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Abstract: Potential graphite-bearing schists are investigated from Fertőrákos (Sopron Mts., 

NW-Hungary) with ore microscopy, scanning electron microscopy, Raman spectroscopy, X-

ray powder diffraction and X-ray fluorescence spectrometry. Disordered graphite is identi-

fied by Raman spectroscopy, which appears as <50 µm sized flakes, and as 50–300 µm sized 

lens-shaped granular aggregates in the deformed zones of the samples detected by ore and 

scanning electron microscopy. Using graphite geothermometry on Raman spectra, the aver-

age formation temperature of the Fertőrákos samples is ~440 °C (±50 °C). 
 

Keywords: graphite, Raman spectroscopy, graphite geothermometry, greenschist facies met-

amorphism, shear zone 

 

 

1. INTRODUCTION 

Graphite plays an ever-growing role nowadays and is also a critical raw material as 

included on the List of Critical Raw Materials for the European Union since 2011 

(Study on the Critical Raw Materials, 2023). It is worth being aware of potential 

graphite occurrences in Hungary, and modern analytical techniques (such as Raman 

spectroscopy) enable detailed examination of graphite and graphitized material. 

Recently, graphite occurrences were examined in the NE region of Hungary: Dé-

destapolcsány from the Uppony Mts. (Majoros, 2019), Meszes (Leskó Majoros et al., 

2021) and Szendrőlád (Majoros et al., 2022) from the Szendrő Mts. Generally, the 

graphite-bearing rocks are siliceous black schists (Dédestapolcsány) or black phyllites 

(Meszes and Szendrőlád) that have ~1–4 weight% graphite content. Dédestapolcsány 

samples contain μm sized graphite flakes and 100–300 μm sized grains, Meszes sam-

ples have 50–150 μm sized flakes, while Szendrőlád samples contain 20–50 μm sized 

flakes (Leskóné Majoros et al., 2022). 

However, in the NW part of Hungary, graphite exploration was carried out only 

during the early 1980s. Notably, Kósa and Fazekas (1981) conducted investigations in 
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the Sopron Mountains. According to their findings, in the Fertőrákos Metamorphic 

Complex, carbonization-graphitization in the micaschists is a common phenomenon, 

the degree of carbonization ranges from coal that does not reach the anthracite state to 

graphite. Based on their observations, the presence of graphite in the assemblage is 

always related to structurally highly stressed zones and planes; graphite is considered 

as a tectonite (Kósa and Fazekas, 1981). 

Our aim was to collect samples and examine them with several analytical methods 

(ore microscopy, scanning electron microscopy, Raman spectroscopy, X-ray powder 

diffraction and X-ray fluorescence spectrometry) to get further detailed information 

about the graphitized material. 

 

2. MATERIALS AND METHODS 

Rock samples were collected from surface outcrops from the southern slope of 

Újhegy, located 3 km north of the village of Fertőrákos in the Sopron Mountains. 

The exact coordinates are EOV X1: 268 936, EOV Y1: 470 099 (outcrop 1) and EOV 

X2: 268 917, EOV Y2: 470 083 (outcrop 2). The collected graphitic schists belong to 

the Fertőrákos Metamorphic Complex. 

The age of the Complex is early Carboniferous–early Permian, the rocks were 

affected by greenschist facies metamorphism. Petrologically, it is graphite-bearing 

phyllite and paragneiss with amphibole schist bodies and frequent pegmatite lenses 

of high (70–80%) apatite content. Structurally, it is part of the Austroalpine nappe 

system, overlained by the Sopron Metamorphic Complex with a tectonic boundary 

(Babinszki et al., 2024). Figure 1 shows the map of Hungary with Fertőrákos village 

(Sopron Mts.), the schematic geological map of the investigated area, the surface 

outcrops and the collected rock samples. 

Polished rock slabs were made for ore microscopy (OM), scanning electron mi-

croscopy (SEM-EDX) and Raman spectroscopy. The OM examinations were carried 

out on a Zeiss Axio.Imager A2.m polarizing petrographic and ore microscope with 

Zeiss AxioCam MRc5 camera. The SEM-EDX measurements were made on a JEOL 

JXA-8600 Superprobe instrument (in high vacuum at 20 kV, beam current of 20 nA, 

60 s dwell time for point analysis). Detection limit of the EDX system for light ele-

ments is 0.1 weight%, for heavy elements is 0.05 weight%, the limit of measurement 

error is 5 relative%. The Raman spectroscopy analyses were carried out on a Thermo 

Fisher Scientific DXR Raman microscope (532 nm wavelength (green) laser, 2 mW 

laser power, 3 × 15 s exposure time, ~4 cm–1 spectral resolution). 

Powder samples were made for X-ray powder diffraction (XRD) and X-ray fluo-

rescence spectrometry (XRF). The XRD measurements were carried out on a Bruker 

D8 Discover instrument (Cu K-alfa radiation, 40 kV, 40 mA, Bragg-Brentano ge-

ometry, LynxEye XE-T PSD detector with 2° opening, 0.007°2θ/24sec counting 

time). Crystalline phase identification was made in DiffracPlus EVA software by 

Search/Match algorithm on ICDD PDF2 (2005) database. Rietveld refinement was 

made with empirical instrument parameterization on NIST SRM640d Si standard in 

TOPAS4 software, while crystal structure data for calculations were obtained from 

AMCSD (Downs and Hall-Wallace, 2003) database. The XRF analyses were made 
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on a Rigaku SuperMini200 WDS instrument (LiF200 / PET / XR25 crystals), with 

Pd cathode (200 W, 50 kV accelerating voltage, 4 mA beam current) on powder 

samples pressed into CereOx powder. 

 

 
Figure 1 

Location map of Fertőrákos village in the Sopron Mts. (top panel). Schematic geo-

logical map of the investigated area (online geological map of the Supervisory Au-

thority for Regulatory Affairs, Gyalog and Síkhegyi 2005) (middle left panel). The 

location of the sample is marked with a white star on the geological map (middle 

right panel). The surface outcrops and the collected rock samples (bottom panels) 
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3. RESULTS 

3.1. OM and SEM-EDX 

Based on OM and SEM-EDX observations, the samples have oriented and highly 

deformed textures with the marks of shearing deformations, alternating black and 

white bands. The matrix of the samples consists of 100–300 µm sized quartz grains 

and 50–100 µm sized phyllosilicate plates (chlorite and muscovite). Muscovite is 

often paragonitized and fengitized, and a low amount of Ti is also associated accord-

ing to EDX measurements. 

Graphite appears as <50 µm sized flakes, and as 50–300 µm sized granular ag-

gregates, forming lenses (Figure 2). These graphitic aggregates are located in the 

black bands (particularly in the deformed parts), but some larger aggregates also oc-

cur in the white bands. EDX measurements show no sulfur content in the graphitic 

aggregates. 

 

 
Figure 2 

Graphite (Gr) in the quartz (Q) and muscovite (Ms) matrix. Reflected light 1N to 

the left and XN to the right. (a) Graphite flakes, (b) Graphite flakes and lens-form-

ing graphitic aggregates 

 

The samples contain several accessory minerals. TiO2 grains with a size of 5–10 µm 

can be observed scattered in the matrix, and in one place embedded in a fissure-filling 

smectite. In addition, zircon grains from a few µm to 30 µm in size, monazite-(Ce) 



86   L. Leskóné Majoros et. al 

crystals with a size of 10–20 µm, and kaolinite can also be observed in the samples. 

The monazite-(Ce) grains often have a low Th content based on EDX measurements. 

 

3.2. XRD analysis 

The XRD results show quartz rich compositions with trace amounts of muscovite 

and albite (Figure 3). By XRD, graphite cannot be detected directly on the diffrac-

tograms due to its low quantity, nanocrystalline size, preferred orientation and heavy 

peak overlapping of peak (hkl = 002) between 26°–27°(2θ) with quartz peaks (hkl = 

101) and (hkl = 110). 

However, by Rietveld refinement, the direct observation and quantification of graph-

ite is possible. Figure 4 illustrates the calculated quantitative results of the samples. 

 

 
Figure 3 

Diffractograms of the Fertőrákos samples 

 

 

 
Figure 4 

Bar chart of the quantitative results of the Fertőrákos samples  
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3.3. Raman spectroscopy 

In the first-order region of the Raman spectrum, two sharp bands can be identified, 

a higher intensity band at ~1580 cm–1 (G band) and a lower intensity band at ~1349 

cm–1 (D1 band). A low intensity, narrow band at ~1620 cm–1 (D2 band) can also be 

observed as a right shoulder of the G band. 

In the second-order region, four bands appear; three bands with low intensity (S1, 

S3 and S4 bands) and one band with high intensity (S2 band). Furthermore, an initial 

splitting of the S2 band into two bands (G’1 and G’2 bands) can also be observed 

during the deconvolution. Figure 5 shows an evaluated Raman spectrum with the 

first and second-order graphite bands. 

 

 

 
Figure 5 

Decomposed Raman spectrum of one measurement point marked with the first and 

second order bands of graphite 

 

 

3.4. XRF analysis 

By XRF measurements, bulk rock and trace element analysis make it possible to get 

detailed information about the samples. Figure 6 shows the major element composi-

tions, while Figure 7 illustrates the PAAS normalized trace element contents of the 

samples (PAAS values after Taylor and McLennan 1985). On Figure 6, LOI (Loss 

On Ignition) represents the number of unmeasured elements. 
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Figure 6 

Bar chart of the results of bulk rock analysis by XRF 

 

 
Figure 7 

PAAS normalized spider diagram of the results of trace element analysis by XRF 

(PAAS values after Taylor and McLennan 1985) 

 

The result of bulk rock analysis by XRF is in accordance with the observations of 

OM, SEM-EDX and XRD, as it shows quartz rich compositions, the Al, K, Mg, Na 

and Fe content is related to phyllosilicates (muscovite and chlorite). Ti content is 

related to TiO2 and Ti-bearing muscovite, while P content is related to monazite-

(Ce). The PAAS normalized trace element analysis by XRF shows a strong positive 
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Sr anomaly in the sample of outcrop 1, and moderate enrichment of Pb, Rb and Ba 

in the sample of outcrop 2, and Zr in the samples of both outcrops. 

 

4. DISCUSSION AND CONCLUSIONS 

According to our results, graphite cannot be detected directly on diffractograms 

mainly due to its low quantity and overlapping peaks with quartz peaks. However, 

its direct quantification is possible by Rietveld refinement; the Fertőrákos samples 

have 1–5 wt% graphite content. By ore microscopy, graphite flakes and granular 

aggregates are evidenced in the samples. EDX measurements show no sulfur content 

in the graphite. 

Using Raman spectroscopy, the degree of graphitization of carbonaceous mate-

rial and the crystallinity of graphite can be identified (Beny-Bassez and Rouzaud, 

1985). As both G and D bands appear on the 1st order Raman spectra, and a higher 

IG/ID intensity ratio was detected, the samples contain disordered graphite. 

Moreover, Raman spectroscopy is also suitable for determining the peak for-

mation temperature (Henry et al., 2019). One of the parameters required for this is 

the R2 area ratio value, which can be calculated based on the following equation 

 

𝑅2 = 𝐷1/(𝐺 + 𝐷1 + 𝐷2),   (1) 

 

where G is G band area, D1 is D1 band area, D2 is D2 band area. 

At first, we used the formula of Beyssac et al. (2002) to calculate the peak for-

mation temperature 

 

𝑇(°𝐶) = −445 ∗ 𝑅2 + 641 (±50 °𝐶)   (2) 

 

which gives the maximum temperature between 330 and 650 °C. Although Equation 

(2) is developed for graphite formed during regional metamorphism, it uses 514.5 

nm laser. However, our measurements were made with 532 nm laser, so we also 

looked for another equation that also uses 532 nm laser. Thus, we used the formula 

of Aoya et al. (2010) 

 

𝑇(°𝐶) = 221 ∗ (𝑅2)2 − 637.1 ∗ 𝑅2 + 672.3 (±50 °𝐶)  (3) 

 

which is valid between 340 and 655 °C and was developed for contact metamorphic 

rocks. According to the findings of Aoya et al. (2010), the main effect of using lasers 

with different wavelengths (514.5 nm and 532 nm) is the systematically greater R2 

area ratios obtained with a 532-nm laser. The degree of this effect corresponds to a 

temperature difference of less than 10 °C. This is in accordance with the findings of 

Lünsdorf et al. (2014), who investigate all biasing factors to obtain more comparable 

geothermometric data. Based on their study, three main sources can modify the for-

mation temperature values: spectral curve-fitting procedure, the sample characteris-

tics itself and the Raman system configuration. Taking every biasing factor into ac-

count, Lünsdorf et al. (2014) demonstrated that the total difference of all errors is 
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~10–30 °C, which is below the given error of ±50 °C of Beyssac et al. (2002) and 

Aoya et al. (2010). Aoya et al. (2010) also concluded that any equation can be used 

for peak formation temperature calculations (Equation 2 or 3) as the error range is 

±50 °C. Table 1 contains the average value of R2 and the formation temperature 

results calculated using the two formulas. 

 

Table 1 

The calculated average R2 area ratio value, the average peak formation  

temperatures (±50 °C) using the two formulas, and the difference  

between the calculated temperature values 
 

R2 value 

[–] 

Temperature calculated 

by the formula of Beyssac 

et al. (2002) [°C] 

Temperature calculated 

by the formula of Aoya 

et al. (2010) [°C] 

Difference 

[°C] 

0.44 443 434 9 

 

By graphite geothermometry, the average formation temperature of the Fertőrákos 

samples is ~440 °C (±50 °C), which fits the known geological background of the 

area, as the Fertőrákos Metamorphic Complex underwent greenschist facies meta-

morphism (Babinszki et al., 2024). 

Due to the metamorphic texture of the samples and the appearance of graphite in 

the highly deformed zones detected by OM and SEM-EDX, the formation of graph-

ite is connected to shear zones and regional metamorphism. 

The high Sr and Ba anomalies, detected by XRF, may indicate fluid-rock inter-

action. Their enrichment may suggest metasomatic alteration or involvement of a 

fluid phase during metamorphism (Casillas et al., 2011). The elevated Zr content 

might suggest the preservation of inherited zircon crystals from the protoliths. 

As a conclusion, the joint usage of the applied analytical techniques (ore micros-

copy, scanning electron microscopy, Raman spectroscopy, X-ray powder diffraction 

and X-ray fluorescence spectrometry), is a good tool to investigate graphite-bearing 

samples: texture, mineral paragenesis, crystalline phases, chemical composition, de-

gree of graphitization and peak formation temperature. 
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