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Abstract: This study investigates the current status of graphene geology in Brazil, highlighting its mineralogical,
petrological, and materials science contributions. Three approaches are presented: (1) the natural production of
graphene from graphite nanoplates in sheared rocks, (11) the geological simulation under laboratory conditions,
and (111) the evolution of electrical resistance in geological formations containing graphite and talc. All reviewed
studies underscore the efficacy of graphene production in particular geological contexts, demonstrating its
efficient formation within shear zones. The results indicate that graphene stabilises in talc and exhibits
improvement in electrical conductivity under specific thermodynamic geological conditions, suggesting abundant
natural sources that are economically viable and possess industrial applications. A comparative analysis shows
that, although natural graphite nanoplates are thicker than graphene, they still qualify as nanomaterials and
demonstrate promising technological potential. The research contributes to understanding the natural formation
of graphene and highlights its practical applications in the Fourth and Fifth Industrial Revolution.
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1. Introduction

Graphene, a two-dimensional structure composed of a single layer of carbon atoms arranged in a hexagonal
configuration, has garnered considerable interest in both the scientific community and industry, thanks to its
remarkable properties (Nobre et al., 2021). The discovery of graphene through the technique of mechanical
exfoliation and the subsequent revelation of its properties earned the Nobel Prize in Physics in 2010 for its
discoverers (Geim & Novoselov, 2009). Since then, there has been a significant focus on synthesis methods and
large-scale production of graphene, driven by its relevance in sectors such as electronics, energy, medicine, and
advanced materials (Walimbe and Chaudhari, 2019; Catania et al., 2021; Kausar et al., 2023).

The increasing prominence and demand for graphene in the last decade are closely linked to the Fourth and
Fifth Industrial Revolutions, effectively meeting the technological demands of this era of digital transformation.
This technological revolution is characterised by the advanced integration of digital, physical, and biological
technologies into industrial processes, promoting unprecedented interconnection between systems and driving
intelligent automation (Groumpos, 2021; Ali et al., 2022; Noble et al., 2022; Zizic et al., 2022). With notable
electrical conductivity at room temperature, as well as high hardness and flexibility, graphene emerges as a
relevant raw material for devices in this high-tech context. Contemporary industrial evolution relies on highly
efficient materials and the application of nanotechnology. Leveraging the unique characteristics of graphene for
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the fast transmission of digital data contributes to the effective generation, storage, and transportation of energy
(Nobre et al., 2022a).

Despite the significant potential for this material, several challenges have not yet been completely resolved,
particularly in large-scale production and in the stabilisation of graphene. The adhesion of graphene to a substrate,
its dispersion in a solution, or its oxidation to graphene oxide (eventually succeeded by the reduction process),
aiming to reduce surface energy, contributes to its high manufacturing costs associated with low productivity
processes (Rodrigues et al., 2017; Ba et al., 2020; Nobre et al., 2022a). In this challenging context, it is important
to note that a promising alternative to meet the demand broadly and economically may be represented by natural
graphenes.

These natural graphenes are graphene-like structures that occur naturally in geological contexts, such as
graphite-bearing metamorphic rocks in which the graphite has been exposed to a shear tectonic process until it
reaches a thickness of less than 100 nm (Nobre et al., 2022b). Since these materials are naturally occurring and
stabilized within rock formations, they provide affordable and abundant options for producing graphene-like
substances. Despite the advantages in terms of availability and cost, it is crucial to observe that natural graphenes
inherently present crystalline defects and impurities due to natural material manipulation processes. These
imperfections introduce irregularities in the material's structure, affecting its properties (Nobre et al., 2022a).

Within this panorama, this study is based on a literature review that examines the studies that are being
developed on graphene geology in Brazil, emphasising prospecting, experimental mineralogy and petrology and
identification of these natural structures in rock samples.

2. Literature review

2.1 World's first graphene geology initiatives

Geology of graphene operates in two main research lines: the production of graphene from mineral raw
material that has undergone simple beneficiation processes and the extraction of graphene and analogous materials
(such as graphite nanoplatelets) directly from rocks (Nobre et al., 2022a). Studies in the area began in 2011, when
the relevance of the crystallographic, physical, and chemical characteristics of graphite ore in the properties of
graphene obtained from it was first raised in the literature (Ruiz-Hitzky et al., 2011). From Ruiz-Hitzky et al.
(2011), the scenario was set that there is a need to characterise graphite mineralogical and petrologically to
optimise the production of graphene that is produced from natural raw material. The geographic location and
implications in graphite occurrence in the evaluation of electrical and electrochemical properties of graphenes
were studied by Wong et al. (2015). Since silicates are common substances in rocks, they consequently become
common contaminants in graphite, which was evaluated by Peng et al. (2016).

2.2 Graphene geology in Brazil

In Brazil, studies in this area of knowledge began in 2020, when graphite nanoplatelets were identified in
mylonitic metadolomites of the Itaiacoca Group, in Paran&state. The work concluded that several factors acted
together to make the material available, such as the mineral assembly predominantly constituted by platy minerals,
shear efforts, and suitable pressure and temperature conditions (Nobre et al., 2020). From the discovery of graphite
nanoplatelets stabilised in rock, laboratory studies were conducted to understand the process of obtaining graphite
nanoplatelets and whether it would be possible to stabilise graphene in rock. Nobre et al. (2022b) confirmed this
possibility from experiments conducted using the piston-cylinder apparatus in a mineral assembly formed by
graphite and talc. In this experiment, there was systematic cleavage of the van der Waals forces of both minerals,
with the exfoliated talc acting as a substrate for the graphene flakes formed.

Understanding that it is possible for graphene to form and stabilise in a geological environment, its electrical
properties were investigated by Nobre et al. (2023). Various metamorphic conditions were evaluated in a mineral
assembly composed of talc and graphite, which had demonstrably allowed graphene formation, to verify which
conditions would form nanometric heterostructures with lower electrical resistance. It was determined that
pressures exceeding 600 MPa cause severe deformation in the formed heterostructures, preventing the flakes from
becoming interconnected. The electrical resistance when the flakes are connected causes the electrical resistance
to drop substantially, indicating a way to identify and prospect these heterostructures in fieldwork.
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3. Analytical procedures

In this section, we outline the experimental procedures employed in three studies discussed in the previous
section (Nobre et al., 2020; Nobre et al., 2022b; Nobre et al., 2023). In Nobre et al. (2020), rock samples with
mylonitic foliation were carefully chosen. The selected cuts allowed for a detailed observation of the mineral
arrangement in this foliation using polarised light optical microscopy (petrography).

In the optical microscope, the graphite lenses most susceptible to shearing were identified and subsequently
subjected to material extraction using a tungsten tip for Raman spectroscopy analysis. Nobre et al. (2020)
addresses the inherent difficulties associated with the natural production of graphene, proposing the consideration
of a viable alternative: natural graphite nanoplates. These nanoplates, by showing significant potential as
substitutes for graphene, stand out as two-dimensional nanoscale materials. In the microscopic analysis using
polarised light of sheared metadolomites from the Itaiacoca Group, a mineralogy composed of quartz, carbonates
(calcite/dolomite), talc, graphite, and amorphous carbon allotropes was identified. The mineral grain size in the
rock does not exceed 100 pm. The mylonitic foliation in these rocks is pervasive, generating compositional
banding with graphite-rich bands intercalated with bands consisting of quartz, carbonates, and talc. The sheared
metadolomites rich in graphite were documented through micrographs, highlighting the intercalation of graphite-
enriched bands between zones of dispersed graphite in the matrix.

In Nobre et al. (2022b), the simulation of geological graphene genesis is conducted, providing a deeper
understanding of how graphene can naturally form in low-grade metamorphic rocks containing graphite and
phyllosilicates. The simulation of lithostatic pressure was implemented to evaluate conservative conditions for
graphene formation. After the experiment, the capsule was characterised by Raman spectroscopy. This analysis
aimed to study the diffusion zones between graphite and talc. The characterization technique results provided
insights into the chemical composition in different regions of the sample. In the core of the diffusion zone,
graphene was detected, evidenced by the significantly higher intensity of the graphite’s 2D band. The experiment
was conducted for 24 hours at 700 <C to avoid thermal decomposition of talc, with a pressure of 900 MPa, ensuring
stable experimental conditions throughout the process.

Finally, Nobre et al. (2023) aims at the technological characterization of this material, analysing how its
electrical properties evolve under metamorphic conditions. These observations have significant implications for
the practical application of these materials in various industries and research fields. In Nobre et al. (2023)
experiment, samples were prepared following the approach adopted in the Nobre et al. (2022b) experiment, with
variations in temperature and pressure parameters. To evaluate the electrical properties and gain insights into the
conductivity of the samples, resistance tests were performed using a modified two-point method, in which a pair
of probes was separated by 1.30 mm. Constant current values were adjusted with a high-precision digital ammeter.
This method allowed for obtaining precise measurements of the electrical resistance of the samples, providing a
comprehensive understanding of the physical and electrical characteristics of the investigated materials.

4. Discussion

Graphene has sparked great interest from the scientific community in this century, and its implications in
geosciences include mineral nanotechnology (Hochella, 2008; Hochella et al., 2008; Nobre et al., 2021), two-
dimensional mineralogy (Frisenda et al., 2020; Bindi et al., 2023; Liu et al., 2023), and graphene geology (Hazen
etal., 2013; Qu et al., 2019; Vaughan, 2019; Nobre et al., 2022a).

In the simulation of geological graphene formation, the analysis of the experiments revealed that graphite
undergoes progressive changes near the talc diffusion zone. Notably, during this process, the stabilisation of
graphene on the talc substrate was observed, concentrating mainly in the core of the mentioned diffusion zone.
These results indicate that exploring natural graphene deposits in specific geological contexts holds promising
potential, providing insights into the material's natural development and potential applications. This simulation
provides valuable insights into the natural development of graphene in low-grade metamorphic rocks containing
graphite and phyllosilicates.

Furthermore, the research in question has significant implications in the realm of natural graphene extraction
and the improvement of mining in the materials industry. This approach not only facilitates technological
innovations but also promotes the democratisation of access to advanced technologies on a global scale. The
convergence of these advances with the principles of the Fourth and Fifth Industrial Revolution highlights the
synergy between scientific research and disruptive transformations in production, positioning the materials
industry at the forefront of innovation and sustainability.
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5. Conclusions

The analysis of the results allows us to assert the existence of natural graphenes, primarily when considering
graphite nanoplates. The dedicated research towards obtaining natural graphene plays a crucial role in enabling
large-scale production more economically. By exploring natural sources of graphene, the possibility opens up to
identify more efficient and accessible methods for acquiring this revolutionary material. This dedication not only
drives technological advancements but also expands opportunities for various applications across different sectors.

The results of Brazilian research studies confirm the possibility of the formation and stabilisation of natural
graphene in metamorphic rocks with suitable mineralogy, emphasising the importance of the presence of graphite
as a source of graphene and another mineral to serve as a substrate. Experiments under isostatic pressure and
temperatures compatible with metamorphic processes in the Earth's crust demonstrate the formation and
stabilisation of graphene in talc, indicating that thermodynamic conditions favor graphene formation.

The identified graphene nanoplates stand out as crucial elements in this research scenario. The presence of
these two-dimensional structures suggests significant potential for innovative applications, given graphene's
known exceptional properties. Understanding the characteristics of graphene nanoplates in different geological
contexts contributes to expanding knowledge about the ideal conditions for the formation of these remarkable
structures. These findings not only enrich fundamental research in geosciences but also point to possible practical
applications in cutting-edge technologies, reinforcing the importance of exploring graphene's unique properties to
drive innovations across various sectors.

Furthermore, natural graphene has shown promising industrial applications, as evidenced by studies
emphasising the importance of identifying potential target rocks. This discovery plays a crucial role in the
nanotechnology industry, providing a valuable raw material for the manufacturing of advanced electronic devices,
conductive materials, and other high-tech applications. Understanding the evolution of electrical conductivity in
geological contexts significantly contributes to prospecting mineral resources with desirable electrical properties
for specific industrial applications. Thus, the results of this research have substantial potential to positively impact
the nanotechnology industry, offering crucial insights for the identification and efficient use of mineral resources
with favorable electrical properties.
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