage to the
sample. The Raman spectra were calibrated using the 520.5 cm™! Raman
line of silicon.

The DFT calculations were performed using the Gaussian 16 program
[11] at the B3LYP/6-311 G level of theory, and vibrations were analysed
using the molecular modelling software Jmol. The theoretical Raman
spectra were obtained with a graphical user interface [12].

3. Results and discussion
3.1. X-ray diffraction

For reference to the study below, the XRD patterns of graphite reveal
at least four distinctive reflections (see Fig.2): (002), (010), (004), and
(110) at 20 = 26.4°, 42.5°, 54.6°, and 77.5°, respectively. The (002) and
(004) peaks indicate the interlayer spacing and stacking of graphene
sheets, with do2) = 3.35 An contrast, the (010) and (110) peaks are
associated with the in-plane spacing between carbon atoms and their
arrangement within the graphene layers. The 20 values of these graphite
peaks are key indicators for the structural characterization of carbon-
based materials.

The XRD powder pattern of Lopérec pyrobitumen (Fig. 2) reveals two
prominent peaks characteristic of amorphous carbon. The main (002)
peak is centered at 20 = 24.9(1)°, corresponding to d(o2) = 3.57(1) ;\,
with a full width at half maximum (FWHM), referred to as Pgo2) equal to
5.64° In contrast, shungite exhibits a small shift of this reflexion to a
significantly higher 26 value of 25.6(1)°, with smaller d(goz2) = 3.48(1) A
and a narrower P(go2) = 3.6°, while its secondary (010) and (110) peaks
centered at 20 = 43.1° and 78.7° show similar positions found in
pyrobitumen, i.e. 43.0° and 78.6°, respectively. The intensity of (010)
peak in shungite and pyrobitumen is ~28 % and ~30 % of the main
(002) peak, respectively. A very weak (004) peak at 26 ~ 54° observed in
KS cannot be clearly resolved in LP. The extremely weak intensity of the
(004) peak compared to the (002) peak suggests that Lopérec pyrobi-
tumen is a non-graphitizing carbon [13].

The doz) value for shungite agrees with those (3.47-3.52 A) re-
ported by Golubev et al. [13], whereas the d(goz) for Lopérec pyrobitu-
men is significantly higher than the values typically observed in
different poorly crystalline carbons [2]. The augmentation in d(o2)
follows the sequence graphite — shungite — pyrobitumen, reflecting the
increase of structural disorder and an expansion of the average distance
between graphene layers. Conversely, the di0y and d(i10) values of
these two SK and LP amorphous carbons are slightly lower than those of
graphite.

The characteristics of the main (002) peak of both materials can be
analyzed following Wada et al. [14]. The apparent coherent length
Leoo2y (.e., the crystallite thickness in A), defined by the Scherrer
equation, is given by Lco2) = 0.9 Acuka/(Brooz) cosd), where Booz) is
expressed in radians. For Lopérec pyrobitumen, L(ooz) is calculated to be
1.4 nm, compared to 2.0 nm for shungite. Finally, the values of graph-
itization degree for LP and KS are 6.9 and 13.1, respectively, by using the
following relationship proposed by Tagiri [15]:

DG = [(d(oog) — 37)/10g(LC(002)/1000)] x 100 (1)
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Fig. 2. XRD patterns of Loperec pyrobitumen (red) and shungite (black). Vertical doted lines: Positions of diffraction lines for: graphite (theoretical, red), Loperec

pyrobitumen (green), and shungite (blue).

3.2. Raman spectroscopy

3.2.1. Raman features in graphene

The interpretation of the Raman spectra of Lopérec pyrobitumen and
shungite is based on that of graphene and graphite. In defect-free planar
graphene [16-18], the vibrational representation at the I" point of the
first Brillouin zone [BZ, g = (0,0,0)] is given by:

Cuib = Agy + Eqy + Bog + Egq 2

In this representation, the three acoustic modes exhibit Ay, and Ejy
symmetry, while the three optical modes are characterized by Bag
(Raman inactive) and Ez¢ (Raman active) symmetry. Among them, only
the doubly degenerate Ex; mode contributes to the first-order Raman
spectrum of graphene. This mode, associated with the sp® C—C
stretching in the graphene honeycomb structure, gives rise to the G peak
around 1590 cm™. Note that the position and shape of the G peak are
signatures of changes in the crystalline structure, such as the presence of
structural defects, charges, or strain.

The Raman spectrum of defective graphene exhibits an additional D
peak at ~1350 cm ™}, originating from the breathing transverse optical
(TO) mode of benzene rings activated at the K-point of the BZ through
double resonant processes, enhancing its intensity [19,20]. This peak
can be related to sp® structural defects or armchair edges for instance,
with frequency depending on the excitation laser energy (Er). Addi-
tionally, Raman spectra of sp? carbon materials such as graphene exhibit
a prominent peak between 2500 and 2800 cm™" that is known as the 2D
band. This band originates from a second-order two-phonon process,
causing its frequency to vary with E;.

3.2.2. Comparison of Raman spectra of Karelian shungite and Lopérec
pyrobitumen

Fig. 3 shows micrographs of the two carbonaceous compounds
examined through Raman spectroscopy, captured using a binocular
microscope. The samples can be described as brittle, black, shiny and
lustrous chunks exhibiting distinct conchoidal fractures whose surfaces
have a smooth, curved appearance, indicative of poorly defined
macroscopic crystalline structures with dominant amorphous character.

The Raman spectra of LP and KS samples are compared in Fig. 4 with
those of several carbon allotropes. The repeatability of the spectral
quality was consistently high across different samples and spectrome-
ters, confirming the excellent purity and homogeneity of the selected
geomaterials. To the best of our knowledge, neither the Raman scat-
tering of pyrobitumen, which has never been spectrally investigated, nor
that of shungite, has been previously studied using these specific laser
energies. These spectra, characterized by a high signal-to-noise ratio
across the entire frequency range and an absence of photoluminescence,
display features typical of disordered or poorly ordered carbon mate-
rials. Moreover, they reveal two well-defined regions, i.e. 1000-2000
cm™!  (first-order spectrum) and 2000-3200 cm™!  (second-order
spectrum).

The LP and KS spectra shown in Figs. 4 and 5 exhibit a strong
resemblance, each featuring a distinct peak at 1356-1359 cm~! (D band)
and another prominent peak around 1590 cm™ (G band), along with a
well-resolved second-order 2D spectrum. The intensity of the D band
suggests a similar origin to that found in defective graphene. In the
spectrum of pyrobitumen sample acquired at A, = 473 nm, the low-
frequency region displays additional bands at 122, 139, 214, 276,
388, 476, 590, and 822 cm™. These bands are likely due to mineral
micro-inclusions but do not appear to originate from pyrite. Moreover,

. Shungite Karelia

Fig. 3. Microphotographs of Lopérec pyrobitumen (left) and Karelian shungite (right) samples taken at same magnification. Field of view (width of the image):

2 mm.
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phous carbon layer on a Si wafer, obtained using 473.13 nm laser excitation on
the IEMN spectrometer.

despite the presence of a line at 276 cm™', the Raman spectra lack the
characteristic sharp peaks of natural fullerenes (489 and 1467 cm™),
suggesting that fullerenes were not detected in our samples [21].

The KS and LP spectra obtained at 473 nm are consistent with pre-
viously published results for shungite and anthraxolite at other excita-
tion wavelengths [13,22]. Although single-walled carbon nanotubes
(SWNTs) and pyrolytic graphite exhibit weaker d-band intensities
(Fig. 4e, d), it is noteworthy that the spectra of shungite and pyrobitu-
men (Fig. 4b, c) closely resemble those of multi-walled carbon nano-
tubes (MWNTs) under the same excitation conditions (Fig. 4a).
Additionally, they do not display the features typical of amorphous car-
bon, which is characterized by very broad D and G bands in comparison
(Fig. 4f). The D and G bands occur at the same frequencies in both KS
and MWNTs (1357 and 1588 cm™?), and the G band profiles are similar,
with a shoulder around 1612 cm™'. In MWNTs, the D and G bands have
nearly equal intensities, whereas in KS, the G band is lower in intensity
compared to the D band. Furthermore, in MWNTs, the first band of the
2D massif (at 2718 cm™) is relatively intense compared to the other
components, in contrast to the 2D spectra of KS and LP. The strong
similarity between the Raman spectra of MWNTs and shungite is a
particularly interesting observation that aligns well with the concentric,
onion-like structure observed in black slates and shungites through
high-resolution transmission electronic microscopy (HRTEM) analysis,
showing carbon walls reminiscent of MWNT structures (see Fig. 4B,C in
Buseck [23]). The HRTEM studies of shungite are therefore fully
consistent with the Raman spectra we present here for both geocarbons.
Their spectra exhibit a profile, shape, and intensity that are strikingly
similar to those of synthetic MWNTs, which naturally possess a
multi-layered structure. As a result, it is clear that pyrobitumens also
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Fig. 5. Raman spectra of several samples of pyrobitumen from Lopérec (a-c)
and shungite from Karelia (d-f) obtained with laser excitations at 473.13 nm (a,
d), 660 nm (b,e) and 785 nm (c,f). The inset shows the variations of D1- and G-
bands of LP and KS with excitation energy, from additional spectra obtained at
AL = 514.5, 532 nm, 632.8 nm not shown here.

likely possess lamellar structures at the nanometer scale, inferred from
this observed correspondence.

Still, the spectra of LP and KS recorded at A, = 660 nm and 785 nm
(see Fig. 5) display several differences. In particular, the LP spectrum
shows a more intense G line relative to the D line compared to the KS
spectrum. Additionally, at the same wavelength of excitation and the
same power density on the sample, we observe that the spectrum of KS is
typically more intense than that of LP, in agreement with X-ray data
which shows a higher graphitization for shungite.

In the second-order region, the two main peaks in shungite exhibit
nearly equal intensities (Fig. 5c,d). Conversely, for Lopérec pyrobitu-
men, the second peak at 2932/2912 cm™" is significantly more intense
than the first peak at 2704/2623 cm™?t (Fig. 5a,b). This observation is
consistent with the Raman spectra obtained at A;, = 514.5 nm by Jeh-
licka et al. for other carbonaceous materials and pyrobitumens [24].
This trend could also be indicative of a lower degree of structural order
or graphitization.

An interesting observation for both LP and KS is the significant up-
shift of the D peak by 30 to 40 cm™! as A;, decreases (see inset of Fig. 5). In
contrast, the G peak position in these compounds decreases at a much
more gradual rate. As a result of the d-band downshift, the first and
second bands in the second-order region show also a pronounced
downshift at A;, = 660 nm, whereas the weakest band of the 2D massif
around 3100 cm™ remains unchanged in both samples, regardless of the
excitation wavelength. This behavior can be attributed to the dispersive
nature of the D band, an Aj; mode, which varies with different laser
energies (Ep), causing the 2D band composed of overtones and combi-
nations of the D band to exhibit similar dispersion. This dispersion arises
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because the energy of the Ay mode includes a self-energy term related
to electron-phonon interactions, which increases with higher E;, [25]. In
contrast, the G band remains non-dispersive. Moreover, the G band of KS
at 473 nm is shifted down by 5 cm™! compared to that in the LP spec-
trum. This shift indicates that the C—C bonds within the graphene-like
sheets of shungite are slightly less rigid than those in pyrobitumen, in
agreement with X-ray diffraction data. In addition to the effects of
graphenic interlayer interactions, this frequency shift may be attributed
to internal strain within the shungite, leading to softer or more flexible
C—C bonds. This phenomenon could also stem from the onion-like
structure observed in these materials through HR-TEM analysis [23].

Fig. 6 highlights the correlation between the intensity ratio R; = Ip/
Ig and the full width at half maximum (FWHM) of non-differentiated D
and G bands in the first-order spectra of KS and LP samples. The plot
reveals two distinct regions: one below R; = 1.1 and another above R; =
1.3, which define spectral boundaries between LP and KS, respectively.
This suggests that R; serves as a reliable indicator of the nature of the
carbonaceous matter analyzed using Raman spectroscopy. The LP
sample exhibits lower R; parameters and a higher FWHM for the D band
recorded at A;, = 473 nm, indicating a reduced degree of structural order in
this material [26].

Chazhengina and Kovalevski [3] report for shungite a decrease in the
intensity ratio R; = Ip/Ig (global, non-differentiated G band) with
temperature increase (i.e., by contact with a dolerite intrusion at rela-
tively high temperature). According to Jehlicka et al. [24], the least
evolved types of carbonaceous matter formed at lower temperatures
show an inverse trend, with G being greater than D. This observation is
consistent with the study by Buseck and Beyssac (Fig. 5 in ref [20]),
which shows that the G band intensity overcomes the D band from 700
to 420 °C, whereas the D band becomes more intense than the G band
from 400 to 330 °C, and the G band intensity again exceeds the D band
from 300 to 200 °C. Our Raman spectrum recorded at A = 660 nm could
reflect such transformations of Lopérec pyrobitumen at low tempera-
tures in contrast to shungite.

3.2.3. Deconvolution of Raman bands
In general, narrower Raman bands in solids typically indicate higher
crystallinity, with Lorentzian profiles representing well-ordered sub-
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materials. For KS and LP samples explored in this work, the decompo-
sition of the first-order (1000-2000 cm™!) and second-order (2300-3300
cm™) scattering spectra can be achieved by superimposing Voigt func-
tions that are often recommended for Raman line shapes of imperfect
crystals or amorphous materials [27].

Several Raman studies of carbonaceous and graphenic materials [10,
13,17,24-28] have shown that the primary D and G broad bands
observed in first-order Raman spectra result from the superposition of
four to five sub-bands, namely D1, D2, D3, D4, D5, and G.

These sub-bands are listed in ascending frequency order, and are
depicted in Golubev et al. (Fig. 3 in ref. [13]) and Ferralis et al. (Fig. 1 in
ref. [28]). All the experimental Raman bands obtained for LP and KS
spectra were fitted by using the Fityk program [29]. To accurately
reproduce the Raman bands, Voigt function sub-bands were employed,
including a D2 component at the edge of the G band. This methodology
yields to satisfactory fits presented in Fig. 7 and Table 1. Specifically, the
G massif of LP and KS first-order spectra comprises the main G line and
the D2 sub-band, along with the D3 sub-band hidden at its
low-frequency edge (Fig. 7a,c). In the high-frequency region (Fig. 7b,d),
the bands represent combinations and overtones of these fundamental
lines, which characterize the second-order Raman spectra.

In particular, at excitation A, = 473 nm, the overlapping bands in the
first-order Raman spectrum are as follows: i) the most intense defect
peak D1 is at wp; 1330-1360 cm’l; ii) the peak D2 at wp, = 1600-1620
cm ™! which merges with the G line at wg = 1580-1600 em~! (with
wg < wpg); iii) the band D3 at wps = 1530-1540 cm~! which contributes
to the spectral weight between the two prominent D1 and G peaks; and
iv) the D4 band appearing as a shoulder on the low-frequency edge of D1
at wps = 1160-1200 cm™ L. In line with the methodology of Ref. 28, a
weak D5 component at 1271 cm™ was also included in the LP spectrum.
This component is positioned close to the D4 band at 1171 cm™. This
additional D5 component is essential for explaining the enhanced
spectral intensity observed in the LP spectrum. It manifests as a
discernible shoulder at the edge of the D1 band, in contrast to the
smoother D1 profile in the KS spectrum. In turn, the D5 and the D3 bands
are completely obscured by the D1 and G/D2 bands. Their presence is
substantiated by (i) the necessity to include them in any fitting pro-
cedure of the Raman profiles obtained at A;, = 473 nm, and (ii) the

stances and Gaussian profiles characterizing highly disordered assignment of the 2D components. The D3 sub-band contributes mainly
T T T T T T T T T T
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Fig. 6. Comparison of ordering in Karelian shungite and Lopérec pyrobitumen from Raman spectral intensities and FWHM of non-differentiated D and G bands, for

the excitations 473 and 660 nm.
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Fig. 7. Voigt fits with residuals of the first-order (a, ¢) (D/G region) and second-order (b, d) Raman spectra for pyrobitumen from Lopérec and shungite from Karelia
(2D region). A;, = 473 nm. The coefficients of determination (R? close to 1) indicate a good fit between the model and the experimental data.

Table 1

Raman components of the D and G massifs (in cm ') obtained with Voigt fits and estimates of graphitic layer size and tortuosity in nm using the relations of Cancado
et al. [35] (*) for E;, =2.62 eV (473 nm), Tuinstra-Koenig [16](}), Larouche et al. [37] ({), and Golubev et al. [13] (£). G means G component.

D4 D5 D1 D3 G D2 Lq Ly
Karelian shungite 1174 - 1359 1533 1587 1615 8.2 11.3*
3t 4.1%
5.11 6.2t
Lopérec pyrobitumen 1171 1271 1353 1516 1585 1603 6.7 9.2%
2.51 3.3
4.9¢ 4.6£

Method of this work (*)
Method of Golubev et al. (£)

Ap = Aps+Aps+Ap1

Lq < Ag/Ap1 L; o Azp1/Ap1

Ag (global) =Ap3+Ag+Ap2

to the higher spectral weight between the global D and G bands in the
two samples, whereas the D2 component contributes more significantly
to the G band intensity in pyrobitumen.

The second-order spectrum of KS and LP at higher frequencies, i.e.,
the 2D region in Fig. 7b,d, shows some similarity to that of graphite and
graphene oxide. It is characterized by weaker and broader lines with
sub-bands that are more difficult to separate. The first shoulder,
observed around 2380-2550 cm™!, can be identified as the D1+D4
combination band or possibly the 2D5 overtone. The broader and more
intense bands near 2680 cm™ and 2950 cm™ are attributed to the 2D1
and the G + D1 overtones, respectively, as evidenced by the downshift of
these bands with decreasing excitation energy. The weakest feature at
~3190 ecm™! corresponds to the G + D2 combination. To accurately fit
the spectral envelope, hidden bands centered at ~2870 cm™ and ~2930
cm™ must be included, which could be attributed to the D3+D1 com-
bination. However, this assignment may vary depending on the specific
sample, i.e., shungite or pyrobitumen, and the excitation wavelength
used to record the Raman spectra.

In ref. [30] (Dychalska), the authors compared Raman shifts for
various forms of carbon, including trans-polyacetylene. In this context,
the weak D4/D5 bands observed around 1170-1270 cm™ in the current
geomaterials are unlikely to originate from polyene segments with
alternating single C-C and double C = C bonds laying at the grain
boundaries of the materials. The shortest segments in this polymer,
when investigated using UV or blue laser excitations, typically exhibit a
prominent band around 1130 cm! [30,31], as confirmed theoretically
by Mulazzi’s segment distribution model [32]. Furthermore there isno C
= C band between 1400 and 1500 cm ™ in the spectra. Additionally, the
entire Raman spectra of KS and LP exhibit characteristics akin to those
observed for disordered or degraded polyparaphenylene (PPP) studied by
Marucci et al. [33], which show first-order peaks around 1200, 1320,
and 1600 cm™, and second-order peaks between 2800 and 3200 cm™.
More notably, they also closely resemble the spectra of shocked
graphite, graphene oxide and as seen above (Fig. 4a) to those of multi--
walled carbon nanotubes [20,34]. Therefore, it is reasonable to attribute
the prominent Raman lines observed in LP and KS to vibrations of
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C96H32

Fig. 8. Examples of hydrogen-passivated carbon nanostructures calculated using DFT in this work.

benzenoid structures within small graphene flakes. In these carbona-
ceous natural materials, the D1 Raman band can be ascribed to the
defect modes in graphenic structures, as suggested by the d-band
observed in defective graphene [20] and further supported by DFT
calculations (see below). The intensity of this band reflects significant
structural disorder.

3.2.4. Size and tortuosity of graphitic domains

To explore the nanostructure of the present samples, specific ratios of
the relative intensities of the main Raman bands can be used to estimate
roughly the sizes of different microcrystalline domains within the
disordered matrix.

To this purpose, the relationship established by Cancado et al. [35]
was utilized, which connects a Raman intensity ratio of the D to G bands
with the average layer size L, of graphitic domains, depending on the
fourth power of the laser energy (Er) used in each Raman experiment:
La(nm):%x%:axR 3)

The proportionality constants a are 12.026 nm, 16.606 nm and
45.539 nm for E;, =2.62 eV (473.13 nm), 2.41 eV (514.5 nm) and 1.88
eV (660 nm), respectively. In the case of excitation at 514.5 nm, the a
value is nearly four times higher than the value of a = 4.4 previously
reported by Tuinstra and Koenig [16] and Knight et al. [36]. The tor-
tuosity L; of the graphene-like flakes in the samples can be defined by
evaluating the intensity ratio of the 2D band to the D band as suggested
by Larouche et al. [37]:

L, = Zaj%;J 4)

These authors estimate the proportionality constant to be twice the
value of that of the L, parameter. The L, parameter measures the size of a
curved graphene flake composed of small planar regions of length L,. To
estimate these parameters, the areas of the global non-differentiated D,
G, and 2D bands of LP and KS (i.e., the sum of their components) were
considered, as described in Refs. 16,30, 37. Specifically, the entire 2D
massif was integrated between 2400 and 3400 cm™! to obtain the value
of Agp. Meanwhile, Ap was determined by summing the areas of D4
(D5), and D1, while Ag was obtained by adding the areas of D3, G and
D2. Table 1 summarizes the Raman components obtained from the fits,
along with the values of L, and L; calculated using either a = 4.4 or
Cangado’s formula.

The observed sizes match the longitudinal dimensions of graphite
layer fringes reported in HRTEM studies of Karelian shungite by Buseck
and Beyssac [23], with L, or L, ranging from 5 to 10 nm, compared to
2-5 nm in more disordered black slate. These results are also consistent
with the approximately 3 nm crystallite sizes reported by Golubev et al.
[13] in anthraxolites and by Sheka and Rozhkova [38] in shungite.
Additionally, when using the component ratios Ag/Ap; and Ayp1/Ap; as
suggested in Ref. 13, the L, or L; values for shungite remains greater than
those for pyrobitumen. Regardless of the method employed, these
evaluations indicate that LP material exhibits degraded ordering and
reduced graphitization compared to KS. This suggests a less extensive
and less coherent crystalline structure, in line with the estimates derived
from X-ray data.

3.2.5. DFT simulation and identification of Raman components

To complement the Raman study, in-vacuo density functional theory
(DFT) calculations were performed on hydrogen-passivated graphene
flakes and nanocarbons of varying dimensions. The flake sizes were
selected to balance computational efficiency and accuracy. Hydrogen
atoms were positioned in planar configuration at the nanoflake’s edges
to maintain the neutrality and stability of the structures. Calculations
were undertaken on C4gH1g (1.56 nm x 0.87 nm), C7oHos (1.26 nm x
2.01 nm), CygHss (curved flake, 1.90 nm x 0.92 nm), CogH3o (2.68 nm x
0.87 nm), Ca18H40 (2.09 nm x 3.69 nm), Cg4Hy( (bent flake, ~1.29 nm
x 1.23 nm), Cg4Ho4 (curved flake), and C47H;7 (1.46 nm x 0.70 nm). In
addition we calculated a H-passivated nanocone Ci7gHgs (1.38 nm x
1.79 nm). Except CocHse which is a nanoribbon with 2 long armchair
edges, the nanoflake edges are dominantly zigzag, with armchair “cor-
ners” (Fig.8).

The primary goal of these DFT calculations was to identify the gra-
phene flake shapes that produce theoretical Raman spectra most closely
matching the experimental spectra recorded for shungite and pyrobi-
tumen samples at different excitation wavelengths. In this way, the most

6.5 T T T T T

Raman intensity (normalized)

T T T T T
1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 9. Comparison between the experimental first-order Raman spectra of: (a)
pyrobitumen, (b) shungite for A, = 473 nm and the theoretical Raman spectra
obtained for H-passivated carbon nanostructures; (c¢) CyoHsp; (d) Ci7sHao
nanocone; (e) Ca18Hyo cone sheet; (f) C46Hig; (8) CocHsz nanoribbon; (h) DWNT
crowns (CgoHye, 1.26/0.55 nm, spacing 0.35 nm, Hartree-Fock level). Scaling
factor: 0.962. For DFT and HF spectra, the bands are convoluted using Lor-
entzian profiles with a FWHM of 20 cm™. Colored stripes highlight the regions
of D and G bands.
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Table 2

Assignment of the D and G vibrational components in shungite and pyrobitumen
based on DFT calculations of C;oHz, frequencies (in cm™'). v, p, denote
stretching, and in plane bending, respectively.

Component Experimental Frequencies  Theoretical assignment

D4 1195 B(CH); antisymmetric v(CC) edge mode
D5 1272 B(CH); symmetric v(CC) edge mode
D1 1337 B(CH); antisymmetric v(CC)

D1 shoulder 1380 benzene ring breathing

G 1585 B(CH); long axis symmetric v(CC)

D2 1608 B(CH); symmetric v(CC)

appropriate spectra could reveal the origin of the D and G Raman band
components in greater detail than previously described empirically.
Theoretical spectra compared to experimental ones are shown in Fig.9.
Among all the Raman simulations, the best agreement is found for
Cy0Ha2, and CygHgy (Fig. 9c,d), which are analogous to “planar” gra-
phene quantum dots (GQD). The former structure has almost exact
match for D and G band frequencies. It exhibits Doy symmetry and
features both zigzag and armchair edges, with an average C—C bond
length of 0.143 nm and C—H bond lengths of 0.11 nm. Although the
Lopérec pyrobitumen samples contains 5 % oxygen, our simulation
excluded oxygen atoms from the model. In this context, it is worth
noting also that the nanostructure of shungite can be modelled as a
framework composed of reduced graphene oxide (rGO) nanosheets [38,
39]. The DFT calculations conducted in the present work provide, for the
first time to our knowledge, a clear preliminary vibrational assignment
of the D1, D2, D3, D4, D5, and G Raman sub-bands observed in carbo-
naceous materials (Table 2).

The close match between the experimental and calculated D and G
bands, along with the sizes inferred from the Raman band ratios, sug-
gests that the sharp D and G experimental Raman bands observed in
natural carbonaceous materials such as shungite and pyrobitumen likely
originate from highly disordered carbon nanostructures, specifically
graphene quantum dots [38,40]. These structures exhibit a range of
sizes, from 1 to 2 nm as determined by DFT simulations, to 7 nm and 11
nm as inferred from Raman data.

3.3. Pyrobitumen formation

Loperec pyrobitumen constitutes a well-defined, homogeneous sp”
disordered carbon. Relatively to shungite, its lower density and its
characteristics determined from X-ray and Raman studies indicate a
higher disorder, i.e., a lower graphitization degree. In such non-
graphitizable carbons, ordering is directly related to increasing tem-
perature. This irreversible process enables the determination of the
maximum temperature reached by carbon-containing rocks, as illus-
trated by Buseck and Beyssac in their study on the evolution of the
Raman spectrum with metamorphic peak temperature [23].

In metamorphic process of sedimentary rocks, the degree of graph-
itization of carbonaceous material can be checked through X-ray
diffraction by the position of d(gg2) peak and its FWHM (20) [41,42]. A
similar approach has been developed based on Raman spectroscopy [23,
43].

Wada et al. [14] established two regression lines correlating tem-
perature T (in °C) and graphitization degree DG in metamorphic
sequences:

T = (3.8 x DG) + 200(limestones) )

T = (3.2 x DG) + 280(peliticrocks) (6)

Using DG values derived from the X-ray study, Eq. (5) yields tem-
peratures of 226 °C for Loperec pyrobitumen and 250 °C for shungite,
while Eq. (6) gives 302 °C and 322 °C, respectively. The latter value is
more consistent with the known formation temperature of shungite (T ~
350 °C) [3]. One can thus propose T ~ 300 °C for the formation of
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pyrobitumen at Loperec.
This is consistent with previous studies on metamorphic rocks [23,
43]:

(i) The shoulder attributed to D4 at ~1160-1200 cm™' in the
graphitic carbon of these geomaterials (or D5 in our pyrobitumen
sample) becomes increasingly pronounced in the Raman spec-
trum as the temperature decreases from 360 °C to 200 °C;

(i) The inversion of the G/D intensity ratio (Fig. 5 in ref. [23] occurs
between 330 °C (G/D < 1 — shungite type) and 300 °C (G/D > 1
— Loperec type).

At Loperec, pyrobitumen appears as the final residue of the thermal
degradation (chemical alteration) of a local source of hydrocarbons,
probably from the surrounding black shales. Taking into account the
mineralogy of the ore vein, a geochemical process controlling its for-
mation can be proposed according to redox process between (i) a local
source of mobile hydrocarbon (gas or oil), and Fe-rich minerals, and (ii)
an oxidizing hydrothermal solution. The deposition of iron carbonate
implies a CO2-rich solution. Precipitation of the pyrobitumen results
from the oxidation of the mobile hydrocarbon. Such a hydrothermal ore
vein with a strong correlation between gold and carbon matter deposi-
tion is similar to carbon-rich gold-bearing quartz veins of Erickson gold
mine (British Columbia, Canada) described by Mastalerz et al. [44,45].
Nevertheless, these authors consider carbon veins as the result of the
reduction of CO, (and not organic matter) from adjacent sediments by
Ho.

The Saint-Aubin-des-Chateaux quarry (West of the Armorican
Massif) is another interesting example of interaction between a local
hydrocarbon source (carbon-rich oolitic ironstone) and an oxidizing
hydrothermal solution [46]. Sulfidation of the ironstone induced the
formation of massive pyritized lenticular bodies. Here the ironstone
siderite was dissolved by an acidic solution, and the reduction of the
sulfate ions in solution by organic matter furnished S2~, whose combi-
nation with Fe?' from dissolved siderite gave pyrite deposition [47].
Contrary to Lopérec geochemical process, here primitive solid organic
matter was strongly oxidized, and dissolved as COs, with only rare
lamellar graphite crystals as solid by-product.

4. Conclusion

Two important classes of geocarbons, shungite and pyrobitumen,
were analyzed using Raman spectroscopy and X-ray diffraction, with
their properties compared to those of synthetic carbon allotropes. These
experiments, supported by DFT calculations, allowed for nanoscale
characterization of the materials. The Raman spectra exhibited a
remarkable empirical similarity to those of multi-walled carbon nano-
tubes, suggesting the presence of multi-layered nanostructures within
these geomaterials. However, despite their comparable spectral fea-
tures, X-ray diffraction patterns and Raman analyses revealed differ-
ences in the average size of the graphenic nanostructures between the
two carbonaceous materials.

Overall, pyrobitumen from Lopérec is a more disordered material
compared to Karelian shungite, reflecting its lower degree of graphiti-
zation. Notably, the experimental Raman spectra of both geomaterials
closely match those of theoretically calculated graphene quantum dots
measuring 1-2 nm in size, enabling a more detailed vibrational assign-
ment of the D and G bands (D1-D5). Furthermore, precise description of
the relative intensities of the D and G bands support the conclusion that
the Lopérec gold vein deposit represents a unique French occurrence of
pyrobitumen, formed by a hydrothermal process at approximately 300
°C through the oxidation of a local hydrocarbon source.

Due to its relative abundance at the site and the high purity
demonstrated by Raman spectra, Lopérec pyrobitumen emerges as a
promising material for further analytical investigations, including car-
bon isotope analysis, infrared spectroscopy, and chromatography-mass
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spectrometry. Additionally, the study of fluid inclusions in the associ-
ated quartz would enable precise determination of the temperature and
chemical composition of the hydrothermal solution involved in its
formation.
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