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Joanna Chaves Souto Araújo b

a British Geological Survey, The Lyell Centre, Research Avenue South, Edinburgh EH14 4AP, UK
b Serviço Geológico do Brasil, Avenida Brasil, 1731, Bairro Funcionários, Belo Horizonte, MG 30140-002, Brazil
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A B S T R A C T

Natural graphite is a chemically inert, non-toxic mineral with exceptional thermal and electrical properties, 
making it critical for electronics, steelmaking, and lithium-ion batteries. Brazil hosts significant flake, vein, and 
amorphous graphite deposits and is a top-four producer of graphite. This study examines gangue mineral in
clusions in graphite from the Bahia-Minas Graphite Province (BMGP), Brazil’s main graphite-producing region. 
Graphite occurs within paragneiss and schist of the Jequitinhonha Complex and Macaúbas Group, formed under 
medium- to high-grade metamorphism. Using scanning electron microscopy (SEM), energy dispersive X-ray 
spectroscopy, and in-lens secondary electron imaging, we characterize mineral assemblages and microtextural 
relationships between graphite and gangue phases to better understand the mineralogy and morphology of 
gangue mineral impurities, which may cause issues with mineral processing at a later stage. Fourteen samples 
reveal graphite-bearing rocks with gneissose and mylonitic textures. Kaolinite and quartz dominate gangue 
minerals within graphite cleavages and interstitial zones, alongside K-feldspar, jarosite, tourmaline, and silli
manite. Sillimanite and biotite confirm amphibolite-facies metamorphism, while kaolinite, smectite, and jarosite 
indicate retrograde alteration and low-temperature fluid infiltration. Jarosite reflects post-peak oxidation of iron 
sulfides under acidic conditions, marking supergene weathering or hydrothermal overprinting. In-lens SEM 
imaging shows stacked graphite flakes intercalated with gangue minerals. Quartz and K-feldspar exhibit me
chanically entrapped morphologies, whereas kaolinite appears intergrown, suggesting early diagenetic incor
poration or retrograde origin. These observations align with impurity classification models and underscore 
graphite’s structural sensitivity to processing. Linking gangue morphology and graphite texture informs bene
ficiation strategies to preserve graphite integrity and refines mineral systems models for BMGP and analogous 
terranes.

1. Introduction

Natural graphite (‘graphite’ herein) is chemically inert and non-toxic 
and has a unique combination of physical properties including high 
electrical conductivity, a high melting point, resistance to corrosion, and 
lubricity. It is primarily found in metamorphic rocks, where it forms 
through the metamorphism of organic-rich sediments or carbonaceous 
material (Luque et al., 2014; Robinson et al., 2017; Pacheco et al., 2021). 
Graphite deposits of economic interest are grouped into two broad 
categories: amorphous (microcrystalline) and crystalline (flake, vein, 
lump, or chip). Flake graphite, which is the focus of this study, occurs as 

isolated, flat, plate-like particles with hexagonal edges, often found in 
medium- to higher-grade regional metamorphic rocks such as schists 
and gneisses, respectively. Vein graphite, also known as lump graphite, 
forms in veins or fractures within metamorphic and igneous rocks, 
characterized by its high purity and crystalline nature (Luque et al., 
2014; Simandl et al., 2015). Amorphous or microcrystalline graphite is 
primarily extracted from heat-affected coal beds and appears as fine to 
nanoscale particles (Robinson et al., 2017).

These unique properties have led to graphite use in multiple indus
trial applications in electronics, lubrication, steel production, and 
aviation, and as the anode material in lithium-ion battery technologies 
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(Jara et al., 2019). Since 2020, global graphite production (amorphous 
and flake, but excluding synthetic) has increased by over 20% from 1.4 
million tonnes (Mt) to 1.7 Mt (Idoine et al., 2026). In 2024, China is 
estimated to have produced over 74% (1.27 Mt) of global natural 
graphite. From 2022–2024, output from Brazil declined by over 18% 
from around 80 kilotonnes (Kt) to 65 Kt. (Idoine et al., 2026). China 
holds the world’s largest reserves of graphite with around 100Mt while 
Brazil ranks second with reserves of around 74Mt (U.S. Geological 
Survey, 2026).

Global demand for graphite is expected to double by 2030 and in
crease fivefold by 2050 (IEA, 2024). This is predominantly driven by the 
expansion of the battery industry as economies progress towards 
greenhouse gas emission reduction targets (Hund et al., 2023; IEA, 
2024). Since China produces over 90% of the final processed material 
needed for battery anodes and is likely to control supply for the fore
seeable future, diversification of the graphite supply chain is already a 
recurring geopolitical issue (Park et al., 2025). The resultant global 
supply risk associated with graphite and its economic importance in the 
electric vehicle market, for example, has led to graphite being listed as a 
critical mineral by the UK, EU, Canada, and Australia (Mudd et al., 
2024). In Brazil, graphite is listed as a category 2 strategic mineral, 
meaning that it is important for use in high-tech products and processes 
(Pope and Smith, 2023).

As the demand for graphite is expected to rise in the coming decades, 
lower-grade deposits will likely be explored for development. Given the 
high energy and cost demands associated with multi-step beneficiation 
of graphitic raw material, it is essential to thoroughly characterize the 
raw material beforehand to enhance the efficiency of the beneficiation 
process and optimize the mineral processing chain. Graphite ore is 
currently characterized using a variety of techniques, including optical 
microscopy, X-ray powder diffraction (XRD), X-ray fluorescence (XRF), 
differential thermal analysis/thermogravimetry mass spectrometry 
(DTA/TGA-MS), Raman spectroscopy, secondary ion mass spectrometry 
(SIMS), automated mineral liberation analysis, and chemical analysis 
(Farquhar et al., 1999; Li et al., 2007; Natarajan et al., 2010; Sandmann 
et al., 2014; Popova, 2017; Jara et al., 2019, 2020; Li et al., 2021). 
Optical microscopy is the only one of these methods that can inform 
intermineral relationships and provide visual data related to impurity 
and or gangue mineral inclusions associated with the graphitic ore 
(Sandmann et al., 2014). However, optical microscopy and automated 
mineral liberation analysis fail to recognize the chemical and morpho
logical characteristics of potentially submicron material routinely 
observed and assessed using scanning electron microscopy (SEM), 
in-lens secondary electron (SE), and energy dispersive X-ray (EDX) 
analysis.

The size and grade of graphite flakes are important parameters for 
the commercial viability and end uses of graphite. Reduction in flake 
size will lead to a reduction in product price (Jara et al., 2019). 
Reduction of grade will result in the graphite being used in less 
specialized and lower-priced end-use applications (Mitchell, 1992; Kim 
et al., 2003; Jara et al., 2019). Thus, minimizing the degree of crushing 
and milling and understanding the liberation characteristics and impu
rities of graphite is crucial (Sandmann et al., 2014; Chehreh Chelgani 
et al., 2016).

Flake graphite typically exhibits a layered structure, with significant 
cleavage parallel to these layers. The properties along the layers differ 
markedly from those perpendicular to them. Within the monoatomic 
layers, carbon atoms are bonded strongly through covalent bonds, while 
the layers themselves are held together by weak van der Waals bonds 
(Chehreh Chelgani et al., 2016). In the graphite structure, gangue 
minerals can be found between layers, stacks, or clusters. These impu
rities can either be mechanically attached to the surface of graphite 
flakes or intercalated between adjacent flakes. The composition of these 
impurities is suggested to be an important factor relating to the degree of 
graphite crystallinity.

Four types of gangue mineral impurity inclusions have been 

described by Kim et al. (2003) as follows: 

• type 1: simple substance between graphite clusters, typically quartz, 
which can be removed by weak mechanical impact

• type 2: small, microtextured substance between graphite clusters, 
which is typically more mineralogically complex and strongly bound 
to the graphite cluster surface

• type 3: microtextured impurity substances that adhere and tangle 
strongly and widely, over and onto graphite cluster surfaces

• type 4: flat impurities sandwiched between graphite stacks within a 
cluster; the impurity has microtextured morphology and seems to 
provide strong binding to the graphite surface

The composition of types 1 and 2 were found to be more likely to 
result in higher crystallinity of graphite clusters than types 3 and 4. 
Simple mechanical impact testing of expanded graphite with type 1 
inclusions resulted in 99.9% carbon content compared to 99.0% in 
expanded graphite with type 3 inclusions (Kim et al., 2003). Therefore, 
understanding the distribution and composition of impurity types and 
how best to process the graphite to avoid overgrinding can result in 
larger final flake size, increased product grade, and increased recovery 
(Chehreh Chelgani et al., 2016).

Using samples from Brazil’s primary graphite-producing area, the 
Bahia-Minas Graphite Province (BMGP), this study uses SEM in parallel 
with EDX and in-lens SE detector SEM imaging (simply ‘in-lens’ here
after) to characterize gangue mineral impurity inclusions associated 
with graphite. By carrying out this research, a better understanding of 
gangue mineral morphology and liberation methods is gained, which 
may help increase final product flake size and grade of graphite across 
the BMGP region and similar deposits globally. The mineralogy and 
petrology presented here could also be used to better inform graphite 
mineral systems approach exploration models.

2. Graphite in the Bahia-Minas Gerais Graphite Province (BMGP)

Brazil is among the world’s major graphite producers and exporters, 
driven by increasing global demand related to steelmaking, energy 
storage, and high-technology applications (Sousa and Matos, 2020; 
Idoine et al., 2026). Most Brazilian graphite production is concentrated 
in the Bahia–Minas Gerais Graphite Province (BMGP), located in 
northeastern Minas Gerais and southern Bahia. The province hosts 
several large graphite deposits and active mines, including Salto da 
Divisa and Pedra Azul, operated by Nacional de Grafite Ltd. The Salto da 
Divisa deposit alone contains estimated resources of approximately 230 
Mt grading around 25% carbon (Serviço Geológico do Brasil (SGB), 
2026).

Graphite mineralization In the BMGP is associated with metasedi
mentary rocks metamorphosed during the Neoproterozoic evolution of 
the Araçuaí Orogen. Regional metamorphism during the Brasiliano 
orogeny promoted the transformation of organic-rich sedimentary ma
terial into crystalline graphite. The deposits occur mainly in two Pro
terozoic units: (i) graphite-bearing schists of the Macaúbas Group and 
(ii) graphite-rich paragneisses of the Jequitinhonha Complex 
(Pedrosa-Soares et al., 2011; Pacheco et al., 2021).

The Macaúbas Group represents a sedimentary succession deposited 
between ca. 900 and 660 Ma and later metamorphosed under 
greenschist-facies conditions. In this unit, graphite mineralization is 
hosted predominantly by graphite schists. In contrast, the Jequitinhonha 
Complex comprises aluminous paragneisses, quartzites, sillimanite- 
bearing rocks, and calc-silicate lenses metamorphosed under upper 
amphibolite- to granulite-facies conditions between ca. 580 and 545 Ma 
(Pedrosa-Soares et al., 2011; Pacheco et al., 2021). Graphite minerali
zation in this complex is typically associated with sillimanite–graphite 
paragneisses.

The Jequitinhonha Complex has been interpreted as part of the distal 
passive margin of the precursor basin of the Araçuaí Orogen, with 

D. Currie et al.                                                                                                                                                                                                                                  Results in Earth Sciences 4 (2026) 100163 

2 



sedimentation of the protoliths likely occurring during the Cryogenian 
period (720–635 Ma) (Pedrosa-Soares et al., 2011; Gonçalves-Dias et al., 
2011, 2016). Graphite occurs mainly as disseminated flakes within 
metamorphic host rocks, although locally massive vein-type minerali
zation is also present (Belém, 2006).

Previous studies indicate that graphite from the Macaúbas Group 
ranges from fine flake to jumbo flake, whereas graphite from the 
Jequitinhonha Complex ranges from fine flake to super jumbo in size 
(Belém, 2006). This wide variability in graphite flake size contributes to 
the potential use of BMGP graphite in a range of industrial and 
high-technology applications, including energy storage, electronics, 
aerospace, and other specialized sectors (Jara et al., 2019). The largest 
operating mines in the BMPG, including Salto da Divisa and Pedra Azul, 
exploit graphite hosted by the Jequitinhonha Complex, whereas the 
Maiquinique mine extracts fine-grained graphite from the Macaúbas 
Group.

3. Sampling and methodology

Fourteen samples were collected from multiple field excursions 
carried out by Geological Survey of Brazil (SGB) staff, including ten 
collected during a collaborative one-week field trip between the British 
Geological Survey (BGS) and SGB staff (all authors of this study) across 
the BMGP in March of 2024 (Table 1; Fig. 1) (Currie et al., 2024). All 
30 µm thickness thin sections were prepared by SGB. SEM was carried 
out at the BGS Keyworth site by authors Currie and Vilela as part of a 
knowledge exchange visit from Vilela to BGS in August of 2024 and 
in-lens analysis by Currie in June of 2025.

SEM analyses were made using a Zeiss Sigma 300 VP-FEG with 
Bruker Quantax XFlash 6|30 Energy Dispersive X-Ray (EDX) detectors 
running with Bruker’s Esprit software (V 2.5). The EDX system can 
detect elements from atomic number 5 (boron) to atomic number 92 
(uranium) and has detection limits of the order of 0.2–0.5 wt% for most 
elements. For this study, the operating conditions for back scatter 
electron (BSE) and EDX analyses were between 15 and 20 kV acceler
ating voltage at an optimum working distance of between 8.5 and 
10 mm with a 120 µm aperture in ‘beam boost’ mode, giving a nominal 
beam current of around 10 nA.system. Samples were analysed in the 
form of carbon sputter coated (≈25 nm thick) polished thin sections. 
The SEM was operated under conditions of high vacuum (1.2 × 10− 6 

Torr) at accelerating voltages ranging from 3 to 15 kV, with 8.5 mm 
optimal analytical working distance and an X-ray detector take-off angle 
of 35◦. Quantitative analysis was not undertaken due to analytical 
challenges associated with the fine grain size and beam-sensitive nature 
of the experimental materials.

High-resolution imagery was performed at low kV (around 5 kV) at 
an optimum working distance of around 5–7 mm and using an in-lens SE 
detector. In-lens microscopy in SEM uses detectors integrated within the 
objective lens to collect high-resolution secondary electrons at low 

accelerating voltages. This design enhances surface sensitivity, reduces 
charging, and improves image quality for delicate or nanostructured 
samples, making it ideal for materials science, semiconductor analysis, 
biological imaging or, in the case of this study, nanoscale intercalants in 
graphite mineralization (Salzmann et al., 2024)

4. Results

4.1. SEM-EDX

Of the fourteen samples collected, the following seven representative 
samples were analysed using SEM: 

• FV-R− 059B
• EM-R− 060
• FV-R− 005B
• FV-R− 209A
• FV-R− 003B
• FV-R− 212
• FV-R− 024E

Of these seven samples, one (EM-R− 060) is a graphite schist and the 
other six are of graphite-rich gneiss (Fig. 3). At the macroscopic or 
outcrop scale, the raw material is often heavily weathered and oxidized, 
coated with dust and road debris, and, at times, overgrown by vegeta
tion (Fig. 2). The outcrops, once cleaned off and exposed, have mylonitic 
schistose texture at FV-R− 024D and FV-R− 024E (Fig. 2a, b). All other 
location outcrops, again once cleaned off and exposed, reveal gneissose 
banding with darker mafic, biotite-rich bands adjacent to grey, graphite- 
rich bands and boudinaged, leucosomal quartzofeldspathic bands 
(Fig. 2c, d, e). Graphite in all samples is crystalline flake graphite and 
ranges in long axis length from submicron to more than 1 mm but tends 
to be more commonly within the range of ‘fine flake to jumbo’ size 
fractions (106–500 µm) based on the classification in Jara et al. (2019).

Twelve of the samples can be described broadly as graphite-rich 
paragneiss with minor variation or as either mylonitic graphite-rich 
schist or biotite-graphite schist in one location (FV-R− 024D and E). 
Differences in the gneissose material are primarily related to modal 
mineralogy and the occurrence of accessory mineral phases like silli
manite, tourmaline, and rutile (Figs. 2, 3, 4).

Results from BSE and EDX analyses show kaolinite to be the main 
gangue mineral present within flake graphite cleavages or in asperities 
related to flake graphite across the sample set. Quartz grains are 
commonly found as gangue minerals within cleavages of graphite, but to 
a lesser extent than kaolinite. Smectite-group clays, tourmaline, silli
manite, K-feldspar, albite, plagioclase, zircon, xenotime, jarosite, Fe- 
oxides, Ti-oxides, Fe-sulfides, and rutile are also present within flake 
graphite cleavages or in asperities related to flake graphite, but are less 
common than kaolinite and quartz. In sample FV-R− 024E, for example, 

Table 1 
Details of samples collected across the BMGP.

Sample name Latitude (S) Longitude (W) Elevation (m) Field description

FV-R− 003B 16º 09' 20.87'' 39º 55' 11.00' 189 Saprolitic graphite-rich paragneiss
FV-R-003C 17º 09' 20.87'' 39º 55' 11.00' 189 Saprolitic graphite-rich paragneiss
FV-R− 003D 18º 09' 20.87'' 39º 55' 11.00' 189 Saprolitic graphite-rich paragneiss
FV-R− 005B 16º 05' 38.42'' 40º 01' 57.09'' 147 Intensely folded graphite-rich paragneiss
FV-R− 024D 15º 46' 19.52'' 41º 01' 47.13'' 728 Biotite-graphite schist
FV-R− 024E 15º 46' 19.52'' 41º 01' 47.13'' 728 Mylonitic graphite-rich schist
FV-R− 059B 15º 54' 58.66'' 40º 54' 51.11'' 579 Migmatitic graphite-rich paragneiss
FV-R-007C 15º 52' 17.94'' 40º 21' 45.08'' 528 Graphite paragneiss
FV-R− 007D 15º 52' 17.94'' 40º 21' 45.08'' 528 Graphite paragneiss
FV-R− 007E 15º 52' 17.94'' 40º 21' 45.08'' 528 Garnet-cordierite-graphite paragneiss
EM-R− 060 15º 50' 12.33'' 40º 33' 13.21'' 292 Graphite schist
EM-R− 062B 15º 49' 31.49'' 40º 32' 31.80'' 308 Graphite schist
FV-R− 209A 15º 48' 46.08'' 40º 19' 23.80'' 259 Graphite gneiss
FV-R− 212 15º 52' 44.23'' 40º 18' 01.75'' 260 Graphite gneiss
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where flake graphite is present, muscovite, biotite, a Ti-rich micaceous 
phase, kaolinite, chlorite, K-feldspar, and quartz are all present within or 
proximal to graphite (Fig. 4). These gangue minerals in graphite tend to 
range from submicron to hundreds of microns in length and range from 
angular grains, like quartz, to more elongate, like muscovite and 
kaolinite (Fig. 4).

4.2. In-lens results

The in-lens detector was used to better understand submicron-scale 
gangue minerals associated with flake graphite in samples FV-R− 003, 
FV-R− 005B, and FV-R− 024E. At the submicron scale and based on 
analysis of these samples, it is likely that quartz and K-feldspar are the 
dominant subangular gangue minerals. Jarosite appears less frequently 
and is more subrounded in morphology, whilst kaolinite appears ho
mogenous and intergrown with graphite mineralization. In-lens also 
afforded the opportunity to view the layered structure of graphite flakes 
in their raw form as illustrated by Kim et al. (2003).

The following section provides selected examples from in-lens 
analyses.

In sample FV-R− 003, subangular, microtextured quartz grains 
appear to have crystallized adjacent to or within fractures between 
expanded or stacked graphite flake clusters (Fig. 4c, d). These quartz 
grains can be described as somewhere between type 1 (simple substance 
between graphite clusters) or as type 2 (small, microtextured substance 
between graphite clusters) (Kim et al., 2003).

In sample FV-R− 005B, similar subangular, microtextured quartz and 
kaolinite is observed in a fractured area between stacked graphite flake 

clusters (Fig. 5). Again, these impurities could be described as some
where between type 1 and 2. In the same sample, subrounded jarosite is 
observed in contact with flakes of graphite and could be described as a 
type 1 impurity (Fig. 7).

In sample FV-R− 024E, kaolinite is observed as smooth, homogenous 
material intergrown with the adjacent graphite (Fig. 8). The kaolinite 
may be described as a type 4 impurity (a flat impurity sandwiched be
tween the stacks within a cluster) (Kim et al., 2003).

The morphology of graphite flakes has been revealed to be layered 
and composed of clusters of stacks with a variety of gangue mineral 
impurities, or intercalants, as described by Kim et al. (2003) (Fig. 9).

5. Discussion

5.1. Considerations for graphite formation conditions

The mineral assemblage associated with flake graphite provides in
sights into the metamorphic conditions that governed graphite forma
tion. BSE-EDX analyses reveal kaolinite as the dominant gangue mineral, 
frequently found within graphite cleavages or adjacent asperities, fol
lowed by quartz in lesser abundance. A broader suite of accessory 
minerals including smectite-group clays, tourmaline, sillimanite, K- 
feldspar, albite, calcic plagioclase, zircon, xenotime, jarosite, Fe-oxides, 
Ti-oxides, Fe-sulfides, and rutile also occurs sporadically within or near 
graphite flakes and can inform metamorphic and fluid interaction his
tories. The following discussion will highlight key indicators of meta
morphic and fluid interaction history for this sample set and will 
compare our findings to existing literature.

Fig. 1. Geological map of the field area with sample locations provided. Map prepared by F T Vilela using SGB data and simplified from Silva et al. (2020). © 
SGB 2025.

D. Currie et al.                                                                                                                                                                                                                                  Results in Earth Sciences 4 (2026) 100163 

4 



The presence of sillimanite, muscovite, biotite, and K-feldspar in
dicates medium- to high-grade metamorphic conditions, typically 
within the amphibolite facies where temperatures exceed 500◦C (Spear, 
1993; Pedrosa-Soares and Wiedemann-Leonardos, 2000; Belém, 2006; 
Bucher and Grapes, 2011). The coexistence of muscovite and sillimanite 
may suggest transitional conditions or incomplete reaction progress, as 
muscovite generally breaks down at temperatures above 650◦C in the 
presence of quartz to form sillimanite and K-feldspar (Powell and 
Holland, 2008). Sillimanite is a reliable indicator of high-temperature 
metamorphism, while muscovite and biotite reflect a pelitic protolith.

In sillimanite-grade rocks, the coexistence of tourmaline with high- 
temperature minerals like sillimanite and flake graphite implies meta
morphic conditions within the amphibolite facies, typically exceeding 
500◦C (Henry and Dutrow, 1996; Dutrow and Henry, 2000; Bucher and 
Grapes, 2011). Tourmaline’s stability across a wide pressure and tem
perature range allows it to persist through prograde and retrograde 
metamorphism, making it an indicator of fluid activity and metamorphic 
grade. Its presence also supports a sedimentary origin for the protolith, 
as boron is often concentrated in marine sediments rich in organic 
matter. This is consistent with the interpretation of graphite as meta
morphosed carbon derived from Precambrian, organic-rich layers 
(Pedrosa-Soares and Wiedemann-Leonardos, 2000; Pacheco et al., 
2021).

In contrast, kaolinite, smectite, and chlorite are generally stable 
under low-grade metamorphic or diagenetic conditions, implying either 
retrograde alteration or incomplete metamorphism in localized domains 
(Inoue et al., 1987; Jambor et al., 2000; Tetiker et al., 2015). Moreover, 
the jarosite within sillimanite-graphite gneiss is notable as jarosite 
typically forms under low-temperature, oxidizing, and acidic conditions 

(Cruells and Roca, 2022). Its presence suggests post-peak metamorphic 
alteration, likely driven by fluid infiltration during uplift or surface 
exposure. Jarosite commonly precipitates from the oxidation of iron 
sulfides such as pyrite or pyrrhotite in the presence of sulfate-rich, acidic 
fluids (Cruells and Roca, 2022). This implies that the sample set expe
rienced supergene weathering or hydrothermal overprinting after the 
main metamorphic event. Furthermore, jarosite’s stability is limited to 
temperatures below around 150◦C, reinforcing its interpretation as a 
secondary phase formed during retrograde alteration or surface weath
ering (Papike et al., 2006). Jarosite’s presence in sillimanite-graphite 
gneiss therefore marks a significant shift in redox conditions and fluid 
chemistry, pointing to an open-system metamorphic evolution.

The interpretation presented aligns closely with previous work on 
the Jequitinhonha Complex in the BMGP, which hosts Brazil’s largest 
flake graphite reserves. The Jequitinhonha Complex is composed of 
aluminium-rich kinzigitic paragneisses (sillimanite cordierite-garnet- 
biotite gneiss with traces of graphite), interlayered with graphite 
gneisses, quartzites, and calc-silicate lenses, and was metamorphosed at 
the amphibolite–granulite facies transition between 550 and 570 Ma 
(Gonçalves-Dias et al., 2016; Pacheco et al., 2021). The sedimentary 
protoliths of the Jequitinhonha Complex are interpreted as part of a 
Cryogenian passive margin sequence within the precursor basin of the 
Araçuaí Orogen (Gonçalves-Dias et al., 2011; Pedrosa-Soares et al., 
2011).

In contrast, the Macaúbas Group, also within the BMGP, represents a 
lower metamorphic grade, with graphite hosted in greenschist-facies 
schists. Graphite in these rocks is typically smaller in size and less 
crystalline, reflecting the lower temperature conditions of meta
morphism. Belém (2006) reports graphite flake sizes in the Macaúbas 

Fig. 2. Selection of field photographs highlighting macro/outcrop-scale metamorphic textures. (a) and (b) Thin slivers of heavily weathered mylonitic graphite-rich 
schistose material (FV-R− 024D and E). (c) Intensely folded, graphite-rich paragneiss and leucosomal quartzofeldspathic bands (FVR− 059B). (d) An example of the 
macroscopic-scale boudinage of leucosomal bands adjacent to graphitic and mafic material (FV-R− 003B, C, D). (e) Road exposure of boudinaged quartzofeldspathic 
bands amongst grey graphite-rich bands (FV-R− 005B).
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Group ranging from 0.10 to 0.30 mm, whereas flakes in the Jequi
tinhonha Complex range from 0.30 mm to 1 cm, classified as flake to 
super jumbo. The graphite flakes observed in the current study fall 
within the flake to jumbo size fraction (106–500 µm), consistent with 
the Jequitinhonha Complex and indicative of similar metamorphic 
conditions previously discussed.

5.2. Implications for depositional environment of graphite source material

The BMGP hosts vast economic deposits of flake graphite, considered 
amongst the largest graphite ore provinces globally, with estimates 
suggesting over a billion tons of raw graphite reserves (Belém, 2006, 
2018; Pacheco et al., 2021). The depositional environment of the 
Jequitinhonha paleobasin has been interpreted as being predominantly 
quiet-water and marine in nature (Pacheco et al., 2021). Evidence is 

Fig. 3. (a) Backscatter electron (BSE) image of FV-R− 059B showing splayed opaque flake graphite hosted by kaolinite in a halloysite matrix with subangular quartz 
grains across the sample. Quartz and kaolinite can be seen between the graphite flake cleavage in multiple locations. (b) BSE image of EM-R− 060 showing opaque 
flake graphite primarily hosted by quartz and by a sillimanite, muscovite, kaolinite, and quartz matrix. Quartz and kaolinite are the primary minerals between 
graphite flake cleavage, though minor sillimanite and muscovite also appear as intercalation in places. (c) BSE image of FV-R− 005B showing opaque flake graphite 
hosted in a heavily altered mica with Ti-rich grain rims. This altered mica can be found between graphite cleavage as can jarosite and quartz. (d) BSE image of FV- 
R− 209A showing opaque splayed flake graphite primarily hosted by kaolinite. Kaolinite and quartz can be found between graphite cleavages. (e) BSE image of FV- 
R− 003 showing opaque flake graphite hosted by a smectite-group clay phase. This smectitic clay is prevalent between graphite cleavage. (f) BSE image of FV-R− 212 
showing opaque flake graphite in a quartz, tourmaline, sillimanite, and rutile matrix. These minerals, and kaolinite, can all be found between graphite cleavages. 
Mineral abbreviations from Whitney and Evans (2010).
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provided by the widespread presence of aluminium-rich paragneiss, 
which originated from clay-rich pelitic sediments. These sediments were 
likely laid down under low-oxygen (anoxic) conditions, key conditions 
for the preservation of organic material that would later transform into 
graphite during metamorphism. The regional lithological assemblage, 
comprising sillimanite-graphite gneiss (metamorphosed carbonaceous 
mud), quartzite, kinzigitic gneiss (metapelite), and calc-silicate rocks 
derived from marls, shows no signs of volcanic influence. This supports a 
purely sedimentary origin for the carbon-rich layers, reinforcing the idea 
that the graphite formed from organic matter deposited in a stable, 
low-energy marine setting (Pedrosa-Soares and Wiedemann-Leonardos, 
2000).

Overall, the mineralogical evidence presented in this study supports 
a model in which graphite formed under amphibolite-facies conditions, 
followed by retrograde overprinting or localized low-grade alteration. 
These findings align with broader interpretations of the Jequitinhonha 
Complex, where sedimentary, carbon-rich layers underwent high-grade 
metamorphism, yet preserved a record of Precambrian organic matter in 
graphite-rich gneisses (Pedrosa-Soares and Wiedemann-Leonardos, 
2000; Belém, 2006, 2018; Pacheco et al., 2021).

5.3. Significance of in-lens results

The in-lens analysis of graphite-bearing samples FV-R− 003B, FV- 
R− 005B, and FV-R− 024E shows quartz, K-feldspar, kaolinite, and jar
osite as the main phases associated with flake graphite at the submicron 
scale. These minerals exhibit distinct morphologies and spatial re
lationships with graphite flakes, which align closely with the impurity 
classification system proposed in the study on gangue mineral inclusion 

and mechanical separation from expanded graphite by Kim et al. (2003).
The four impurity types, based on their position and morphology 

relative to graphite flakes, are as follows: 

• type 1: simple substances between graphite clusters
• type 2: small microtextured substances between clusters
• type 3: impurities embedded within flakes
• type 4: flat impurities sandwiched between graphite stacks

In samples FV-R− 003B and FV-R− 005B, subangular quartz and K- 
feldspar grains are observed within fractures between graphite clusters, 
corresponding to type 1 and type 2 impurities. These findings suggest 
that these minerals were either mechanically entrapped during graphite 
stacking or introduced during late-stage deformation. Jarosite, observed 
in FV-R− 005B as subrounded and in contact with graphite flakes, also 
fits the type 1 classification. However, its formation likely reflects post- 
metamorphic oxidation of sulfides under acidic conditions, indicating 
supergene alteration, a process not addressed in the mechanical sepa
ration framework of Kim et al. (2003). In contrast, FV-R− 024E displays 
kaolinite as a smooth, homogenous phase intergrown with graphite, 
consistent with type 4 impurities. This morphology suggests early 
diagenetic incorporation or retrograde alteration, differing from the 
mechanically entrapped clays described by Kim et al. (2003).

Our study provides the mineralogy, petrology, and metamorphic 
history that is often lacking in mineral processing frameworks like Kim 
et al. (2003). Submicron-scale information on these natural mineral 
impurities that formed through geological processes may provide 
greater insight into applicable practical workflows for mineral pro
cessing of natural materials and may provide insight into 

Fig. 4. BSE (a; b) and EDS (c; d) images of sample FV-R− 024E. Red dashed box refers to the areas where images c and d were taken from in images a and b, 
respectively. (a and c) opaque flake graphite appears to be up to 20 µm wide and contains grains of quartz, K-feldspar, chlorite, muscovite, and kaolinite. (b and d) 
opaque flake graphite appears to be upwards of 30 µm wide and contains grains of muscovite, biotite, a Ti-rich mica phase, quartz, and kaolinite within cleavages and 
interspersed between flakes. Mineral abbreviations from Whitney and Evans (2010).
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post-processing environmental risks and mitigations. The following 
section briefly identifies such risks and mitigations.

Graphite flakes consist of stacked graphene layers held together by 

weak van der Waals forces, making them prone to delamination and 
fragmentation during aggressive comminution (Wang et al., 2024). The 
in-lens observations in this study show that flakes often form clustered 

Fig. 5. Sample FV-R− 003B. (a) BSE-EDX image with mineralogy shown. (b) BSE-EDX image of box b from image (a) highlighting the quartz gangue minerals within 
graphite mineralization. (c) In-lens image of quartz grains in box c from image (b). Quartz grains here appear to be subangular, simple substances held between 
graphite clusters and can be attributed as type 1 impurities based on Kim et al. (2003). Mineral abbreviations from Whitney and Evans (2010).

Fig. 6. Sample FV-R− 005B. (a) BSE-EDX image with mineralogy shown. (b) BSE-EDX image of box b from image (a) highlighting the quartz and K-feldspar gangue 
minerals within graphite mineralization. (c) In-lens image of quartz and K-feldspar grains in box c from image (b). Quartz and K-feldspar grains here appear to be 
subangular, simple substances held between graphite clusters and can be attributed as type 1 to type 2 impurities based on Kim et al. (2003). Mineral abbreviations 
from Whitney and Evans (2010).
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stacks with interstitial gangue minerals, which, if not carefully liberated, 
can exacerbate flake damage during grinding and separation (Wang 
et al., 2024). Quartz and K-feldspar impurities may require controlled 
milling, low-energy attrition milling, or pneumatic separation to avoid 
excess graphite fragmentation (Chehreh Chelgani et al., 2016). The 
presence of kaolinite may require chemical or flotation separation for 
effective liberation (Zanin et al., 2019).

To mitigate this, pre-screening and classification techniques should 
be employed early in the beneficiation workflow to isolate coarse flakes 
before they are exposed to high-energy milling. This allows for size- 
specific handling and reduces unnecessary exposure to mechanical 
forces. Pneumatic separation and low-energy attrition methods have 
shown promise in preserving flake integrity by minimizing interparticle 
collisions and shear stress (Liu and Ma, 2024). These approaches are 
particularly effective for high-grade, larger flake graphite ores where 
flake size retention is critical.

The implications of the findings revealed by this study are significant 
for high-value applications. As Jara et al. (2019) emphasizes, flake size 
and morphology directly influence graphite’s thermal conductivity, 
electrochemical performance, and mechanical strength. In lithium-ion 
batteries, for example, larger flakes offer higher conductivity and 
lower irreversible capacity loss, and in thermal management systems, 
intact flakes enhance heat dissipation due to their anisotropic conduc
tivity (Li and Zhou, 2012; Zhao et al., 2022).

The presence of jarosite may indicate the need for pH control in 

flotation circuits to avoid damage to hardware since it can have acid- 
generating potential and disrupt flotation circuits by lowering pH 
(Chen et al., 2025). Jarosite can also cause issues around tailings 
handling, slurry transportation, and waste stabilization in large-scale 
operations. Thus, mine sites may need to apply appropriate environ
mental mitigation measures around any tailing ponds and run-off areas 
where jarosite is or could be present (Cruells and Roca, 2022; Akhtar and 
Kulhary, 2025).

Understanding the spatial distribution of gangue minerals and the 
structural sensitivity of graphite can enable processors to design work
flows that balance liberation efficiency with product quality, ultimately 
enhancing the performance of graphite in advanced technological ap
plications. We suggest that by integrating microtextural insights from 
nanoscale SEM imaging with targeted industrial processing strategies, 
this study supports a beneficiation model that prioritizes flake preser
vation and therefore value-addition for producers of Brazilian flake 
graphite ore materials.

6. Conclusion

This study demonstrates that flake graphite in the Bahia–Minas 
Graphite Province is consistently associated with a limited set of gangue 
minerals, dominated by kaolinite and quartz, with subordinate feldspars 
and minor secondary phases such as jarosite. These minerals occur both 
as mechanically entrapped particles and as intergrown phases within 

Fig. 7. Sample FV-R− 005B. (a) BSE-EDX image with mineralogy shown. (b) BSE-EDX image of box b from image (a) highlighting the gangue minerals within or 
adjacent to graphite mineralization. (c) In-lens image of subangular quartz and subangular to subrounded jarosite/alunite grains adjacent to graphite. (d) In-lens 
image of box d from image (c) highlighting the morphology of a jarosite grain, which can be attributed as a type 1 impurity based on Kim et al. (2003). Mineral 
abbreviations from Whitney and Evans (2010).
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graphite cleavages, reflecting distinct modes of incorporation.
Microtextural evidence shows that quartz and feldspar typically form 

discrete, weakly bound inclusions, whereas kaolinite commonly occurs 

as intergrown material within graphite stacks. This distinction is critical, 
as it directly influences the ease of liberation and the susceptibility of 
graphite flakes to damage during processing.

Fig. 8. Sample FV-R− 024E. (a) BSE-EDX image with mineralogy shown. (b) BSE-EDX image of box b from image (a) highlighting the quartz, kaolinite, and Ti- and 
Fe-oxides within and adjacent to graphite. (c) In-lens image of kaolinite grains highlighted using the + sign on image (a) and box b in image (c). Kaolinite is observed 
as smooth, homogenous material intergrown with the adjacent graphite and can be attributed as type 4 impurities based on Kim et al. (2003). Mineral abbreviations 
from Whitney and Evans (2010).

Fig. 9. Inset image in bottom left is an illustration showing typical formation of flake graphite in raw material adapted from Kim et al. (2003). Main image is a 
representative example of this in nature using sample FV-R-005B.
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The combined SEM and in-lens observations confirm that graphite 
occurs as stacked flake aggregates hosting interstitial gangue minerals at 
the micro- to submicron scale. This architecture highlights the structural 
sensitivity of graphite and explains the strong dependence of product 
quality on controlled liberation.

These findings provide a mineralogical basis for predicting benefi
ciation behaviour: mechanically trapped silicates are more amenable to 
physical separation, while intergrown clays require more selective or 
chemical approaches. Recognition of impurity type and distribution 
therefore, enables more effective processing strategies that prioritise 
flake preservation.

Overall, this study establishes a direct link between gangue mineral 
morphology, graphite texture, and processing response, therefore of
fering a framework for improving recovery, maintaining flake integrity, 
and enhancing graphite quality in the BMGP and comparable deposits 
globally.

6.1. Future work

To advance graphite beneficiation and fully integrate mineralogical 
insights into processing workflows, future research must focus on 
refining the characterization of gangue minerals and understanding 
their behaviour during separation. While in-lens has revealed key im
purities such as quartz, K-feldspar, kaolinite, and jarosite, further work 
using Raman spectroscopy, XRD, and microprobe analysis is needed to 
resolve phase chemistry and trace element associations, particularly for 
clays and secondary sulfates. Quantitative liberation studies should 
assess graphite flake damage under varying milling regimes, using 
image analysis and automated mineralogy tools to model gangue-host 
relationships and optimize comminution strategies.

Flotation behaviour of fluid-sensitive minerals like kaolinite and 
jarosite also warrants investigation, especially under controlled pH and 
reagent conditions. Understanding surface chemistry and reagent in
teractions will improve selectivity and reduce flake attrition. Addition
ally, jarosite’s acid-generating potential and metal content necessitate 
environmental risk assessments, including leach testing and tailings 
stability modelling.

Finally, integrating mineralogical data into predictive processing 
models could enable dynamic adjustment of beneficiation parameters 
based on ore variability. Together, these research directions could 
bridge the gap between geological complexity and processing efficiency, 
ensuring graphite flake preservation and enhancing product perfor
mance in high-value applications while potentially mitigating environ
mental risks.
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