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Abstract: The metamorphic basement of the Algyő–Ferencszállás–Kiszombor area, located in the SE part of the Pannonian 
Basin, consists of crystalline highs covered by thick Neogene sediments. Although productive hydrocarbon reservoirs are 
typically found in these Neogene formations, the crystalline basement may also play a role in fluid storage and migration. 
However, its structure and reservoir potential remain poorly understood. This comprehensive petrological study shows 
that the area comprises distinct blocks with different metamorphic evolutions. The area mainly consists of gneiss varieties, 
genetically related through their metamorphic histories. The first regional amphibolite facies metamorphism (M1) of 
gneiss terrains was overprinted by a contact metamorphic (metasomatic) effect (M2) at varying crustal depths. The peak 
conditions of M1 in the garnet–biotite gneiss reached ~9.5–10.5 kbar and ~670–720 °C, followed by M2 overprint  
at Tmax~570–630 °C. In the garnet–kyanite gneiss, M1 reached ~7.5–8.5 kbar and ~600–650 °C, with M2 at Tmax~730 °C. 
In the pseudomorph-bearing gneiss, M1 peak conditions were ~6.5–7.0 kbar and ~550–580 °C, overprinted by a contact 
effect in the andalusite stability field. Earlier geochronological data suggest the M1 metamorphism is of Variscan  
age, while M2 event likely related to an Alpine, magmatic event. These gneiss terrains form neighbouring basement 
blocks, with proposed post-metamorphic structural boundaries. In the Ferencszállás area, a metagranite body represents 
an intrusion in these gneiss terrains, which may have been the source of the contact overprint. In the shallowest structural 
positions, low-grade greenschist facies chlorite schist (Tmax~270–300 °C) and epidote orthogneiss occur, separated by 
post-tectonic structural boundaries. Considering the hydrodynamic behaviour of other buried hill reservoirs in  
the Pannonian Basin, the brittle structural boundaries between blocks may serve as hydrocarbon migration pathways  
from the adjacent over pressured sub-basins (Szeged Basin, Makó Trough) or act as fluid reservoirs.
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Introduction

The basement of the Pannonian Basin is a complex mosaic  
of metamorphic blocks resulting from Mesozoic to Neogene 
polyphase tectonic evolution. The late stage of the basin 
development involved uniform subsidence of the Pannonian 
Basin, causing the pre-Neogene basement to be buried by 
thick sedimentary sequences. While most hydrocarbon (HC) 
reservoirs have been discovered in these formations, recent 
studies have highlighted the potential of fractured basement 
rocks as reservoirs (Schubert et al. 2007; M. Tóth 2008; Nagy 
et al. 2013; Molnár et al. 2015; M. Tóth & Vargáné Tóth 2020). 
In these basement reservoirs, fluid migration and storage are 
often controlled by zones of intense fracturing, including 
structural boundaries within the crystalline massif. These 
boundaries commonly separate blocks with distinct metamor-
phic histories. Consequently, understanding the internal struc-

ture and metamorphic evolution is crucial for both geological 
interpretation and HC exploration.

The metamorphic basement of the Algyő–Ferencszállás–
Kiszombor (AFK) area constitutes a central part of the most 
significant HC system of the Pannonian Basin located in the 
SE part of Hungary. In this region, the basement is surrounded 
by Neogene basins with marls and carbonates as source rocks 
(Babinszki & Kovács 2018). Although the weathered upper 
zone of the basement is considered the primary migration 
pathway between source rocks and Neogene reservoirs 
(Babinszki & Kovács 2018), the fractured zones within the 
basement may also play a significant role in HC migration and 
storage. However, the internal structure and metamorphic 
evolution of the AFK basement remain poorly understood. 
Previous studies have documented distinct rock types in the 
area; however, their metamorphic histories and their spatial 
relationships have not been systematically investigated. While 
some authors interpret the AFK basement as a uniform 
lithostratigraphic unit (Szederkényi 1984; Lelkes-Felvári et  
al. 2005), others have demonstrated that it consists of seg-
ments with distinct metamorphic histories, separated by 
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post-metamorphic structural boundaries (T. Kovács & Kurucz 
1984; Kondor & M. Tóth 2021). However, no comprehensive 
study has been carried out to map the structural build-up of  
the area.

The present paper aims to reconstruct the structural build-up 
and metamorphic evolution of the AFK basement. Core sam-
ples and thin sections from nearly 150 boreholes reaching  
the metamorphic basement were investigated to determine the 
principal rock types. Mineral chemistry analysis and thermo-
barometric calculations were used to determine the metamor-
phic evolution of these rocks. Rocks with distinct metamorphic 
histories were mapped, revealing their spatial relationships. 
The results provide a new model for the metamorphic evo
lution of the region and allow determination of the potential 
structural boundaries between rock types, highlighting poten-
tial pathways for fluid migration within the basement.

Geological setting

The Pannonian Basin, inside the Alpine–Carpathian–Dinaric 
orogenic belt, comprises two tectonic mega-units: ALCAPA 
and Tisza–Dacia (Haas 2001), which juxtaposed during large-
scale Neogene strike-slip movements (Csontos et al. 1992; 

Fodor et al. 1999; Csontos & Vörös 2004; Fig. 1A). The base-
ment of the Tisza–Dacia Mega-unit consists of Variscan 
metamorphic rocks with different metamorphic histories. Its 
structure was modified by large-scale tectonic deformations 
due to the Lower Cretaceous compressional phase (Haas 
2001), resulting in a complicated nappe system throughout  
the pre-Neogene basement. The Tisza–Dacia Mega-unit inclu
des four NW-facing nappes: Mecsek, Villány–Bihor, Békés–
Codru and Biharia Nappe Systems (Schmid et al. 2008;  
Fig. 1B). During the Middle Miocene, syn-rift extension 
caused the development of low-angle normal faults, forming 
asymmetric half-graben structures and exposing metamorphic 
core complexes (Tari et al. 1992; Tari 1996). This event was 
followed by a post-rift thermal sag phase and tectonic inver-
sion, leading to spatial shortening, the reactivation of dip-slip 
faults, and the uplift of metamorphic highs (Tari et al. 1999). 
These events resulted in general subsidence, accumulation  
of sediments, burial of crystalline highs, and filling of deep 
sub-basins (Horváth & Tari 1999).

The pre-Neogene basement of the AFK area consists of 
NW–SE oriented crystalline domes located at depths of  
~2.5–3.0 km in the SE part of Hungary. The Szeged Basin lies 
to the west and the Makó Trough to the east; both separated 
from the domes by Miocene fault zones. The Algyő (NW) and 

Fig. 1. A — Simplified geological map of the Carpathian–Pannonian region showing the two mega-units and the location of Hungary (modified 
after Csontos et al. 1992; further modified after Kondor & M. Tóth 2021). B — Tectonic position of the Cretaceous nappe systems within  
the Tisza–Dacia Mega-unit (modified after Schmid et al. 2008). C — Generalised pre-Cenozoic basement map of the studied area (modified 
after Haas et al. 2010).
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Ferencszállás–Kiszombor (SE) areas form two elevated domes 
(Fig. 1C). According to Horváth & Árkai (2002), the two domes 
form the joint unit of the Algyő–Ferencszállás Metamorphic 
Complex. As reported by Szederkényi (1984) and Lelkes-
Felvári et al. (2005), the AFK area and crystalline highs of 
Szeged and Dorozsma to the NW form a joint lithostrati-
graphic unit, referred to as the Dorozsma Complex, based on 
their similar geological features. While the AFK is part of  
the Tisza–Dacia Mega-unit, its position inside the Cretaceous 
nappe system is debated. According to some publications 
(Schmid et al. 2008; Matenco & Radivojević 2012; M. Tóth et 
al. 2021), it belongs to the Biharia Nappe (Fig. 1B), while 
others (Szederkényi 1984; Horváth & Árkai 2002) suggested 
it to be a part of the Békés–Codru Nappe System. Recent stu
dies propose that the region is part of the Bihor Autochthonous 
Domain, exposed as a tectonic window within the Békés–
Codru Nappe System (Schmid et al. 2020).

Limited information is available on the petrographic charac-
teristics and metamorphic evolution of the area. Previous pub-
lications indicate that the metamorphic highs mainly consist of 
various gneisses and mica schists, occasionally intercalated by 
amphibolite lenses (Szalay 1977; T. Kovács & Kurucz 1984; 
Szederkényi 1984; Kondor & M. Tóth 2021). The granite 
body in the Ferencszállás area, along with the pegmatite and 
aplite dykes, as well as the tourmaline crystallisation within 
the gneissic host rocks, is prominent (Szalay 1977; T. Kovács 
& Kurucz 1984; Szederkényi 1984, 2007). In the Algyő High 
(AH), epidote orthogneiss and chlorite schist have been iden-
tified (Szalay 1977; T. Kovács & Kurucz 1984; Kondor & M. 
Tóth 2021). Garnet, kyanite, sillimanite, and staurolite have 
been documented as index minerals in gneisses and mica 
schist (Szalay 1977; Szederkényi 1984; Horváth & Árkai 
2002; Lelkes-Felvári et al. 2003, 2005; Kondor & M. Tóth 
2021). Lelkes-Felvári et al. (2003, 2005) and Szederkényi 
(1984) interpreted andalusite as a precursor to kyanite; how-
ever, no direct evidence supports this. Kondor & M. Tóth 
(2021) did not report staurolite or sillimanite in the AH area 
but documented kyanite aggregates forming after garnet.

According to previous studies, gneisses and mica schists 
underwent polyphase metamorphism (Szalay 1977; Szeder
kényi 1984; T. Kovács & Kurucz 1984; Horváth & Árkai 
2002; Lelkes-Felvári et al. 2003, 2005; Kondor & M. Tóth 
2021). By comparing the garnet zoning patterns in the NW and 
SE parts, Horváth & Árkai (2002) distinguished two progres-
sive metamorphic events. The first event is characterised by 
the appearance of staurolite at 520–560 °C and 820–1010 MPa 
conditions. The maximum metamorphic conditions of the 
second event were 570–650 °C and 600–900 MPa in Ferenc
szállás, and 650–680 °C and 500–600 MPa in Algyő, indica
ting metamorphic overprints at different crustal depths, with 
slightly higher temperature and lower pressure in Algyő.  
In their model, kyanite, garnet, and biotite formed through  
the decomposition of early staurolite. Considering these 
results, clockwise, progressive metamorphic pathways were 
constructed for both sub-areas. In contrast, Lelkes-Felvári et 
al. (2003, 2005) suggested a high-temperature/low-pressure 

(HT/LP) metamorphism involving andalusite formation, 
followed by an amphibolite facies overprint, during which 
andalusite was replaced by kyanite. This model suggested  
a counterclockwise P–T path for the garnet–kyanite gneiss. 
Kondor & M. Tóth (2021) proposed that the first regional 
amphibolite facies metamorphism was overprinted by a con-
tact metamorphic (metasomatic) event linked to an igneous 
intrusion, during which extremely fine-grained kyanite aggre-
gates formed at the expense of garnet. As a result, the counter-
clockwise P–T evolution of the gneiss terrain was rejected. 
Based on the garnet Sm–Nd age data, Lelkes-Felvári et al. 
(2003) defined the first metamorphic event in the area as 
Permian in age (273 ± 7 Ma). The second metamorphic event is 
suggested to be an eo-Alpine regional metamorphic overprint 
from the Late Cretaceous (82–95 Ma), based on Ar–Ar coo
ling ages of secondary muscovite. Balogh & Pécskay (2001) 
also published Ar–Ar plateaus ages of the Late Cretaceous 
(68.4–84.3 Ma) from the area. Horváth & Árkai (2002) agree 
with the second Alpine progressive metamorphic overprint but 
do not rule out the possibility of a polyphase Alpine evolution. 
Lelkes-Felvári et al. (2003) determined a Late Cretaceous–
Paleocene Ar–Ar plateau age (58–70 Ma) in the AH area, 
interpreting it as a retrograde metamorphic overprint of the 
gneiss terrain.

The metamorphic evolution of epidote orthogneiss and 
chlorite schist in the AH area differs significantly from that  
of the polymetamorphic gneisses. Kondor & M. Tóth (2021) 
proposed an intrusive granitoid protolith for the epidote ortho
gneiss, with retrograde greenschist facies features. In contrast, 
the chlorite schist formed along a progressive greenschist 
facies pathway, which sometimes coincided with biotite 
formation.

The Cretaceous compressional event led to the formation of 
a nappe system in the Mesozoic sedimentary cover and the 
metamorphic basement of the SE part of Hungary (Szederkényi 
1984; Tari et al. 1999). During this phase, nappes with dif
ferent metamorphic histories were juxtaposed. This structural 
arrangement is evident in the adjacent Dorozsma High (DH) 
(Fig. 1C), where the basement is defined by, from the top to 
the bottom, high-grade garnet–kyanite gneiss, low-grade dolo-
mite marble and an amphibolite-dominated domain (M. Tóth 
2008; M. Tóth & Vargáné Tóth 2020). To the east of the study 
area, in the SW part of the Apuseni Mountains (Fig. 1A), 
intensely deformed dolomite marble is interpreted as a nappe 
boundary between the underlying Codru and the overthrusted 
Biharia nappes (Reiser et al. 2017a, b). Based on petrologic 
similarities between the garnet–kyanite gneisses in the DH 
and AH, Kondor & M. Tóth (2021) propose a three-part struc-
ture for the unknown deep part of the AH. 

During the Late Cretaceous, the entire region was intruded 
by granite/granodiorite (banatite) bodies (Szalay 1977; Szeder
kényi 1984; Berza et al. 1998; Neubauer 2002; Reiser 2015). 
Szederkényi (1984) suggests that the dykes within the host 
gneisses, the crystallisation of tourmaline and muscovite, and 
the widespread enrichment of Mo, Sn, and W are all linked  
to the Cretaceous banatite magmatism. Kondor & M. Tóth 
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(2021) interpret the post-kinematic tourmaline in garnet–
kyanite gneiss and the metasomatic overprint of the chlorite 
schist in the AH area as the result of a metasomatic hydrother-
mal effect from a young granite intrusion. 

Syn-rift extension during the Middle Miocene resulted in 
numerous low-angle normal fault systems in the basement, 
leading to the development of metamorphic core complexes 
(Tari et al. 1992; Tari 1996). Matenco & Radivojevic (2012) 
interpreted the basement highs in the AFK area as a series of 
blocks linked to a WSW–ENE-oriented core complex system. 
They suggested that the crystalline domes of the present 
basement were located at different crustal depths prior to  
the formation of the core complex. According to geophysical 
interpretations (Rumpler & Horváth 1988; Posgay et al. 1996; 
Tari et al. 1999), the AFK is the core of a Miocene metamor-
phic core complex, with the tilted background block being  
the DH. Different metamorphic blocks of the NW, SE and 
central parts of the AH are likely juxtaposed along post-meta-
morphic normal faults, which developed during Miocene 
extensional events (Kondor & M. Tóth 2021). These structural 
elements further complicate the internal structure of the base-
ment, where adjacent blocks may be separated by the com
bination of the Cretaceous thrust sheets and the Miocene 
low-angle normal faults.

During the post-rift thermal sag phase of the Middle 
Miocene, thick Neogene sediments accumulated over both  
the elevated metamorphic highs and the deeper basin areas 
(Horváth & Tari 1999). Some of these sediments later evolved 
into effective source rocks for hydrocarbons. The AFK area is 
the central part of one of the most significant local petroleum 
systems in the Pannonian Basin. Based on analogies (M. Tóth 
et al. 2007; Vass et al. 2009; Molnár et al. 2015), large-scale 
brittle fault zones, assumed to exist between the blocks with 
different metamorphic evolutions, could provide HC migra-
tion pathways or even act as reservoirs (Kondor & M. Tóth 
2021).

Methods

Petrographic analyses

The crystalline basement of the AFK area was reached by  
a total of 144 boreholes, of which 119 boreholes provided 
approximately 580 thin sections for petrographic analysis. 
Nearly 520 thin sections from the AH area were previously 
investigated by Kondor & M. Tóth (2021), and the results of 
these analyses were utilised in this study. In the present study, 
approximately 60 additional thin sections from the Ferenc
szállás and Kiszombor areas were examined. The petrographic 
analyses were carried out at the Petrographic Laboratory of 
the Department of Mineralogy, Geochemistry and Petrology 
of the University of Szeged. Thin sections were analysed  
using an Olympus BX41 polarisation microscope. Macroscopic 
investigations of core samples were validated by Olympus 
SZX7 stereomicroscope under reflected light. Petrographic 

investigations provided data on mineral composition, micro-
textural and microstructural characteristics, and pre-, syn-, and 
post-kinematic mineral paragenesis. The samples were clas
sified based on similar petrographic features, facilitating the 
identification of major rock types characterised by different 
qualitative metamorphic histories.

Analytical methods

Based on petrographic analyses, six representative thin 
sections, each corresponding to a main rock type (A-113, 
F-19, F-6, Z-7, Z-15, A-22), were selected for measurements. 
The chemical compositions of minerals were determined 
using a Hitachi TM4000Plus SEM equipped with an Oxford 
Instruments Xplore Compact 30 EDS detector at the Research 
and Core Facility Centre at the Faculty of Science, Eötvös 
Loránd University. The microscope was used with a 15 kV 
acceleration voltage, 200 pA beam current, and 30 s counting 
times. Measurement accuracy corresponds to the lower detec-
tion limit, which is a few tenths of a weight per cent depending 
on the element. 

Cathodoluminescence (CL) microscopic observations were 
performed with a Reliotron VII CL instrument mounted on  
an Olympus BX43 polarisation microscope at the Petrographic 
Laboratory of the Department of Mineralogy, Geochemistry 
and Petrology of the University of Szeged. 7 kV accelerating 
voltage and 0.7 mA operation parameters were used during 
measurements.

Thermobarometry

Based on the chemical composition of minerals, calibrated 
thermometers and barometers, were used to estimate the pres-
sure (P) and temperature (T) conditions of the mineral para-
genesis in the rock types. The same thermobarometric methods 
were applied to each lithology to enable comparisons of their 
evolutions. For T calculation, Ti-in-biotite (Henry et al. 2005; 
Wu & Chen 2015), garnet–biotite (GB) (Ferry & Spear 1978; 
Holdaway 2000) and chlorite-based thermometers (Krani
diotis & MacLean 1987; Hillier & Velde 1991; Zang & Fyfe 
1995) were utilised. P was determined using biotite–musco-
vite (Bt–Ms) (Wu 2020), single garnet (Wu 2019) and Si-in-
phengite (Caddick & Thompson 2008) geobarometers. 

Two calibration pairs were applied to jointly estimate P–T 
conditions. The Ti-in-biotite thermometer (Wu & Chen 2015) 
was coupled with a Bt–Ms barometer by Wu (2020). Addi
tionally, Holdaway’s (2000) GB thermometer was used 
together with the garnet barometer by Wu (2019). Various GB 
calibrations based on Fe–Mg exchange are available for esti-
mating metamorphic T. The calibration of Ferry & Spear 
(1978) was applied, as it is more appropriate for the mineral 
assemblages and the T conditions characteristics of the studied 
rocks. In recent decades, several empirical equations have 
been calibrated for estimating T of low-grade metamorphic 
rocks, most of which consider Fe and Mg, as well as Al con-
tent in chlorite (Cathelineau & Nieva 1985; Kranidiotis & 



75METAMORPHIC AND POST-METAMORPHIC EVOLUTION OF THE SE PART OF THE PANNONIAN BASIN

GEOLOGICA CARPATHICA, 2025, 76, 2, 71–91

MacLean 1987; Cathelineau 1988; Hillier & Velde 1991; 
Jowett 1991; Zang & Fyfe 1995; Xie et al. 1996). Among the 
available calibrations, the method of Hillier & Velde (1991), 
based on Al content, and the calibrations of Kranidiotis & 
McLean (1987) and Zang & Fyfe (1995), which also consider 
Fe and Mg, were applied.

Results

Petrographic description

Garnet–biotite gneiss

The porphyroblastic gneiss consists of biotite, white mica, 
quartz, and K-feldspar, with garnet porphyroblasts and occa-
sionally significant amounts of graphite and opaque minerals. 
Accessory minerals include ilmenite, rutile, zircon, apatite, 
and titanite. A considerable amount of tourmaline occurs in 

most samples. Quartz-, K-feldspar-rich and white mica-, bio-
tite-rich zones can be separated on a macroscopic scale. Typi
cally, the gneissic structure characterises the rock. The main 
foliation (S2) is defined by mica flakes or quartz-rich bands. 
Quartz grains are generally small, sutured, occasionally 
sub-grained, and commonly elongated. K-feldspar crystals are 
usually small and rounded, though some large, slightly frac-
tured clasts are observed. The mica-rich parts of the rock 
contain large amounts of graphite bands and opaque crystals 
along the mica bands (Fig. 2A). Garnet grains appear as large, 
rounded porphyroblasts or slightly elongated grains along S2. 
These grains often contain inclusion trails of graphite, quartz, 
K-feldspar, biotite, ilmenite and rutile (Fig. 2B, C). Mica 
flakes, bands in the matrix, and quartz inclusions within garnet 
occasionally intersect the S2 planes, indicating a pre-existing 
foliation (S1) (Fig. 2C). Ilmenite and rutile needles are also 
observed in the matrix with a preferred orientation. Zircon is 
rounded, and apatite crystals are scattered and undeformed. 
Titanite appears as idiomorphic and hypidiomorphic crystals, 

Fig. 2. Petrographic features of garnet–biotite gneiss. A — Garnet porphyroblast with graphite bands. B — Graphite and rutile inclusion trails 
within garnet porphyroblasts. C — Quartz inclusions within garnet porphyroblast aligned with the direction of the pre-existing foliation plane. 
D — Optically zoned, undeformed tourmaline crystals. PPL: plane-polarised light; XPL: crossed-polarised light. Mineral abbreviation after 
Whitney & Evans (2010).
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some of which are slightly carbonatised. The rock commonly 
contains prismatic, optically zoned, undeformed, unoriented 
tourmaline crystals (Fig. 2D). In the deformed samples, 
K-feldspar clasts and quartz grains exhibit a sheared microtex-
ture and are present as asymmetric σ-clasts. Quartz grains are 
elongated with undulose extinction, and deformed mica flakes, 
mica fishes, and S–C fabrics are also observed. Chloritisation 
of biotite and garnet, as well as sericitisation of K-feldspar 
clasts in some samples have resulted in green coloured bands 
and patches within the brown gneiss. Fractures are filled with 
limonite, sericite, and chlorite.

Garnet–kyanite gneiss

A detailed petrographic analysis of garnet–kyanite gneiss 
was previously provided by Kondor & M. Tóth (2021).  
The rock-forming minerals are quartz, K-feldspar, biotite, and 
white mica, with garnet porphyroblasts and fine-grained kya
nite aggregates. Accessory minerals include rutile, ilmenite, 
titanite, monazite, zircon, and tourmaline. The main foliation 
(S2) is defined by bands rich in small-sized biotite, white 
mica, as well as quartz and K-feldspar. Larger biotite flakes 
(>200–400 μm) surround garnet porphyroblasts and kyanite 
aggregates. The garnet porphyroblasts contain inclusions of 
quartz, biotite, white mica, rutile, ilmenite and occasionally 
staurolite. Fine-grained, needle-shaped kyanite aggregates 
usually replace garnet or align parallel to S2 planes (Fig. 3A). 
In addition to large garnet porphyroblasts, small (~200 
–600 μm), idioblastic garnet grains with mica flakes, rutile, 
and ilmenite inclusions are present (Fig. 3B). Needles of 
ilmenite and rutile are usually oriented along the S2. 
Tourmaline is undeformed and unoriented. Mica fishes, 
K-feldspar σ-clasts, and S–C fabrics may also be observed. 
Chloritisation of garnet and biotite, and sericitisation of 
K-feldspar grains are also visible.

Pseudomorph-bearing gneiss

The rock mainly consists of white mica, quartz, biotite, and 
subordinately K-feldspar. It may also contain garnet porphyro-
blasts, albite crystals, and fine-grained kyanite and staurolite 
aggregates. Rutile and ilmenite are accessory phases. Most 
samples contain significant amounts of tourmaline. The rock 
exhibits a porphyroblastic, lepidoblastic texture, and a gneis-
sic, occasionally schistose structure. The foliation is typically 
poorly developed and chaotic. The main foliation (S2) is 
defined by mica flakes, as well as quartz and K-feldspar bands. 
White mica primarily occurs as fine-grained crystals but may 
appear as large flakes in the pressure shadow zones of garnet 
blasts (Fig. 4A). Quartz and K-feldspar grains are usually 
small, sometimes elongated, and present in insignificant 
amounts. Larger (~400–500 µm) rounded albite clasts can also 
be observed within the fine-grained matrix (Fig. 4B). Garnet 
porphyroblasts are fractured, sheared, and wrapped by the 
foliation (Fig. 4A). The grains typically contain biotite and 
opaque inclusions. Mica flakes and garnet grains may indicate 
a former foliation plane (S1). Fine-grained kyanite and stauro-
lite aggregates usually form rhombus- or cross-shaped, some-
times finger-like structures surrounded by fine-grained white 
mica (Fig. 4C–E). Ilmenite and rutile needles are present in 
significant amounts, either as inclusions in garnet, oriented in 
the matrix, or along kyanite–staurolite aggregates (Fig. 4C). 
Optically zoned, idiomorphic, hypidiomorphic and undefor
med tourmaline grains are scattered throughout (Fig. 4F). 
Chloritisation of biotite and garnet and sericitisation of 
K-feldspar are typical retrograde alterations. 

Chlorite schist

A detailed petrographic description of chlorite schist is 
provided in the previous study by Kondor & M. Tóth (2021). 

Fig. 3. Typical petrographic features of garnet–kyanite gneiss. A — Elongated garnet grains aligned with the S2 foliation associated with 
kyanite aggregates. Staurolite inclusion within garnet. B — Small idioblastic and large garnet grains. PPL: plane-polarised light. Mineral 
abbreviation after Whitney & Evans (2010).
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The main mineral phases of the lepidoblastic rock are chlorite, 
quartz, K-feldspar, and plagioclase feldspar, with occasional 
biotite, calcite and epidote. Accessory phases include rutile, 
titanite, and apatite. Chlorite plates define the foliation. Some 
chlorite grains are rimmed by biotite (Fig. 5A). Prismatic, idi-
omorphic epidote crystals and idiomorphic, hypidiomorphic 

opaque phases are commonly oriented along the foliation 
planes. The disseminated opaque grains are typically unde-
formed and unwrapped by foliation (Fig. 5B). Microfolding of 
the S1 planes has resulted in a crenulation cleavage microtex-
ture (Fig. 5A). 

Fig. 4. Petrographic features of pseudomorph-bearing gneiss. A — Large white mica flakes (phengite) occurring in the pressure shadow zone 
of a garnet porphyroblast. Fine-grained white mica (phengite) defining the S2 foliation. B — Large, rounded albite clasts in the rock matrix.  
C — Fine-grained kyanite and staurolite aggregates surrounded by white mica (phengite), with oriented opaque crystals along the aggregates. 
D — Kyanite aggregates surrounded by white mica (phengite). E — Rhombus-shaped structure observed under a stereomicroscope. F — Zoned, 
idiomorphic tourmaline crystals. PPL: plane-polarised light; XPL: crossed-polarised light. Mineral abbreviation after Whitney & Evans (2010).
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Metagranite

The rock mainly consists of quartz, plagioclase feldspar,  
and K-feldspar, with subordinate white mica and biotite. 
Accessory phases include zircon, apatite, titanite, garnet, and 
tourmaline. The rock is weakly deformed and shows an equi-
granular texture. Macroscopic examination of the core sam-
ples reveals a greyish, yellowish-white rock with slight 
foliation (S1), defined by mica flakes, and quartz bands. 
Large, tabular, idiomorphic, or hypidiomorphic feldspar crys-
tals with slightly recrystallised edges are observed. Polygonal 
texture (Fig. 6A), myrmekitic grains (Fig. 6B), K-feldspar 
twins, and perthitic texture are common. Sericitisation of 
K-feldspar is characteristic (Fig. 6C), with sericite forming 
bands along the foliation planes in the matrix. Quartz grains 
are often recrystallised, slightly sutured, deformed, and show 
undulating extinction. White mica is more dominant than  
biotite. Garnet grains are idiomorphic or fractured, somewhat 
elongated parallel to the S1. Zircon forms hypidiomorphic 
crystals, and hypidiomorphic tourmaline is oriented toward 
the S1 (Fig. 6D).

Mineral chemistry

Mineral chemistry analyses were performed on the four 
rock types containing metamorphic mineral paragenesis, 
including garnet–biotite gneiss (F-6), garnet–kyanite gneiss 
(A-113, F-19), pseudomorph-bearing gneiss (Z-7, Z-15), and 
chlorite schist (A-22). The composition of the main mineral 
phases, such as garnet, biotite, white mica, and chlorite was 
measured in various textural positions. Additionally, the com-
position of accessory opaque minerals and tourmaline was 
also analysed. Several hundred point measurements were con-
ducted across the different mineral phases, depending on their 
presence and suitability for analysis.

Garnet composition

Along a core-to-rim profile of a garnet grain in the garnet–
biotite gneiss, the grossular (Grs) and spessartine (Sps) com-
ponents decrease, while almandine (Alm) and pyrope (Prp) 
increase from core to rim (Fig. 7A, B). Point measurements of 
other grains show similar trends. The average core composi-
tion is Alm51.94–60.33Prp3.79–6.98Grs23.26–23.73Sps9.42–20.55, while the rim 
composition is Alm62.51–66.87Prp7.25–11.37Grs13.09–22.58Sps0.28–9.89. 
The large porphyroblasts (Grt1) in the garnet–kyanite gneiss 
are unsuitable for compositional profiling due to their frag-
mented appearance, so only individual point measurements 
were performed. The average core composition of Grt1 is 
Alm77.84–82.09Prp12.22–15.68Grs3.31–5.52Sps1.30–2.40, while the rim is 
Alm77.55–81.82Prp11.33–15.07Grs3.58–5.97Sps0.53–3.32. The small idioblas
tic garnet grains (Grt2) were profiled from rim to rim 
(Fig. 7C, D), with composition ranges from Alm74.01–81.43 

Prp12.74–19.58Grs4.32–7.29Sps0.00–2.92 in the core to Alm76.80–81.07 

Prp11.04–16.60Grs3.77–6.56Sps0.59–2.70 in the rim. Both Grt1 and Grt2 
grains show nearly constant composition, without significant 
zonation. In the pseudomorph-bearing gneiss, garnet grains 
are intensely deformed and fractured, allowing only point 
measurement. The core composition is Alm75.11–78.07Prp8.24–13.98 

Grs5.45–11.95Sps2.22–9.73, while the rim is Alm75.23–81.21Prp9.19–13.15 

Grs7.10–10.11Sps0.76–5.47, displaying normal zoning with decrea
sing spessartine content from core to rim. Representative 
major oxide compositions of garnet are included in Supple
mentary Table S1.

Biotite composition

Analysis of biotite grains in the garnet–biotite gneiss 
revealed the highest Fe(II) content, calculated for 22 oxygens, 
in inclusions within garnet cores, ranging from 2.93 to 2.97 
apfu (atom per formula unit). Lower values were observed in 

Fig. 5. Typical petrographic features of chlorite schist. A — Chlorite plates rimmed by biotite, with microfolding of the foliation plane.  
B — Epidote crystals and opaque grains oriented along the foliation plane. PPL: plane-polarised light. Mineral abbreviation after Whitney & 
Evans (2010).

https://geologicacarpathica.com/data/files/supplements/GC-76-Kondor_TablesS1-S2.docx
https://geologicacarpathica.com/data/files/supplements/GC-76-Kondor_TablesS1-S2.docx
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garnet rims (Fe(II) = 2.55–2.66 apfu) and in the matrix  
(Fe(II) = 2.43–2.79 apfu). In contrast, the Mg content showed 
an opposite trend, with values of Mg = 1.83–1.90 apfu in the 
garnet core, Mg = 2.18–2.27 apfu in the rim, and Mg = 0.43–
0.49 apfu in the matrix. Based on Fe / (Fe + Mg) > 0.50 and 
Al(total) < 4.0 apfu, biotite in all textural positions is classified 
as annite. The Ti content was similar across all textural 
positions. In the garnet–kyanite gneiss, biotite flakes exhibit 
similar compositions in all textural positions. The lowest 
Fe(II) content occurs in inclusions of large garnet porphyro-
blasts (Grt1), ranging from 1.92 to 2.44 apfu. Larger biotite 
flakes in the matrix (Bt1) are characterised by Fe(II) = 2.23–
2.75 apfu, while smaller biotite flakes in the matrix (Bt2) show 
Fe(II) = 2.07–2.65 apfu. Inclusions within the small, idioblas-
tic garnet grains (Grt2) have Fe(II) contents ranging from 1.94 
to 2.41 apfu. Biotite inclusions in Grt1 and Grt2 porphyroblasts 
generally exhibit higher Mg content, corresponding to a phlo-
gopite composition (Fe / (Fe + Mg) < 0.50), whereas matrix flakes 
are classified as annite with lower Mg content. The highest Ti 
content was found in Bt1 flakes (0.11–0.32 apfu) and in Grt1 

inclusions (0.18–0.33 apfu), while lower values were recorded 
in Bt2 (0.06–0.24 apfu) and Grt2 (0.12–0.21 apfu). Among the 
three gneiss types, biotite in pseudomorph-bearing gneiss has 
the highest Al(total) and Fe(II) contents, with Fe(II) = 2.68–
2.80 apfu in garnet inclusions and Fe(II) = 2.45–3.09 apfu in 
the matrix. In contrast, the Ti content of biotite in this rock 
type was the lowest among the three gneisses. Based on the  
Fe / (Fe + Mg) ratio, the biotite grains are classified as annite. 
Representative major oxide composition of biotite is included 
in Supplementary Table S2.

White mica composition

White mica formulae were calculated based on 22 oxygens. 
In all rock types, the high Si content, low Fe + Mg content, and 
minimal paragonite substitution indicate a phengitic (Ph) 
composition. In the garnet–biotite gneiss, the white mica in 
the matrix exhibits Si values of 6.17–6.38 apfu and Al(total) 
values of 5.08–5.43 apfu. The Na content is low (0.09–0.28 
apfu), while Fe + Mg ranges between 0.31–0.64 apfu. A similar 

Fig. 6. Petrographic features of metagranite. A — Plagioclase feldspar clast displaying a polygonal microtexture. B —Myrmekitic grain.  
C — Sericitisation of a feldspar clast. D — Hypidiomorphic tourmaline oriented along the foliation. PPL: plan-polarised light; XPL: crossed-
polarised light. Mineral abbreviation after Whitney & Evans (2010).

https://geologicacarpathica.com/data/files/supplements/GC-76-Kondor_TablesS1-S2.docx
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composition is observed in garnet–kyanite gneiss, where white 
mica appears in three textural positions (Grt1 inclusions, 
matrix, and Grt2 inclusions), all of which are identified as 
phengite. Si content varies between 5.98–6.34 apfu in Grt1 
inclusions, 6.02–6.24 apfu in the matrix, and 6.02–6.06 apfu 
in Grt2 inclusions. Al(total) content remains consistent, ran
ging between 5.16–5.63 apfu in Grt1, 5.42–5.76 apfu in the 
matrix, and 5.53–5.57 apfu in Grt2. Fe + Mg values are higher 
in Grt1 (0.45–0.56 apfu) and Grt2 (0.40–0.44 apfu) compared 
to the matrix (0.21–0.40 apfu). The paragonite component  
is uniformly low (Na < 0.40 apfu). In pseudomorph-bearing 
gneiss, the larger matrix crystals (Ph1) have Si values of  
6.07–6.26 apfu and Al(total) of 5.35–5.59 apfu, while fine-
grained flakes (Ph2) range from 5.96 to 6.11 apfu in Si and 
5.51 to 5.84 apfu in Al(total). Fe + Mg contents vary between 
0.23–0.42 apfu (Ph1) and 0.19–0.57 apfu (Ph2), with negli
gible paragonite substitution (Na = 0.13–0.31 apfu in Ph1 and  
0.23–0.37 apfu in Ph2). Representative major oxide composi-
tion of white mica is included in Supplementary Table S2.

Chlorite composition

Chlorite grains in the matrix of the chlorite schist shows 
Fe(II) = 3.38–3.75 apfu, Fe(III) = 0.00–0.18 apfu, and Mg = 
5.07–5.62 apfu content, with Mg / (Mg + Fe) ratio ranging from 
0.58 to 0.61 apfu. AlIV values are between 2.20–2.62 apfu, 
while AlVI ranges from 2.49 to 2.68 apfu, with an Al(total) of 
4.78–5.19 apfu. According to the chlorite formula, calculated 
for 28 oxygens, the rock matrix comprises clinochlorite and 
Fe-clinochlorite.

Opaque minerals composition

Opaque minerals in all three rock types are Fe–Ti oxides 
with variable FeO and TiO2 contents. In the garnet–biotite 
gneiss, ilmenite (TiO2 = 48.41–50.59 wt % (weight percent), 
FeO = 39.49–40.22 wt %) and nearly pure rutile (TiO2 = 92.30–
95.10 wt %) occur in the matrix. The garnet–kyanite gneiss 
contains Fe–Ti oxides free of hematite components, including 

Fig. 7. Compositional profiles across garnet crystals from various lithologies. A–B — Core-to-rim composition profile of a garnet grain in 
garnet–biotite gneiss. C–D — Rim-to-rim composition profile of a garnet grain in garnet–kyanite gneiss. Red arrows indicate the series of 
measurements.

https://geologicacarpathica.com/data/files/supplements/GC-76-Kondor_TablesS1-S2.docx
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pseudorutile (FeO = 25.56–30.33 wt %, TiO2 = 63.35–63.98 wt %) 
and ilmenite (FeO = 38.26–43.39 wt %, TiO2 = 40.71–49.32 wt%). 
In the pseudomorph-bearing gneiss, ilmenite (FeO = 42.76–
43.84 wt %, TiO2 = 48.50–51.03 wt %) and pseudorutile (FeO = 
24.32 wt %, TiO2 = 63.19 wt %) are present. In the chlorite 
schist, opaque grains (Fig. 5B) with FeO(total) = 92.25– 
97.02 wt % were identified as magnetite. Additionally,  
high-Cu crystals were observed as overgrowths on idiomor-
phic and hypidiomorphic opaque minerals, with compositions 
of FeO = 9.91–18.06 wt % and CuO = 36.74–51.41 wt %, cor
responding to bornite.

Tourmaline composition

Tourmaline crystals in the garnet–biotite gneiss exhibit 
distinct chemical zonation, with variations in Fe, Mg, Ca, and 
Na content between core and rim. Based on the Ca / (Ca + Na) 
ratio in the X-site and the Fe / (Fe + Mg) ratio in the Y-site, 
tourmaline grains belong to the alkali group with dravite com-
position (Fig. 8A). The core exhibits higher Fe(II) content 
(1.07–1.28 apfu) and lower Mg content (1.30–1.57 apfu) com-
pared to the rim, where Fe(II) = 0.71–1.29 apfu and Mg =  
1.47–1.85 apfu. The Ca / (Ca + Na) ratio increases from  
0.06–0.17 in the core to 0.16–0.35 in the rim. In the X site,  
Ca increased from 0.04–0.14 apfu in the core to 0.14–0.25 
apfu in the rim, whereas Na decreased from 0.67–0.81 apfu in 
the core to 0.42–0.69 apfu in the rim. The tourmaline crystals 
are Mn-free (< 0.05) both in the core and on the rim. Chemical 
zonation is evident in the FeO / (FeO + MgO) vs MgO diagram 
(Pirajno & Smithies 1992), showing a continuous increase in 
MgO content from core to rim (Fig. 8B). 

Thermobarometry

Thermobarometric calculations were conducted for P–T 
sensitive mineral phases in various textural positions within 

different rock types. For garnet–biotite gneiss, P–T calcula-
tions were made for garnet cores, garnet rims, and the matrix 
paragenesis. In garnet–kyanite gneiss, calculations were made 
for large garnet porphyroblasts and their inclusions (Grt1), 
large biotite (Bt1) and white mica flakes in the matrix (matrix1), 
small biotite (Bt2) and white mica grains in the matrix 
(matrix2), as well as small garnet idioblasts and their inclu-
sions (Grt2). Considering the mineral chemistry, both Grt1 and 
Grt2 porphyroblasts have a nearly constant composition from 
the core to the rim. Thus, the distinction between core and rim 
measurements is irrelevant. For pseudomorph-bearing gneiss, 
calculations were made for garnet porphyroblasts and their 
inclusions (Grt), large white mica grains (Ph1) and biotite 
flakes (matrix1), as well as fine-grained white mica (Ph2) 
(matrix2) of the matrix. For chlorite schist, T was estimated 
from chlorite in the matrix. Since the thermobarometric data 
do not follow a normal statistical distribution, parametric sta-
tistics such as the mean and standard deviation are not appro-
priate. Therefore, the median and interquartile range (IQR) 
were used to characterise the P–T conditions for each textural 
position. The results of the thermobarometric calculation for 
three gneiss types are given in Table 1.

The Ti-in-biotite thermometer of Henry et al. (2005) was 
applied to estimate the T of all parageneses within the three 
gneisses, as the formation of new biotite typically characte
rises these assemblages. The titanium (Ti) content in biotite 
correlates with T, as sufficient Ti is available in the rocks to  
be incorporated into biotite (Forbes & Flower 1974; Robert 
1976). The incorporation of Ti into biotite can be influenced 
by the chemical equilibrium of coexisting minerals and the 
presence of fluids (Henry & Guidotti 2002). Chemical equilib-
rium ensures a stable distribution of Ti among coexisting 
minerals, facilitating its incorporation into biotite. In contrast, 
non-equilibrium conditions can lead to variable Ti concentra-
tions in biotite. The presence of fluid in the matrix can increase 
the mobility of Ti, affecting its incorporation into biotite. 

Fig. 8. Tourmaline classification diagrams. A — Tourmaline classification based on Ca / (Ca + Na) in the X-site and Fe / (Fe + Mg) in the Y-site. 
B — FeO / (MgO + FeO) vs. MgO diagram of the analysed tourmaline crystals, illustrating the relationship between composition and formation 
environment. A: tourmalines associated with endogranitic to proximal environments. B: tourmalines from proximal to distal environments.  
C: tourmalines from distal environments and fluid-precipitated tourmalines (modified after Pirajno & Smithies 1992).
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These factors contribute to the uncertainty of the T estimates 
derived from this method. T calculation based on the Ti and 
Mg / (Mg + Fe) relationship (Fig. 9) yielded values of 558  
± 33 °C in the garnet core, 603 ± 3 °C on the garnet rim of the 
garnet–biotite gneiss, and 588 ± 24 °C in the biotite flakes of 
the matrix. A T of 640 ± 10 °C was estimated for inclusions in 
Grt1 blasts within garnet–kyanite gneiss. The peak T of 655  
± 25 °C was calculated for Bt1 (matrix1). For Bt2 (matrix2),  
a T of 600 ± 40 °C was obtained, while inclusions in Grt2 blasts 
yielded a T of 610 ± 38 °C. 558 ± 3 °C was determined for 
biotite inclusions in garnet grains of pseudomorph-bearing 
gneiss, and 545 ± 8 °C for matrix biotite flakes (matrix1).

The Ti-in-biotite thermometer of Wu & Chen (2015) was 
coupled with a Bt–Ms geobarometer by Wu (2020). This 
method applies to metapelites containing an Al2SiO5 phase, 
making it unsuitable for estimating P–T conditions of garnet–
biotite gneiss. The technique can be used for the garnet–
kyanite gneiss and pseudomorph-bearing gneiss. P–T values 

of 594 ± 43 °C and 7.5 ± 1.3 kbar were calculated for Grt1 in 
garnet–kyanite gneiss, while 633 ± 24 °C and 8.0 ± 0.9 kbar 
were determined for matrix1. For matrix2, P–T conditions of 
572 ± 72 °C and 6.1 ± 1.4 kbar were obtained. For Grt2, values 
of 478 ± 37 °C and 5.0 ± 0.7 kbar were calculated. The cali
bration could not be applied to garnet grains in pseudomorph-
bearing gneiss due to the absence of white mica inclusions. 
For matrix1, the method determined 472 ± 87 °C and 4.1  
± 1.5 kbar. P–T calculation for matrix2 is uncertain because 
fine-grained white mica is not associated with the formation  
of T-sensitive new biotite. For matrix2, the method yielded 
548 ± 13 °C and 5.4 ± 0.2 kbar. However, the applied Bt–Ms 
geobarometry is subject to some uncertainty, as the compo
sition of the white micas measured in these rocks mostly cor-
responds to phengitic compositions.

The garnet barometer (Wu 2019) combined with the GB 
thermometer of Holdaway (2000) applies to metapelites with-
out Al2SiO5 phase or plagioclase feldspar. The approach is 

based on the Fe2+–Ca2+ net transfer reaction 
between coexisting garnet, titanite, ilmenite, 
and quartz, where Ca incorporation into garnet 
positively correlates with P. Considering the 
mineral chemistry, garnet grains in the garnet–
kyanite gneiss have a very low Ca content.  
In rocks with low Ca content, the Ca concentra-
tion in garnet is independent of P and is deter-
mined solely by the available Ca. For such 
compositions, calculated P values are likely 
underestimated and are minimal P values. 
Therefore, the method does not apply to gar-
net–kyanite gneiss but is suitable for garnet–
biotite gneiss and pseudomorph-bearing gneiss 
with a higher Ca content. Using this method, 
P–T conditions of 728 ± 31 °C and 11.5 ± 1.3 kbar 
were determined for the garnet core and 626  
± 36 °C and 9.9 ± 0.5 kbar for the garnet rim in 
garnet–biotite gneiss. For the garnet rim and 
matrix biotite flakes (matrix), 625 ± 29 °C and 
10.0 ± 0.7 kbar were determined. In pseudo-
morph-bearing gneiss, P–T conditions of  

Fig. 9. Ti-in-biotite thermometer (Henry et al. 2005). Symbols in the diagram represent 
the Ti vs. Mg / (Mg + Fe) of biotite from various lithologies.

Table 1: Results of the thermobarometric calculations. The values are characterised by the robust median and interquartile range (IQR).

Henry et al. 
(2005) Wu (2020) Wu (2019) Ferry & Spear 

(1978)
Caddick & Thompson 

(2008)

Rock type Texture 
position

Ti-in-Bt
(°C)

Ti-in-Bt
(°C)

Bt–Ms
(kbar)

GB
(°C)

Grt
(kbar)

GB
(°C)

Si-in phengite
(kbar)

Garnet–biotite 
gneiss

Grt core 558 ± 33 – – 728 ± 31 11.5 ± 1.3 688 ± 12 –
Grt rim 603 ± 3 – – 626 ± 36 9.9 ± 0.5 582 ± 39 –
matrix 588 ± 24 – – 625 ± 29 10.0 ± 0.7 591 ± 44 8.3 ± 0.7

Garnet–kyanite 
gneiss

Grt1 640 ± 10 594 ± 43 7.5 ± 1.3 – – 545 ± 46 6.7 ± 0.4
matrix1 655 ± 25 633 ± 24 8.0 ± 0.9 – – 605 ± 34 –
matrix2 600 ± 40 572 ± 72 6.1 ± 1.4 – – 582 ± 22 6.2 ± 1.1

Grt2 610 ± 38 478 ± 37 5.0 ± 0.7 – – 596 ± 42 4.6 ± 0.8

Pseudomorph-
bearing gneiss

Grt 558 ± 3 – – 579 ± 5 6.7 ± 0.1 553 ± 3 –
matrix1 545 ± 8 472 ± 87 4.1 ± 1.5 564 ± 26 4.9 ± 0.6 531 ± 41 5.2 ± 1.4
matrix2 – 548 ± 13 5.4 ± 0.2 – – – 5.1 ± 1.2
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579 ± 5 °C and 6.7 ± 0.1 kbar were estimated for garnet  
blasts, and 564 ± 26 °C and 4.9 ± 0.6 kbar for matrix biotite 
(matrix1).

Reference P ranges for the GB thermometer of Ferry & 
Spear (1978) were taken from the garnet geobarometer  
(Wu 2019) for garnet–biotite gneiss and pseudomorph-bearing 
gneiss, and from the Bt–Ms geobarometer (Wu 2020) for 
garnet–kyanite gneiss. The T estimated for the garnet core  
in garnet–biotite gneiss at ~10–13 kbar is 688 ± 12 °C, while 
for the garnet rim at ~9–10 kbar is 582 ± 39 °C. The T for  
the matrix is calculated to be 591 ± 44 °C at ~9–11 kbar.  
For Grt1 and their biotite inclusions in garnet–kyanite gneiss, 
545 ± 46 °C was determined at ~ 6–9 kbar. The rims of Grt1 
porphyroblasts and associated matrix Bt1 (matrix1) show T of 
605 ± 34 °C at ~7–9 kbar. Grt2 idioblasts have a T of 596 ± 42 °C 
within a P range of ~ 4–6 kbar. The rims of Grt2 porphyroblasts 
and matrix Bt2 (matrix2) have a T of 582 ± 22 °C at ~5–7 kbar. 
The conditions for the garnet porphyroblasts in pseudo-
morph-bearing gneiss were determined to be 553 ± 3 °C at 
~6–7 kbar. The conditions for garnet rim and matrix biotite 
(matrix1) were calculated to be 531 ± 41 °C at ~ 4–5 kbar.

Si-in-phengite barometers were also used to estimate P con-
ditions, as the composition of the white micas measured in 
gneisses corresponds to phengitic compositions. Over the last 
few decades, several phengite-based geobarometer calibra-
tions have been developed based on the relationship between 
P and Si content in phengite (Massonne & Schreyer 1987; 
Caddick & Thompson 2008; Kamzolkin et al. 2016). The method 
is typically applied to high-P metamorphic rocks, such as 
eclogites, where phengite is a typical phase. Massonne & 
Schreyer’s (1987) geobarometer is exclusively based on the Si 
content of phengite, neglecting Mg content, which correlates 
positively with both Si content and P through Tschermak 
substitution, resulting in a minimum P value in the studied 
gneisses. The barometer of Kamzolkin et al. (2016), which 
considers Al, Mg, Fe, and Si in phengite, tends to overestimate 
P conditions for gneisses due to the T-dependent nature of Fe. 
The method of Caddick & Thompson (2008) was calibrated 
for low- to medium-grade metapelites, considering both 
P-dependent Si and Mg. This method is suitable for all three 
gneisses. For phengite flakes in the matrix of garnet–biotite 
gneiss, 8.3 ± 0.7 kbar was estimated. In garnet–kyanite gneiss, 
P was determined as 6.7 ± 0.4 kbar for inclusions of Grt1, 
6.2 ± 1.1 kbar for matrix (matrix2), and 4.6 ± 0.8 kbar for 
phengite inclusions of Grt2. In pseudomorph-bearing gneiss, 
5.2 ± 1.4 kbar was determined for Ph1 flakes (matrix1), while 
Ph2 flakes (matrix2) resulted in 5.1 ± 1.2 kbar.

The thermometers used for chlorite schist are based on  
the AlIV content in chlorite crystals, which correlates with T. 
Using the formula T = 249.56AlIV − 320.28 of Hillier & Velde 
(1991), a T of 293 ± 29 °C was determined. Further observa-
tions revealed that, besides Al, the Fe and Mg content in  
the crystals is also T-dependent and influenced by the geolo
gical environment. Using the formula T = 106(AlIV + 0.7 [Fe / 
(Fe + Mg)] + 18 proposed by Kranidiotis & MacLean (1987),  
a T of 308 ± 10 °C was determined. Applying the formula  

T = 106.2(AlIV – 0.88 ([Fe / (Fe + Mg)] – 0.34)) +17.5 from Zang 
& Fyfe (1995) a T of 274 ± 15 °C was calculated.

Discussion

Metamorphic evolution

Garnet–biotite gneiss

Microtextural characteristics of the rock suggest a mono
metamorphic origin with a retrograde overprint. The meta-
morphic paragenesis is represented by quartz, K-feldspar, 
biotite, garnet, rutile, and locally graphite. Two foliation 
planes can be identified: the main S2, and a pre-existing S1 
foliation resulting from two distinct deformation phases. 
Inclusion trails in garnet blasts (Fig. 2B, C) suggest the pre-
kinematic growth of garnet relative to the S2 foliation.  
The chemical zoning profile of the garnet blasts, characterised 
by decreasing grossular and increasing pyrope content towards 
the rim (Fig. 7A, B), indicates grain growth under conditions 
of decreasing P and increasing T. This trend aligns with Ti-in-
biotite thermometry results. However, the lower T values 
compared to the GB methods in the core reflect non-equilib-
rium conditions during garnet growth. Based on GB thermo
meters and garnet barometry, peak metamorphic conditions in 
the garnet core were estimated to be Pmax ~11.0–12.0 kbar and 
Tmax ~670–720 °C. Conditions of ~9.5–10.5 kbar and ~570–
630 °C were estimated for the garnet rim and the coexisting 
matrix biotite. For the phengite flakes of the matrix, P values 
of ~8.0–8.5 kbar can be estimated, suggesting that the phen
gite formed along a retrograde path due to decompression. 
These results indicate that the garnet–biotite gneiss underwent 
a progressive, regional, clockwise P–T path. Peak conditions 
were followed by decompression and increasing T, leading to 
retrograde overprinting (Fig. 10A). Mylonitic microtextures, 
including mica fishes, asymmetric K-feldspar σ-clasts, and 
S–C structures in the intensively deformed parts of the rock, 
indicate ductile shear deformation along the retrograde path. 
Additionally, undeformed, prismatic tourmaline crystals sug-
gest a metasomatic overprint following the development of  
the S2 foliation. 

Garnet–kyanite gneiss

The rock exhibits a polymetamorphic character. The M1 
metamorphic event is represented by the assemblage of quartz, 
K-feldspar, biotite1, phengite, garnet1, and rutile. Staurolite  
is rare, occurring as inclusions within garnet1 porphyroblasts. 
The GB thermometers and Bt–Ms barometer estimated the 
growth conditions for garnet1 at ~7.0–7.5 kbar and ~550–600 °C. 
The Ti-in-biotite thermometer of Henry et al. (2005) sugges
ted higher T conditions, reflecting a non-equilibrium state. 
The peak conditions of the M1 paragenesis are estimated at 
Pmax ~ 7.5–8.5 kbar and Tmax ~600–650 °C (Fig. 10B). Consi
dering the P–T values, the rock underwent progressive, 
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regional metamorphism, involving chemically homogeneous 
garnet1 growth and biotite1 formation. The main (S2) and  
the pre-existing (S1) foliations of the rock resulted from two 
distinct deformation phases. The garnet1 porphyroblasts are 
pre-kinematic to the S2. 

Fine-grained kyanite aggregates replacing garnet1 porphy-
roblasts represent the second stage of metamorphism (M2). 
According to the TWQ modelling of Kondor & M. Tóth 
(2021), kyanite formed due to the garnet + K-feldspar + H2O = 
quartz + kyanite + biotite hydration reaction at T > 500 °C and  
P > 4.0 kbar. On the basis of M. Tóth & Vargáné Tóth (2020), 
the M2 assemblage of the garnet–kyanite gneiss in the adjacent 
DH area formed at P < 6.5 kbar and T of ~730 °C. Although 
sillimanite should be stable under these conditions, its forma-
tion may be hindered by low nucleation rates and the absence 
of white mica. Since biotite is the dominant mica, this may 
lead to the formation of metastable kyanite aggregates instead 
of sillimanite (M. Tóth & Vargáné Tóth 2020). Fine-grained, 
non-oriented kyanite aggregates suggest intensive nucleation 
and crystal growth resulting from heating coinciding with 
decompression. Such conditions are possible in the surroun
dings of igneous intrusions. Considering this model, the rock 
was affected by a contact metamorphic (metasomatic) event 
caused by a granite/granodiorite intrusion following the pro-
gressive, regional metamorphic peak (Fig. 10B). Undeformed, 
idiomorphic tourmaline crystals should also be the result of 
this metasomatic effect. 

The heating was followed by rapid cooling and decompres-
sion. Thermobarometric calculations show that mica flakes in 
the matrix (matrix2) defining the S2 foliation formed under 
~5.5–6.5 kbar and ~570–620 °C conditions along the retro-
grade path. Garnet2 indicates lower P values of ~4.8–5.2 kbar. 
In contrast, the Ti-in-biotite thermometer (Henry et al. 2005) 
and the GB thermometer (Ferry & Spear 1978) yielded  
higher T, while the Ti-in-biotite thermometer by Wu (2020) 
estimated lower T conditions compared to the matrix2. Given 
the differences in T values derived from the Ti-in-biotite ther-
mometers, the results are considered uncertain, suggesting 
non-equilibrium conditions. The GB thermometer suggests 
that the chemically homogeneous garnet2 idioblasts formed at 
~560–610 °C along a continuous retrograde path (Fig. 10B). 
Sheared, ductilely deformed microtextures (e.g., asymmetric 
σ-clasts, mica fishes, S–C structures) indicate mylonitic defor-
mation along the retrograde pathway. 

Pseudomorph-bearing gneiss

The gneiss shows polymetamorphic features. The M1 
mineral assemblage consists of quartz, K-feldspar, biotite, 
garnet, and rutile. Based on thermobarometric calculations, 
the peak metamorphic conditions are estimated at Pmax ~6.5–
7.0 kbar and Tmax ~550–580 °C for garnet porphyroblasts.  
The garnet rim and the matrix minerals consistently yielded 
lower P–T conditions. The thermobarometer of Wu (2020)  
is associated with significant uncertainty. For biotite and 
phengite1 (matrix1), this method yielded significantly lower 

Fig. 10. Proposed metamorphic evolutions of the studied gneisses. 
Arrows indicate the predicted metamorphic P–T path. A — Meta
morphic evolution of garnet–biotite gneiss. B — Metamorphic evo
lution of garnet–kyanite gneiss. C — Metamorphic evolution of 
pseudomorph-bearing gneiss.
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P–T conditions compared to other methods. Conversely, it 
provided higher P and T for matrix2 (phengite2) compared to 
matrix1. The textural position of biotite suggests coexistence 
with phengite1; therefore, P conditions for phengite2 can only 
be reliably estimated using the Si-in-phengite barometer. 
Metamorphic conditions of ~4.5–5.0 kbar and ~540–580 °C 
could be estimated for matrix minerals, indicating a retrograde 
metamorphic path following peak conditions (Fig. 10C).

The rock contains kyanite–staurolite aggregates, a few milli
metres in size, surrounded by fine-grained white mica (Fig. 4c, d). 
These aggregates exhibit rhomboidal, cross-shaped, or finger-
like forms, resembling andalusite (Fig. 4e). The coexistence of 
Al2SiO5 polymorphs in the same metapelite commonly indi-
cates a non-equilibrium state. Andalusite + sillimanite and 
kyanite + sillimanite parageneses are the most common, with 
sillimanite progressively forming from andalusite or kyanite. 
In contrast, transformations such as sillimanite → andalusite, 
sillimanite → kyanite, or andalusite → kyanite are generally 
associated with retrograde, multiphase metamorphic processes 
(Sánchez-Navas et al. 2012). The andalusite → kyanite reac-
tion can be interpreted in several ways (Whitney 2002; Sepahi 
et al. 2004; Kim & Ree 2010). Evans & Berti (1986) suggested 
that an initial contact metamorphic event producing andalusite 
was overprinted by Barrovian-type metamorphism, resulting 
in kyanite + staurolite pseudomorphs after andalusite. Simi
larly, Pitra & Martínez (2024) reported kyanite + staurolite 
aggregates as retrograde products of an earlier high-T meta-
morphic event overprinted by lower-grade Barrovian-type 
metamorphism. According to Martinez et al. (2001), andalu-
site may form during progressive metamorphism and be over-
printed by a retrograde metamorphic event within the stability 
field of kyanite, producing kyanite aggregates. Sánchez-Navas 
et al. (2012) noted that although andalusite and kyanite have 
identical formulae, they cannot be directly transformed into 
one another. Instead, andalusite initially alters to muscovite, 
involving mobile components such as K+ or H2O, forming  
a muscovite aureole around the andalusite, while biotite in  
the surrounding matrix dissolves. Finally, andalusite + biotite 
and muscovite are replaced by muscovite + kyanite domains. 
In this reaction, muscovite and biotite act as catalysts, facili-
tating the andalusite → kyanite transformation and producing 
a fine-grained muscovite aureole around the kyanite–stauro-
lite pseudomorphs, as observed in the pseudomorph-bearing 
gneiss. 

This reaction, coupled with the morphology and structure of 
kyanite–staurolite aggregates, suggests the former presence of 
andalusite. Since andalusite is stable under HT/LP conditions, 
this implies that following regional metamorphism (M1),  
the rock may have experienced a contact metamorphic 
overprint (M2) along a retrograde path, forming andalusite 
porphyroblasts related to an unidentified magmatic event  
(Fig. 10C). During retrograde cooling, these porphyroblasts 
transformed into the kyanite–staurolite aggregates with fine-
grained muscovite aureole. Undeformed, idiomorphic tour
maline crystals may also be products of the same contact 
metasomatic event.

Chlorite schist

The chlorite schist exhibits a well-developed S1 foliation. 
The chlorite, quartz, K-feldspar, plagioclase feldspar parage
nesis represents the M1 assemblage, for which chlorite ther-
mometers estimated a T of ~270–300 °C. Biotite along chlorite 
bands indicates peak metamorphic conditions near the boun
dary of the chlorite–biotite zone. The chlorite schist formed 
under low-grade, greenschist facies progressive regional 
metamorphism, followed by a metasomatic overprint, which 
led to the formation of idiomorphic, hypidiomorphic magne-
tite, as well as copper-bearing opaque phases. The metaso-
matic overprint was followed by shearing (Kondor & M. Tóth 
2021).

Metagranite

Mineral composition and microtextural features such as 
idiomorphic plagioclase feldspar clasts, polygonal microtex-
tured K-feldspar, and euhedral habit of zircon indicate the 
igneous origin of this rock type (Vernon & Collins 1988).  
No mineral assemblages associated with progressive or retro-
grade metamorphic overprint were identified. The rock dis-
plays a slightly developed S1 foliation and an equigranular 
texture. Sericite bands along S1 planes indicate deformation 
during the retrograde pathway. Oriented tourmaline grains 
aligned with the S1 foliation suggest pre-kinematic growth.

Metasomatism

The post-kinematic tourmaline is an essential textural fea-
ture in all gneiss varieties, suggesting metasomatic overprin
ting. In metamorphic rocks, tourmaline, the primary boron (B) 
reservoir, can form in two ways. Under regional metamorphic 
conditions, tourmaline may develop within a closed chemical 
system by utilising the B-content of the protolith (de la Cruz 
2021). Organic, clayey sediments provide sufficient B for such 
processes. The post-kinematic appearance of tourmaline sug-
gests it did not form under regional metamorphic conditions. 
Since tourmaline is stable across nearly the entire metamor-
phic P–T field, the availability of B is crucial for its formation. 
The absence of pre-kinematic tourmaline in the gneisses 
implies that the B must have derived from an external fluid 
source, leading to tourmalinisation (Spránitz et al. 2018; Slack 
2022). Given the similarities in the optical properties of tour-
maline in metagranite and gneisses, it is likely that the granite 
intrusion in the host gneisses was the source of B. The major 
limiting factor for post-kinematic tourmaline formation is the 
amount of B transported by post-magmatic fluids (Trumbull et 
al. 2020; de la Cruz 2021). The chemical composition of  
the tourmaline crystals, with an increase in Mg content from 
core to rim and a decrease in Fe content, suggests a thermally 
declining hydrothermal system, where the tourmaline grains 
crystallised from cooling fluids in a distal environment  
(Fig. 8B).
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The gneisses contain idiomorphic ilmenite and rutile needles 
oriented along foliation planes. In metapelites, the main Ti 
phase is biotite. During hydrothermal metasomatism, the break
down of biotite may release Ti, leading to the formation of 
TiO2 phases. Given the low solubility of Ti (Ayers & Watson 
1993), rutile can nucleate in the textural position of biotite 
(Rabbia et al. 2009), explaining the orientation of rutile and 
ilmenite along the foliation planes. The late crystallisation of 
rutile and ilmenite is thus linked to the metasomatic break-
down of biotite, particularly in biotite-rich zones where more 
Ti is available (Rabbia et al. 2009). These phases could not 
crystallise directly from the post-magmatic fluids. Metasoma
tism, which causes tourmaline crystallisation, is indirectly 
responsible for the crystallisation of the late TiO2 phases. 

Spatial correlation

The point map of the principal rock types reveals that the 
primary lithologies are localised within well-defined sub-
regions. Garnet–kyanite gneiss dominates the NW and SE 
parts of the AH, as well as the northern part of the Ferencszállás 
dome. Garnet–biotite gneiss is exclusively identified in the 
Ferencszállás area, while pseudomorph-bearing gneiss occurs 
in the Kiszombor area. The highest part of the AH is composed 
of epidote orthogneiss, whereas chlorite schist dominates 
along a NW–SE-oriented zone (Kondor & M. Tóth 2021). 
Metagranite is present in boreholes near the northern part  
of Ferencszállás (Fig. 11). This spatial distribution suggests 

the presence of a mosaic of blocks with independent meta
morphic evolutions in the study area.

To interpret the spatial relationship between these blocks, 
the metamorphic histories of the principal lithologies must be 
compared. The evolution of the three main gneiss types can be 
evaluated within a unified model. All types have S1 and S2 
foliation planes, with their first progressive regional meta
morphism (M1) characterised by the paragenesis of quartz, 
K-feldspar, biotite, garnet, rutile, and phengite. Thermobaro
metric calculations indicate a clockwise metamorphic path for 
each gneiss, with garnet + biotite assemblages preserving the 
peak metamorphic conditions. Variations in Pmax and Tmax 
values suggest metamorphism at different crustal depths 
within the garnet stability field. The primary differences 
between gneisses are marked by the mineral assemblage asso-
ciated with the M2 metamorphic overprint. This overprint is 
linked to a contact metamorphic event in garnet–kyanite gneiss 
and pseudomorph-bearing gneiss, leading to the formation  
of fine-grained kyanite aggregates and tourmaline crystals. 
The difference is the precursor phase of kyanite: in garnet–
kyanite gneiss, kyanite aggregates replace garnet, whereas  
in pseudomorph-bearing gneiss, they are suggested to be pseu-
domorphs after andalusite. CL observations show colour dif-
ferences between the two kyanite varieties, indicating 
variations in chemical composition (Fig. 12). Red CL colour 
indicates Cr3+ substitution, with varying peak intensities reflec
ting differences in Cr3+ concentrations and T (Müller et al. 
2016). In garnet–kyanite gneiss, higher peak intensity sug

gesting higher Cr3+ concentrations and T 
conditions during kyanite formations. Con
versely, pseudomorph-bearing gneiss shows 
lower intensities, indicating lower Cr3+ con-
centration and T (Fig. 12). These differences 
imply distinct metamorphic conditions or 
variations in protolith, supporting varied gene
tic histories for the kyanite-bearing gneisses. 
Since andalusite is stable at low-P and kyanite 
at medium- to high-P, the contact meta
morphic overprint likely affected the garnet–
kyanite gneiss at a deeper crustal level. 

The garnet–biotite gneiss is of monometa-
morphic origin, with no textural evidence of 
contact metamorphism or the formation of 
secondary kyanite or andalusite, distinguish-
ing its evolution from that of kyanite-bearing 
gneisses. Contact metasomatic effects from 
an igneous intrusion are indicated exclusively 
by undeformed, post-kinematic tourmaline 
grains. Although the contact metamorphic 
(metasomatic) overprint diversely affected 
the three gneiss types, they can be interpreted 
within the same genetic model and together 
define the middle gneiss terrane. Assuming 
the M2 parageneses are related to the same 
granitoid intrusion, the gneisses had to be 
affected by contact metamorphism at 

Fig. 11. Contour map of the basement of the AFK area. Symbols on the point map 
represent the primary lithology of the boreholes.
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different crustal depths. The protolith of the metagranite in the 
Ferencszállás area is likely the intrusive body responsible for 
the M2 overprint. Currently, the three members of the middle 
gneiss terrane form a horizontal sequence of blocks without 
any continuous transition. Consequently, post-metamorphic 
structural boundaries must separate them.

The metamorphic evolution of epidote orthogneiss and 
chlorite schist differs significantly from that of the previously 
described gneisses, suggesting the presence of structural 
boundaries between the low- and medium-grade units (Kondor 
& M. Tóth 2021). Kondor & M. Tóth (2021) proposed that 
these two low-grade rocks represent blocks with different 
metamorphic evolutions, separated by post-metamorphic 
structural boundaries (Fig. 13). Considering the spatial posi-
tions of the primary lithologies, the metamorphic basement  
of the AFK area comprises well-defined blocks with diverse 
metamorphic evolutions. The low-grade units occupy the 
highest structural position, while the medium-grade gneisses 
are found at lower structural level. 

Geological evolution 

The crystalline basement of the AFK area is lithologically 
heterogeneous, comprising predominantly gneisses, including 
rocks previously described as mica schists, intercalated with 
amphibolite lenses (Szalay 1977; Szederkényi 1984; T. Kovács 
& Kurucz 1984; Kondor & M. Tóth 2021), as well as low-
grade rocks occupying the shallowest structural positions 
(Kondor & M. Tóth 2021). Although previous publications 
referred to some lithologies as mica schists, detailed petro-
graphic analysis indicates that these rocks represent mica-rich 
or altered domains of the gneisses. Earlier studies (Szederkényi 
1984; Lelkes-Felvári et al. 2005) described the metamorphic 
basement of the area as a single lithostratigraphic unit, the 
so-called Dorozsma Complex, and assumed a uniform poly-
metamorphic evolution for the entire basement. Previous 

works (Szalay 1977; Szederkényi 1984; T. Kovács & Kurucz 
1984; Horváth & Árkai 2002; Lelkes-Felvári et al. 2003, 2005; 
Kondor & M. Tóth 2021) generally agree that the gneisses 
experienced an initial progressive, amphibolite facies, regional 
metamorphism. According to Lelkes-Felvári et al. (2003),  
the first event was an HT–LP metamorphism, interpreted to be 
of Permo–Triassic age (273 ± 2 Ma), while Horváth & Árkai 
(2002) do not rule out its Alpine origin. In both interpretations, 
this event was followed by an eo-Alpine MP–MT overprint 
(Horváth & Árkai 2002; Lelkes-Felvári et al. 2003). However, 
these models did not consider the internal lithological and 
metamorphic heterogeneity of the basement. Based on com-
prehensive petrological analyses, the basement of the AFK 
area comprises distinct lithologies with individual metamor-
phic histories, that cannot be described by a single, uniform 
P–T path.

The three genetically related medium-grade gneisses under-
went an initial progressive, amphibolite facies, regional meta-
morphism at different crustal depths. The main difference 
between the gneisses lies in the physical conditions of the M2 
contact metamorphism, presumably related to a granitoid 
intrusion. Earlier studies demonstrated that during the Late 
Cretaceous, granite/granodiorite (banatite) intruded the meta-
morphic terrane, resulting in a metasomatic overprint and 
tourmaline crystallisation within the host gneisses (Szalay 
1977; Szederkényi 1984; Berza et al. 1998). The protolith of 
the metagranite in the Ferencszállás area is considered the 
likely source of this contact overprint. Published Late Creta
ceous Ar–Ar plateau ages (Lelkes-Felvári et al. 2003; Balogh 
& Pécskay 2001) are assumed to be associated with this con-
tact metamorphism. Horváth & Árkai (2002) also interpreted 
the second metamorphic stage as an Alpine event.  

Considering the blocks with independent metamorphic 
histories in the region, including the Algyő–Ferencszállás  
and the Dorozsma crystalline highs to the west, numerous 
post-metamorphic structural zones likely separate these units. 

Fig. 12. Cathodoluminescence (CL) observation. A — Microphotograph of garnet–kyanite gneiss. B — Kyanite aggregates with red CL colour 
in garnet–kyanite gneiss C — Microphotograph of pseudomorph-bearing gneiss. D — Kyanite aggregates with red CL colour in pseudo-
morph-bearing gneiss. E — Representative CL spectra of kyanite from different gneisses. PPL: plane-polarised light; XPL: crossed-polarised 
light.
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The dolomite marble cataclasite zone mapped in the DH is 
interpreted as a large-scale brittle shear zone within the crys-
talline basement (M. Tóth 2008; M. Tóth & Vargáné Tóth 
2020), associated with Early Cretaceous nappe stacking due  
to the Alpine orogeny (Reiser et al. 2017a, b). This horizon 
delineates the boundary between the lowermost medium-
grade, amphibolite-dominated block and the overlying higher-
grade, garnet–kyanite gneiss domain. Post-kinematic sulphide 
phases in the dolomite marble suggest that the metasomatic 
overprint post-dated the deformation (M. Tóth & Vargáné 
Tóth 2020), indicating that the metasomatic event was caused 
by a younger, probably Late Cretaceous igneous activity. 
Based on petrological similarities, Kondor & M. Tóth (2021) 
propose a similar three-part structure for the AH area, sug
gesting the eastern continuation of the Alpine thrust sheet 
beneath the garnet–kyanite gneiss blocks in the AFK area  
(Fig. 13). In the AFK area, opposite to the Dorozsma case,  
the middle gneiss terrane can be subdivided into lithological 
blocks with distinct evolutions. Although the garnet–biotite, 
garnet–kyanite, and pseudomorph-bearing gneiss varieties  
are assumed to be separated by post-metamorphic structural 
zones formed after the Late Cretaceous, no direct infor

mation is available on the exact position and age of these 
boundaries. 

The central part of the AH comprises unique low-grade 
structural blocks that have not been previously documented in 
the surrounding area. Although post-kinematic mineralisation 
is also characteristic of the chlorite schist, the metasomatic 
phases in these rocks differ significantly from those in the 
gneisses (sulphide minerals vs. tourmaline). If both parage
neses are the result of the banatite magmatism, the medium- 
and low-grade blocks must have been located at significantly 
different crustal depths during the metasomatic overprint.  
This suggests that the blocks were juxtaposed after the Late 
Cretaceous (Kondor & M. Tóth 2021). Furthermore, if the 
contact metasomatism occurred during the Late Cretaceous, 
the current structural contact between the blocks must have 
resulted from an even younger tectonic event.

Sin-rift extension during the middle Miocene led to the for-
mation of metamorphic core complexes along normal fault 
systems within the crystalline basement of the Pannonian 
Basin (Tari et al. 1992; Tari 1996). Geophysical studies 
(Rumpler & Horváth 1988; Posgay et al. 1996; Tari et al. 1999; 
Matenco & Radivojevic 2012) show that the metamorphic 

Fig. 13. Schematic geological section of the Algyő–Ferencszállás–Kiszombor area. A — Cross-section across the studied area along  
the A–A’ line. B — Contour map of the area indicating the line of the cross-section.
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basement of the AFK area is part of a WSW–ENE-oriented 
core complex system. As the largest-scale Cenozoic structural 
event, the low-grade blocks in the central part of the AFK were 
probably moved to their current position due to the subsidence 
of the Pannonian Basin during the Miocene extension. In our 
model, this tectonic event is also responsible for segmenting 
the middle gneiss realm (Fig. 13).

The extensional event was followed by a post-rift thermal 
sag phase, causing the subsidence of the Pannonian Basin and 
the deposition of Neogene sediments across the entire region 
(Horváth & Tari 1999). Basement highs play a crucial role  
in hydrocarbon migration, facilitating the accumulation of 
hydrocarbons in the sedimentary rocks across the Pannonian 
Basin (Schubert et al. 2007; M. Tóth 2008; Nagy et al. 2013; 
Molnár et al. 2015; M. Tóth & Vargáné Tóth 2020). The Neo
gene sedimentary rocks surrounding the AFK metamorphic 
basement also serve as significant productive hydrocarbon 
reservoirs, with the basement forming an essential part of  
this local HC system. The presumed post-metamorphic struc-
tural boundaries between blocks with different metamorphic 
histories could either provide migration pathways from adja-
cent basins (Szeged Basin and Makó Trough) or act as 
reservoirs.

Conclusion

The crystalline basement of the Algyő–Ferencszállás–
Kiszombor (AFK) area comprises distinct lithological blocks 
with different metamorphic evolutions. Petrographic and 
mineral chemistry analyses, combined with thermobarometric 
calculations, revealed three main types of gneiss that under-
went regional amphibolite facies metamorphism (M1), fol-
lowed by a contact metamorphic (metasomatic) overprint 
(M2). The M1 event is interpreted as related to the Variscan 
orogeny, whereas the M2 overprint likely resulted from an 
Alpine magmatic event. The presence of undeformed tourma-
line further supports a metasomatic event associated with 
granite intrusion, most likely represented by the metagranite 
body in the Ferencszállás area. The spatial separation of the 
different gneiss types, along with the occurrence of chlorite 
schist and epidote orthogneiss in structurally shallower posi-
tions, indicates that the AFK basement consists of a mosaic of 
blocks with distinct metamorphic histories. These blocks are 
presumably separated by post-metamorphic structural boun
daries, which are thought to have developed during Miocene 
extensional processes following Cretaceous nappe formation.

This study confirms that the AFK crystalline basement is 
not a single lithostratigraphic unit, but rather a structurally 
complex metamorphic formation. Brittle structural boundaries 
between blocks may serve as migration pathways for hydro-
carbon or act as fluid reservoirs, analogous to other buried hill 
systems in the Pannonian Basin. The results provide a new 
geological model for the metamorphic evolution of the region 
and emphasise the importance of detailed basement characte
risation in hydrocarbon exploration.
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