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Abstract Unraveling the age and kinematics of low temperature deformation events is crucial in
understanding the late-stage evolution of orogens. However, accurate age constraints can often be challenging to
obtain due to unideal outcrop conditions, large sedimentary hiatuses or the lack of well-defined thermal events.
In this study, we show on the example of the Nekézseny Thrust, a poorly exposed late orogenic thrust in the
southern Western Carpathians, that a combined approach of structural analysis and multi-method
thermochronology can provide the necessary temporal, kinematic and thermal constraints for a detailed
reconstruction of the deformation history. While structural mapping revealed that the Late Cretaceous Uppony
Gosau Basin in the footwall of the Nekézseny Thrust underwent a significant post-Campanian and pre-Miocene
shortening, K/Ar dating of fault gouge samples from the main fault zone constrained the primary thrusting event
to the Maastrichtian. Based on the acquired apatite fission-track and (U-Th)/He ages, subsequent heating of the
Upper Cretaceous sediments due to tectonic burial was limited to 75-100°C, followed by deformation-related
and gradual cooling between the Eocene and Early Miocene. Considering the reconstructed deformation history,
as well as the large-scale tectonic affinity of the displaced units in its footwall and hanging wall, the Nekézseny
Thrust is a far-traveled (ca. 600 km) segment of the Late Cretaceous Alps-Dinarides contact zone, whose
development was linked to the switch from lower plate to upper plate position with respect to the Sava Zone and
Alpine Tethys sutures, respectively.

1. Introduction

The late-stage evolution of orogens is generally characterized by low-temperature deformation events, including
continued syn- to post-orogenic thrusting and/or extensional collapse, which corresponds to the formation of
brittle structures in the uppermost few kilometers of the crust (e.g., Folguera et al., 2015; Jia et al., 2020; Kahn
et al., 2020). Constraining the temporal and thermal evolution along with the kinematics of these structures is
essential to accurately reconstruct the more recent deformation history of orogens. However, it is particularly
challenging to acquire reliable age constraints on such processes, as they are usually not characterized by well-
defined thermal spikes, but rather a series of events close to the lower sensitivity limit of low temperature
thermochornometers (Reiners et al., 2003).

The most straightforward option for dating low temperature events is to study syn-tectonic features and well-
known stratigraphic markers in the deformed successions. For instance, growth strata allow for direct dating
of fault movements and fold growth, whereas unconformities and stratigraphic units sealing the structures may
constrain the deformation to a narrow time interval (e.g., Carrera & Munoz, 2008; DeCelles et al., 1995; Ort-
ner, 2001; Suppe et al., 1992; Vergés et al., 2002), given that the age of the involved units is known. However,
high resolution dating of formations is not always available, for instance, in the absence of routinely datable
fossils/minerals or due to large sedimentary hiatuses, while limited outcrop conditions or the lack of subsurface
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data may also prevent the accurate reconstruction of the deformation history. In such cases, low temperature
thermochronology may provide alternative tools to acquire temporal constraints for the deformation.

In this study, we investigate the deformation history of the Nekézseny Thrust, a poorly exposed low-angle fault in
the southernmost part of the Western Carpathians that bounds the Upper Cretaceous syn-orogenic sediments of
the so-called Uppony Gosau Basin (Pelikan et al., 2005; Schréter, 1953). Similar deformed, dominantly silici-
clastic successions, commonly referred to Gosau-type sediments (Hok et al., 2022; Kdzmér et al., 2003; Ort-
ner, 2001; Tari & Linzer, 2018; Wagreich, 1995; Wagreich & Faupl, 1994; Willingshofer et al., 1999), are known
throughout the Alpine-Carpathian-Dinaric orogenic belt, and they may record both syn-orogenic flexural sub-
sidence in front of emerging thrust sheets (LuZar-Oberiter et al., 2012; Matenco & Radivojevié, 2012; Tari, 1995;
Tari & Linzer, 2018) and/or orogen-parallel extension during the Late Cretaceous to Paleogene (Fiigenschuh
et al., 2000; Krohe, 1987; Madaras et al., 1996; Neubauer et al., 1995; PlaSienka & Sotak, 2015; Ratschbacher
et al.,, 1989; Wagreich & Decker, 2001). Here, we combine detailed structural analysis with multi-method
thermochronology to overcome the challenges resulting from the poor outcrop conditions and large sedimen-
tary hiatuses. This combines approach allows to constrain the age and kinematics of the fault movements along
the Nekézseny Thrust and to understand the tectono-thermal evolution of the Uppony Gosau Basin in its footwall.
In absence of any noteworthy stratigraphic constraints, K/Ar dating of syn-kinematic fault gouges provided the
only direct time constraints for the primary thrusting event, whereas low temperature thermochronology (apatite
fission-track and (U-Th)/He dating) applied on Upper Cretaceous sandstone samples revealed insights from the
deformation-related thermal evolution. As such, our study sheds light on a tectonically very intensive, but so far
only vaguely understood time interval of the region.

2. Geological Background

The Alpine-Carpathian-Dinaric orogen and a series of corresponding foreland and back-arc basins (including the
Pannonian Basin) formed during the Late Jurassic to Miocene closure of the Neotethys and Alpine Tethys oceanic
domains (Handy et al., 2015; Schmid et al., 2020). The basement of the Pannonian Basin consists of two main
tectonic units with different paleogeographic affinity and deformation history (Balla, 1983, 1986; Csontos
et al., 1992; Kovacs, 1982, 1984; Schmid et al., 2008, 2020); the Africa-Adria-related ALCAPA (i.e., Alpine-
Carpathian-Pannonian) Unit and the Europe-related Tisza-Dacia Unit (Figure 1a). These units were juxtaposed
along the ENE-WSW striking Mid-Hungarian Shear Zone (MHSZ) during the Early to earliest Middle Miocene
times (Balla, 1988; Csontos & Nagymarosy, 1998; Fodor et al., 1998; Kazmér & Kovécs, 1985; Tari, 1994). This
displacement was part of the broader Alpine-Carpathian deformation process generally called lateral extrusion
(Ratschbacher et al., 1989). Within or just along this shear zone several smaller-scale tectonic units are present, all
of which show close relation to the pre-Miocene stratigraphy and structures of the Southern Alps and north-
western Dinarides (Haas & Kovacs, 2001; Kovacs, 1982).

The nappe system of the Biikk Unit in the northern Pannonian Basin is one of these far-traveled units originating
from the junction area of the Southern Alps or northwestern Dinarides, ca. 500-600 km to the SW in present day
coordinates (Figure 1a; Csontos, 2000; Kovacs, 1984; Schmid et al., 2008). The structural boundaries of the Biikk
Nappe System (BNS) are mostly covered by Cenozoic sediments, thus the characterization of its boundary is
difficult. However, deep boreholes indicate that it is bordered by the MHSZ from the south and it has a contact
with the Transdanubian Range Unit, and through that with the ALCAPA Unit toward the west. Schmid
et al. (2008) presumed that this western boundary coincided with the so-called Darné Deformation Zone running
in NNE-SSW direction, but borehole core analysis has proved that the BNS continues west of the Darné Zone as
well (Recsk Unit in Figure 1; Fodor et al., 2017). The only partly exposed boundary of the BNS is in the north,
where its Paleozoic and Mesozoic formations are thrust over the Paleozoic and Upper Cretaceous formations of
the Uppony Unit along the Nekézseny Thrust (NT) (Figure 1b; Less et al., 2002; Pelikan et al., 2005;
Schréter, 1945). The Uppony Unit (UpU) is the southernmost exposure of the Inner Western Carpathians (as part
of the ALCAPA Unit) and correlates with the Upper Austroalpine Units in the Alps (Kovécs et al., 2011; Pla-
Sienka, 2018; Schmid et al., 2008, 2020; Vozar et al., 2010).

The age of these tectonic contacts has primary importance concerning the tectonic evolution of the area: the
blocks derived from the Southern Alps or the Dinarides were either amalgamated to the ALCAPA Unit before the
major Miocene shearing along the MHSZ, thus can be interpreted as integral parts of the ALCAPA block already
in the late Paleogene (Balla, 1984; Csontos & Vords, 2004), or they form separate tectonic units which were
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Figure 1. Tectonic position of the study area. (a) Large-scale position of the

Biikk Nappe System and Uppony Unit within the Alpine-Carpathian-Dinaric
area (modified after Schmid et al. (2008, 2020)). According to Schmid

et al. (2008), the Biikk Nappe System is built up by a displaced part of the
Inner Dinaric Nappe System, while the Uppony Unit is part of the
Austroalpine ALCAPA Unit. (b) Tectonic map of the study area in the
northern part of the Darné Deformation Zone (modified after Fodor

et al. (2005)). The Nekézseny Thrust separates the Biikk Nappe System in
the south from the ALCAPA-related Paleozoic and Upper Cretaceous
formations of the Uppony Unit in the north.

sheared off from their original place on the Adriatic plate during the late
Oligocene to Miocene activity of the shear zone (Haas et al., 2010; Schmid
et al., 2008; Ustaszewski et al., 2008). In the first case, the units should have
pre-Miocene contacts toward the other sub-units of ALCAPA, while the
second case denotes that their boundaries are Miocene in age and the
Dinarides-derived units moved to their present-day position during the ac-
tivity of the Mid-Hungarian Shear Zone.

2.1. Tectonic Context of the Nekézseny Thrust

The NE-SW striking Nekézseny Thrust (NT) forms the southeastern struc-
tural boundary of the UpU, and juxtaposes its Paleozoic and Upper Creta-
ceous (“Senonian”) formations with the Permo-Mesozoic formations of the
BNS (Figures 1b and 2, Schréter, 1953). Due to the lack of any Paleogene
sediments in the close vicinity of the NT, the age of thrusting has only been
estimated based on regional observations. For instance, the Uppony Thrust
(UT) running along the northwestern boundary of the UpU runs almost
parallel to the NT and places Upper Paleozoic formations over sheared
Triassic limestone blocks, Upper Oligocene and Lower Miocene formations
(Figures 1b and 2), suggesting Oligocene to Early Miocene age for the
thrusting. Fodor et al. (1992, 2005) considered both thrusts to be part of the
Darné Deformation Zone running along the western part of the BNS and
UpU, which was a significant transpressional fault zone with reverse or left-
lateral character during the Oligocene and Early Miocene (Fodor et al., 1992,
2005; Pant6, 1954; Schréter, 1945; Telegdi Roth, 1951; Zelenka et al., 1983).
However, some authors suggested that the precursory of the Darné Zone
might have originally been inherited from Cretaceous times (Csontos, 1999;
Fodor et al., 2023).

Regarding the Cretaceous deformation of the BNS and UpU, the tectonic
transport direction was just the opposite in the two adjacent units (top-to-S or
-SE in the BNS and top-to-N or -NW in the UpU, Csontos, 1999; Kor-
oknai, 2004; Pelikan et al., 2005; Schréter, 1945). This structural difference
and other paleogeographic considerations led Schmid et al. (2008) to assign
them to completely different paleogeographic units: the BNS to the Inner
Dinaridic Nappe System and the UpU to the southernmost Inner Western
Carpathians as part of the ALCAPA Unit. Note that this concept of the
ALCAPA Unit refers to a Cretaceous nappe system with specific Mesozoic
paleographic meaning (see details in Schmid et al. (2008)).

Furthermore, in close vicinity of the NT, Fodor et al. (1992) and Less
et al. (2002) mapped another NE-SW striking fault, the Tapolcsany Fault

(TF, Figures 1b and 2). This fault presently shows normal displacement which post-dates the deposition of the
Lower Miocene formations in its hanging wall and partly displaces the NT, further complicating its geometry.

Considering this, the NT has probably suffered multiple reactivations but its initial age and early deformation

history have remained unconstrained.

2.2. Tectonic Evolution of the Biikk Nappe System and Uppony Units

The BNS and the UpU were part of the Adriatic plate during the Mesozoic, and their tectonic evolution was linked
to the evolution of two bordering oceanic domains, the southeastern Neotethys Ocean and the northwestern
Alpine Tethys Ocean. While only Paleozoic formations and Late Cretaceous Gosau-type sediments are present in

the UpU, the BNS is built up by Paleozoic and Mesozoic formations ranging from the Carboniferous to the late

Middle Jurassic. During the Permo-Triassic rifting and subsequent late Middle Triassic to Middle Jurassic

spreading of the Neotethys Ocean, both units were located in the western part of the Neotethys embayment (Haas
et al., 1995; Schmid et al., 2008). In the area of the future BNS, rapid subsidence during the late Anisian to early
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Figure 2. Geological map of the boundary area between the Biikk Nappe System and Uppony Unit (modified after Less
et al. (2002)). Coordinates are set in the National Hungarian Grid (EOV) system.

Ladinian and syn-rift andesitic volcanism mark the onset of the continental break-up (Haas et al., 2011; Szol-
dén, 1990; Velledits, 2006). As a result, the previous ramp environment was fragmented, and carbonate platforms
separated by intraplatform basins developed (Velledits, 2006). The general subsidence continued and hemi- to
eupelagic siliciclastic sedimentation with frequent mass movements became widespread during the Middle
Jurassic (Haas et al., 2011, 2013).

During the latest Early Jurassic, the extensional tectonic regime changed to contraction due to intra-oceanic
subduction initiation in the Neotethys Ocean. This intra-oceanic subduction turned into obduction in the Late
Jurassic, during which Adria was in lower plate and the oceanic lithosphere of the Neotethys in upper plate
position (Handy et al., 2015; Maffione & van Hinsbergen, 2018; Schmid et al., 2008). While obducted ophiolites
are widespread in the Dinarides (Dimitrijevi¢ & Dimitrijevié, 1973; Pami¢ et al., 2002), the sensu stricto ophiolite
nappe is absent from the BNS, although a slice of the sub-ophiolitic mélange is preserved (Darné Mélange
Complex, Kovécs et al., 2008, 2011). Additional indications for its former presence are the redeposited ser-
pentinite and basic (meta)magmatitic rock pebbles found in Lower Miocene conglomerates (Sztandé &
J6zsa, 1996). The Late Jurassic to Early Cretaceous shortening and nappe stacking resulted in the development of
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the BNS (Csontos, 1999, 2000; Haas & Kovacs, 2001), which was accompanied by large-scale folding and
thrusting in both the BNS and UpU. This main folding event re-folded the original S_; layer-parallel foliation and
resulted in the S, (axial plane) foliation which dominates the structure of both units (Csontos, 1999; Kor-
oknai, 2004). The Neotethys remained open up to the collisional phase, and the last remnants of this ocean and
related tectonically truncated units are found within the Sava Zone (Channell et al., 1979; Schmid et al., 2008;
Stojadinovic et al., 2022). The onset of collision of Adria and Tisza-Dacia Unit (Europe) was dated to the
Maastrichtian (70.6-65.5 Ma, Ustaszewski et al., 2009, 2010) and continued to cause contraction during
Paleocene to earliest Miocene times. In the BNS and UpU, younger folds and thrusts overprinted the first-order
Cretaceous structures (Csontos, 1999; Fialowski, 2018; Scherman, 2018), but their timing and eventual corre-
lation with other tectonic events in the Alps, Carpathians, or the Sava Zone remained uncertain due to lack of
narrow age constraints. Apatite fission-track data from the lowermost nappe of the BNS seem to suggest slow
cooling between 53 Ma (upper nappes) and 43 Ma (Arkai et al., 1995), but its relation to deformation or erosion is
unclear.

Afterward, the continuous northward movement of Adria led to the Oligocene to Early Miocene east-directed
lateral extrusion of the complete ALCAPA Unit from the Austroalpine domain toward the present-day Pan-
nonian embayment (Balla, 1988; Csontos & Nagymarosy, 1998; Fodor et al., 1998; Kazmér & Kovécs, 1985;
Ratschbacher et al., 1989). The southern boundary of the extruding ALCAPA was the Mid-Hungarian Shear
Zone, which lies in the continuation of the Periadriatic Fault of the Alps, and it is inferred to have accommodated
several hundreds of kilometer displacement in the Pannonian Basin (Tari, 1994).

Following the extrusion, subduction roll-back in the Eastern Carpathians resulted in back-arc extension and the
formation of the Pannonian Basin between 20 and 9 Ma (Balézs et al., 2016; Csontos, 1995; Horvath et al., 2006;
Tari et al., 2023). The extension was accompanied by the counterclockwise rotation of the ALCAPA (Marton &
Marton, 1996), and led to the development of several extensional/transtensional phases (Fodor et al., 1999; Petrik
et al., 2016).

2.3. Stratigraphy of the Biikk—-Uppony Boundary Zone

The UpU is dominantly built up by Paleozoic formations (Figure 2), which were not affected by Variscan
metamorphism, but underwent low-grade Eoalpine metamorphism. Due to this overprint and the paucity of
fossils, accurate stratigraphic constraints are sporadic, but based on Alpine analogies the age of these formations
ranges from the Late Ordovician to Late Carboniferous (Pelikan et al., 2005). In the southern UpU, the oldest
mapped formations are dark gray or black shales, interbedded with thin chert, lydite or limestone layers
(Tapolcsany Formation). This shale formation was correlated to the characteristic graphite and lydite-bearing
Silurian black shales of the European area (Kovécs et al., 1983; Pelikan et al., 2005). The black shale is fol-
lowed by a mixed formation of basic metavolcanites, light gray crinoidal and metasomatized limestones, inter-
bedded by coarse olistostrome levels (Strdzsahegy Formation, Pelikan et al., 2005).

In the UpU prove that the Paleozoic sedimentation continued until the Late Carboniferous (Pelikan et al., 2005),
approximately when the deposition of the Paleozoic succession of the BNS started. Here the Variscan flysch basin
was completely filled by Lower Permian, and a gently dipping ramp formed first with shallow water sandstones
and evaporites (Malyinka and Szentlélek Formations), then with thin-bedded dark limestones with black marl
intercalations and rich shallow water flora (Nagyvisnyé Limestone, Figure 2; Less et al., 2002; Pelikdn
et al., 2005). The Permian—Triassic boundary is marked by a sharp sedimentary contact and disappearance of this
rich Permian flora (Hips & Haas, 2006). The facies of the overlying carbonates suggests that ooid mounds became
dominant in the inner ramp environment during the earliest Early Triassic (Gerennavar Limestone, Hips &
Pelikan, 2002), followed by the gradual increase of terrigenous input, as indicated by the alternation of carbonates
and fine-grained siliciclastics during the second half of the Early Triassic (Ablakosk&volgy Formation, Pelikan
et al., 2005). In the Ladinian, extensive shallow water carbonate sedimentation initiated and had continued, until
the carbonate platforms were disrupted and drowned due to the deepening of the Neotethys Ocean (Velle-
dits, 1999, 2004).

After a major hiatus, the metamorphosed Paleozoic formations of the UpU are covered by non-metamorphic
conglomerates of the Uppony Gosau Basin, which deposited from coarse-grained gravity flows initiating in al-
luvial fans (Nekézseny Conglomerate, Figures 1 and 2; Balogh, 1964; Brezsnyanszky & Haas, 1984; Clifton
et al.,, 1985; Pelikan et al., 2005; Schréter, 1945). Rudists and foraminifera fossils suggested Santonian to
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Figure 3. Enlarged geological map of the most exposed parts of the Nekézseny Thrust and the large overturned limb of the recumbent fold located directly below the
structural contact. See map legend in Figure 2.

Campanian age for this conglomerate (Schréter, 1945), while the palynological studies rather argued for Cam-
panian age (Sieglné Farkas, 1984). Pebble composition analysis showed that the Gosau basin received sediments
from almost every nearby units (UpU, Szendrs, Aggtelek, and Rudabanya Hills), except from the present-day
neighboring Biikk Mts (Brezsnyanszky & Haas, 1984; Clifton et al., 1985).

The pre-Cenozoic formations of the BNS and UpU are mostly covered by Miocene formations, with the complete
lack of Paleogene in the study area (Figure 2). The Cenozoic formations are mainly Lower Miocene sandstones,
siltstones and claystones (Egyhédzasgerge Formation), covered by Early to Middle Miocene clastics and volca-
noclastics (Less et al., 2002; Lukécs et al., 2022; Pelikan et al., 2005).

3. Methods
3.1. Structural Data and Borehole Core Analysis

Detailed geological mapping and mesoscopic structural observations were carried out in the transitional zone
between the UpU and BNS in NE Hungary, where their structural contact is exposed on the surface (NT, Figures 2
and 3). Further sedimentological observations contributed to recognizing overturned sections of the Upper
Cretaceous conglomerate in the field. The pre-Campanian deformation and metamorphosis of the Paleozoic and
Triassic formations are not discussed here (see Koroknai, 2004; Pelikan et al., 2005). Our observations were
compared to the geological maps of Less et al. (2002), and we constructed an updated geological map for the
Biikk-Uppony transitional area and two cross-sections.
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The field observations were followed by stereographic fault-slip analysis and fold axis estimations. By using the
analytical method of Angelier (1984), the evaluation of the structural data was carried out separately at first for
each locality, then the individual results were compared and combined. The data were either separated manually
or where at least four fault striae reflected the same stress field, automatic data separation was also possible. Tilt-
tests were carried out when the geometrical characteristics of the faults and folds indicated pre-tilt deformation
(e.g., the symmetry plane of the conjugate faults was perpendicular to the bedding, thickness variations and onlap
surfaces were observed within the deformed layers). Relative chronological order of the separated phases was
determined based on the observed deformation geometries (pre-tilt or post-tilt faults), cross-cutting fractures, and
superimposed striae on reactivated surfaces.

Five boreholes (Nek-6, -7, -7a, -8, -8a) were selected for revision and microtectonic analysis, all of which were
drilled in close vicinity of the NT (Figure 2). Thin sections were prepared and inspected via an optical microscope.

3.2. Apatite Fission-Track Thermochronology

Samples for apatite fission-track (AFT) analysis were prepared from the 63—125 pm fraction from four Upper
Cretaceous sandstone samples and one Devonian metavolcanic sample (Strdzsahegy Fm., see sample localities in
Figure 2). The apatite grains were concentrated by conventional heavy mineral separation techniques, including
crushing and sieving as well as magnetic- and heavy-liquid separation. Handpicked grains were mounted in epoxy
resin, then ground and polished in two (P1200 and P2500) and three (9, 3, and 1 pm) steps, respectively.

Spontaneous fission tracks were revealed by etching with 5.5 M HNOj; at 20°C for 20 s. Samples were analyzed
by the external detector method (EDM, Gleadow, 1981) using very low uranium muscovite mica detectors, and
irradiated at the Oregon State University Triga Reactor, Corvallis, USA. Neutron fluence was monitored using
CN5 uranium-doped glass. After irradiation, induced tracks in the mica external detectors were revealed by
etching with 40% HF for 20 min. Fission tracks were counted at the Institute for Nuclear Research of Hungary by
an Olympus BX53 microscope equipped with a microscope-computer-controlled stage system with 1000x
magnification (Dumitru, 1993). Central ages (Galbraith & Laslett, 1993) were calculated by the TRACKKEY
software (version 4.2.g; Dunkl, 2002) based on the approach of Hurford and Green (1983), whereas radial plots
were created via DensityPlotter (Vermeesch, 2012). A personal zeta-calibration factor of 286.7 + 4.6 was ob-
tained by calibration against the Durango apatite and Fish Canyon Tuff apatite age standards according to
Hurford (1990).

3.3. K/Ar Geochronology

Clay-rich fault gouge samples were collected from the Nek-7, Nek-7a, and Nek-8a boreholes for K/Ar dating (see
sample locations in Figure 7). The samples were mildly crushed with a laboratory rotor mill, and the fine powder
was suspended in water glass columns. Coagulation of the eventually present charged particles was prevented by
washing the samples by de-ionized water in ultrasonic bath and by adding sodium-polyphosphate to the samples.
Following Stoke's law, the <5 pm and the <2 um fractions were extracted at 23°C ambient temperature after 65
and 406 min from the upper 10 cm segment of the water column. The removed suspension was then dried at 50°C
in order to prevent Ar loss from the samples. Separation of the >0.2, >0.5, and 1 pm fractions was performed in a
large volume centrifuge using the centrifuge parameter calculation of Tributh and Lagaly (1986).

The mineral composition of the separated samples was controlled by X-ray powder diffraction (XRPD) method at
the Mineralogical Department of the Eotvos Lorand University, Budapest. The analyses were performed on a
Philips PW-1730 diffractometer equipped with a graphite monochromator using Cu-Ka radiation at 45 kV and
35 mA with 1° divergence slit and 1° receiving slit. Scanning rate was 0,05°20 per minute from 3° to 70°. The
determination of the semi-quantitative mineral composition is based on XRD.

The separated illite fractions were analyzed by K-Ar method, using the un-spiked peak comparison method in the
K-Ar laboratory of the Institute for Nuclear Research, Debrecen. Potassium content was measured on 50 mg
sample aliquots, after dissolution by HF and HNO;, with a Sherwood-400-type flame spectra-photometer with
accuracy better than +1.0%. Separated mineral sample splits were then subjected to heating at 100°C for 24 hr
under high- vacuum, to remove atmospheric Ar contamination that was adsorbed on the surface of the mineral
particles during sample preparation. Ar was extracted from the minerals by fusing the samples via high-frequency
induction heating at 1300°C. The released gas was cleaned in two steps in a low-blank vacuum system by St-707
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Figure 4. Interpreted field photos and stereoplots from the Upper Cretaceous conglomerate. (a) Syn-sedimentary/syn-
diagenetic normal fault, with “plastically” rotated pebbles along the sealed fault plane. (b) Conjugate pre-tilt normal faults
and fractures. The discrete fault planes suggest post-cementation deformation, however, symmetry axes of the conjugate
fault pairs are perpendicular to the tilted bedding planes, which suggest normal faulting prior to tilting. (c) Presently upward
coarsening of the Upper Cretaceous conglomerate, which is interpreted as overturned normal grading. (d) Downward
directed sandstone injection dyke, indicating overturning position of the Upper Cretaceous formation. (e) Field photo and
stereoplots of the immediate contact zone of the Silurian and Upper Cretaceous formations. The contraction reactivated the
pre-tilt fractures. Two groups of these faults were separated: the E-W striking normal faults were probably overprinted by the
second group of NE-SW striking faults. See stereoplot legend in Figure 5.

and Ti-getters. The isotopic composition of the Ar was measured using a Nier-type Argus VIO mass multi-
collector spectrometer and corrected for the atmospheric “°Ar/*Ar ratios measured day-to-day. The accuracy
and reproducibility of isotope ratio measurements were periodically controlled with the HDB-1 (Hess & Lip-
polt, 1994) and GL-O (Odin, 1982) international standards. Decay constants recommended by Steiger and
Jager (1977) were used for age calculation, with an overall error of +1%. Error of the analyses was calculated
using the equation of Quidelleur et al. (2001).

3.4. Apatite (U-Th)/He Thermochronology

Three samples were collected (two from Upper Cretaceous sandstones and one from Carboniferous sandstones,
see localities in Figure 2) for apatite separation and (U-Th)/He thermochronology (AHe). Two to six single-
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crystal aliquots were selected from each sample, based on the selection criteria that they should be inclusion- and
fissure-free, intact, mostly euhedral grains with more than 65 pm width. The crystals were wrapped in 1 X 1 mm
platinum capsules, then heated in the full-metal extraction line by an infra-red laser in vacuum. Purification of the
extracted gas was done by using a SAES Ti-Zr getter kept at 450°C. This was followed by the expansion of the
chemically inert noble gases and a minor amount of the other rest gases into a Hiden triple-filter quadrupol mass
spectrometer. Sequential reheating and He-measurements were carried out to check all the crystals for degassing
of He. Following the degassing, the samples were retrieved from the gas extraction line, spiked with calibrated
230Th and ***U solutions. The apatite crystals were dissolved in a 2% HNO; + 0.05% HF acid mixture in Savillex
Teflon vials, then the spiked solutions were analyzed by a Thermo iCAP Q ICP-MS coupled to an autosampler.
The concentration of actinides was determined by isotope dilution and the Ca, Sm and the REEs were determined
by external calibration. Finally, the ejection correction factors were calculated for every single crystals by using
the modified algorithms of Farley et al. (1996). The AHe ages were calculated by the Taylor Expansion Method
after Des Patterson.

4. Structural Observations and Kinematic Analysis
4.1. D;: Pre-Tilt (Partly Syn-Diagenetic) Extension

A series of outcrop-scale conjugate normal fault pairs were observed in the Upper Cretaceous conglomerate;
some of them have discrete fault planes, while others have sealed (cemented) fault planes (Figure 4a). In the latter
case, thickening of the distorted layers toward the normal faults is common, and the faults are often covered by the
subsequent undeformed layers. The symmetry axes of the conjugate normal faults are perpendicular to the tilted
bedding planes, suggesting pre-tilt geometry (Figure 4b). This means that these normal faults formed prior to the
tilting and folding of the layers, that is, when the bedding was still horizontal; as opposed to post-tilt structures,
which form in already tilted layers and overprint the folding event. Pebble alignment along the normal faults was
also observed, meaning that the otherwise un-oriented pebbles rotated until their longest axis became parallel to
the fault planes (Figure 4a). To explain the pebble rotation, the fine-grained matrix of the conglomerate must have
still deformed “plastically” at the time of the normal faulting. This implies that the Upper Cretaceous
conglomerate was first deformed in a soft- or in semi-consolidated state.

The above-mentioned syn-sedimentary to syn-diagenetic deformation structures may have formed solely in
response to atectonic slope-related sedimentary processes. However, pre-tilt normal faults with discrete fault
planes prove that the extension continued even after the consolidation (cementation). This suggests tectonic origin
at least for a part of the observed early normal faults (D; phase). Regarding their original orientation, the strikes of
the pre-tilt normal faults show strong scattering between NW-SE and NE-SW, but a large number of them strike in
NE-SW direction (Figure 5).

4.2. D,: Top-To-NW Thrusting and Folding

Around the village of Nekézseny, the Permo-Triassic formations of the BNS are exposed above the metamorphic
Paleozoic and non-metamorphic Upper Cretaceous formations of the UpU (Figure 3). Their contact zone (NT) is a
SE-ward dipping low-angle fault zone east of Nekézseny, while it flattens to sub-horizontal geometry southward
(Figure 6). Below the contact zone, the Upper Cretaceous conglomerate is folded into gentle to open folds with
NE-SW trending axes and top-to-NW tectonic transport direction. However, at the low-angle segment, the
shallow to moderately (2040°) southward dipping conglomerate is overturned and forms a large map-scale
recumbent fold. The overturned position of the moderately (25-50°) dipping beds is inferred from sedimen-
tary observations (already described by Brezsnyanszky and Haas (1984) and Clifton et al. (1985)), such as
apparent inverse grading of the conglomerate (Figure 4c) and downward directed sandstone injection dykes
(Figure 4d). A thin sheet of Silurian is thrust over the overturned limb of the recumbent fold (Figure 3, near the
Nek-8 borehole). In the Cretaceous rocks, there is no gradual transition between the overturned and normal limbs,
only a sharp change of polarity can be detected, indicating a fault contact between them. The contractional
structures observed in the Upper Cretaceous rocks are truncated and discordantly covered by the upper Lower
Miocene formations (Figures 2 and 3).

Beside the NT itself, further map-scale thrust faults are postulated that deformed the Upper Cretaceous beds. They
were not recognized directly on the field, however, geological mapping proved that several of the Paleozoic—
Upper Cretaceous contacts are not sedimentary boundaries as previously believed, but low-angle tectonic
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Figure 5. Table of selected stereoplots from the interpreted deformation
phases. The pre-tilt D, phase is related to development of the Uppony Gosau
Basin. Emplacement of the BNS over the UpU and coeval folding of the
Upper Cretaceous conglomerate happened in the D, phase. C, X, E signal
compressional, strike-slip and extensional stress states, respectively; the
numbers refer to the direction of ¢, (C, X) and o5 (E). Where the word “Tilt”
is used before the estimated/calculated stress field direction, all the data
presented on the stereoplots are back-tilted with the local average bedding
dip data, so that their original pre-tilt geometry is restored. See the complete
list of data localities in the data set of Oravecz (2023).

4.5. Ds-D,: Extensional Phases

contacts with pre-Miocene age. This is evidenced by the Cretaceous forma-
tions apparently dipping under the Paleozoic ones, while the sealing base-
Miocene unconformity remains continuous and doesn't show any displace-
ment (Figures 2 and 3). Similar NE-SW striking thrust faults are also present
in the hanging wall block of the NT, as inferred from the mapped repetition of
the Permo-Triassic formations north of Nagyvisnyd (Figure 6; Juhasz
et al., 2021). In close vicinity of the NT, outcrop-scale thrusts cross-cut the
overturned Upper Cretaceous conglomerate (Figure 4d). These thrust faults
are always low or very low-angle shear zones with respect to the local dip,
often flatten into the bedding planes, and have NE-SW strike. By restoring the
original horizontal position of the Upper Cretaceous, the tectonic transport
direction of these thrusts is top-to-NW. In some cases, the contraction
evidently favored the reactivation of tilted normal faults formed during the D,
phase (Figure 4e).

Considering these observations, the NT is a NW-vergent structural contact
that formed during NW-SE contraction. The related D, phase may be sub-
divided into a D,, pre-tilt, D, syn-tilt and D,_ post-tilt events (Figure 5).
While the deformation directly at the low-angle segment of the NT seems to
be purely contractional, further away E-W and WNW-ESE striking dextral
and NW-SE and NNW-SSE striking sinistral strike-slip faults with reverse
character were observed, that rather suggest transpressional deformation. The
overall inferred shortening directions scatter between WNW-ESE and
NW-SE.

4.3. D;: N-S Shortening

A post-tilt N-S or NNW-SSE directed shortening phase is inferred from the
fault-slip analysis (Figure 5). The related structures are outcrop-scale E-W
striking low-angle thrust faults and NW-SE striking dextral strike-slip
faults, that frequently overprint the structures associated with the D, phase.
Map-scale structures were not recognized.

4.4. D,: NW-SE Shortening

A few weak striae superpositions suggest that there was another NW-SE
shortening (D,) phase after the D phase. This is also supported by regional
consideration, that is, a late-stage thrusting event is documented north of the
study area, along the UT (Figure 2; Fodor et al., 2005; Kovécs et al., 2020),
that deformed the Paleogene and Lower Miocene formations. As the D, and
D, phases have similar stress axes, the age of the post-tilt structures reflecting
NW-SE ¢, is not well constrained, and those elements could also be classified
into either or both deformation phases. The stereograms are represented
together in Figure 5.

Discrete normal faults, joints and deformation bands with presently high-angle geometry, sometimes with stri-
ations and calcite vein precipitation were often observed in the area, even within Miocene sedimentary rocks. The

normal faults displace every previously described structural element. Based on their orientation and previous fault

analysis results from nearby study areas (e.g., Beke et al., 2019; Fodor et al., 2005; Petrik et al., 2016), the post-tilt

extensional structures were separated into five extensional phases (Ds-Dgy, Figure 5). They are, successively,
Early Miocene ~ N-S, NNE-SSW, and NE-SW extension, Middle Miocene E-W extension, and Middle to Late
Miocene NW-SE extension (Beke et al., 2019). The most noteworthy young normal fault in the area is the NE-SW

striking, SE-ward dipping TF that displaces Lower and Middle Miocene formations (the fault was dissected by the
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Figure 6. New cross-sections through the study area. See the section trace lines in Figure 2. (a) Section through the large overturned Upper Cretaceous sliver and the
exposed ramp segment of the Nekézseny Thrust. (b) Section through the exposed flat segment of the Nekézseny Thrust and the westernmost known occurrence of the
Mesozoic formations of the BNS in the Cso-28 borehole. The depth of the detachment is only conceptual and not constrained by sub-surface data.

Nek-6 borehole, see later). North of Nekézseny, the TF runs approximately along the NT, however, it deviates
from the NT and cuts into the Permo-Mesozoic formations of the BNS southward (Figure 2).

5. Observed Superpositions in Boreholes and Microtectonics
5.1. Silurian on Upper Cretaceous: Nek-6, -8, -8a Boreholes

The Nek-6 borehole starts in semi-consolidated fine-grained gray sandstone with claystone and siltstone in-
tercalations (Figure 7a). The sandstone contains micas and mollusk fragments in large quantities, as well as
deformation bands, which are all characteristic features of the late Early to earliest Middle Miocene formations
(Pelikan et al., 2005). The adjacent Nek-8 and -8a boreholes start with (Figures 7d and 7e) and the Nek-6 con-
tinues in a weathered and macroscopically structureless dark gray siltstone, although locally some remanent
foliation could still be observed macroscopically. Thin sections revealed that the massive-looking siltstone is
actually a cataclasite, where relatively well-foliated clasts are surrounded by a fine-grained matrix (Figure 8a).
These sections are interpreted as deformed parts of the Silurian shale.

The Silurian is underlain by the diverse, grain-supported Upper Cretaceous conglomerate in all three boreholes
(Figures 7a, 7d, and 7e). Its upper sections are strongly deformed: fractured clast fragments are embedded in fine-
grained matrix, some of them are re-worked cataclasites themselves, suggesting multiphase renewal of the
deformation (Figure 8b). The re-worked cataclasite clasts are often bounded by pressure solution marks (stylo-
lites). While the cataclastic pattern gradually disappears downward and the undeformed sedimentary pattern with
rounded pebbles gets restored, the Nek-8a borehole contains another cataclastic zone at around 13 m depth
(Figure 7e).
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Figure 7. Revised stratigraphic columns of the analyzed boreholes: (a) Nek-6; (b) Nek-7; (c) Nek-7a; (d) Nek-8; (e) Nek-8a.
The photos show the polished surfaces of the collected core samples. Note the varying thickness of the fault zone. Location of
boreholes are shown in Figure 2.

5.2. Triassic Over Upper Cretaceous: Nek-7 and Nek-7a Boreholes

The Nek-7 and -7a boreholes start in a heavily fractured and metasomatized carbonatic zone (Figures 7b and 7c).
The protolith of this zone cannot be determined directly due to strong alteration during deformation (Figure 8c),
but its less-altered surface exposures were mapped as the lowermost Triassic carbonate (Figures 2 and 3).
Downwards, this altered carbonate is replaced by a mixture of black or gray colored mixtures of claystone and
siltstone. Contrary to those in the Nek-6, -8, and -8a boreholes, these sections are interpreted as fault gouges, as
absolutely no foliation or any other internal structures were observed. Between the thin fault gouge sections,
different types of carbonate bodies appear below 12 m depth, all of which show dynamic recrystallization and
deformation twins in calcite, indicating stronger (above 250°C) alteration (Figure 8d). It is evident that this higher
temperature deformation was overprinted by a low-temperature deformation that caused fracturing and rotation of
foliated domains. The individual domains are surrounded by pressure solution marks. The origin of these
metamorphosed carbonate bodies remains unknown as they could hardly be connected to any known formation in
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Figure 8. Interpreted microscopic images of selected core samples. Numbers refer to the relative chronological order of
deformation events. (a) Characteristic cataclasite patterns in the upper black siltstone section of the Nek-6 borehole.

(b) Angular clasts sitting in fine-grained matrix. Some of the larger clasts are re-worked cataclasites themselves, with
pressure solution marks (stylolites) along their boundaries, suggesting strong brittle deformation prior to burial.

(c) Deformed carbonate section in the Lower Triassic carbonates. (d) Dynamically re-crystallized domains with differently
rotated foliation planes, indicating low-temperature deformation. Based on the pressure solution marks circling the rotated
domains, burial either post-dates the low-temperature deformation. (e) Strongly fractured and grinded clasts along a
deformation band in the Upper Cretaceous conglomerate. (f) Cataclastic pattern in conglomerate with post-dating pressure
solution marks.

the area, but based on their metamorphic characteristics, they may be classified to some undetermined units of
the UpU.

The lowermost metamorphosed carbonate is underlain by Upper Cretaceous conglomerates (Figure 7b). Its
topmost part revealed a cataclastic pattern with strongly grinded components along a deformation band
(Figure 8e) and firm pressure solution marks along the individual fractured domains (Figure 8f).

5.3. Interpretation of the Superposed Formations in Boreholes

The reassessed boreholes revealed the superposition of Silurian shales or Lower Triassic carbonates over the
underlying Upper Cretaceous conglomerate (Figure 7; Pelikan et al., 2005; Schréter, 1953). The contact zone
between them is always tectonic, even in case of the Upper Cretaceous—Silurian contacts, as the cataclastic zones
and fault gouges rule out the possibility of intact overturned sedimentary contacts. In the Nek-7 borehole the
tectonic zone of the NT itself is at least 23 m thick, with several internal shear zones, fault gouges and sheared
blocks of fractured and metasomatized Lower Triassic carbonates on the top, and metamorphosed carbonates of
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Figure 9. Summary of the thermochronology results. (a) Results of the apatite fission-track dating with respective histogram,
Kernel Density Estimate (red line), Probability Density Plot (black line) and the radial plots of individual samples drawn by
the RadialPlotter software (Vermeesch, 2012). See sample localities in Figure 2. (b) K/Ar dating results of fault gouge
samples collected from boreholes. See sample locations in Figure 7. (c) Result of the (U-Th)/He thermochronology.

potentially UpU origin at the bottom. Penetrative cataclastic fabric in all three units indicate that the deformation
along the NT took place in low-temperature conditions (even the Silurian shales deformed brittlely, Figure 8a).
The pressure solution surfaces surrounding the disrupted cataclastic clasts infer that a relatively shallow burial
could be associated with or follow the low-temperature deformation.

6. Thermochronology Results
6.1. Apatite Fission-Track Thermochronology

The AFT dating of the Upper Cretaceous and Devonian samples proved to be extremely challenging due to the
low apatite yield of the samples, as well as the inclusion-rich nature of apatite crystals. The central ages of in-
dividual samples scatter between 91 and 116 Ma in both the Upper Cretaceous and Devonian samples (Figure 9a).
Only the Up06 sample failed the chi-square test, implying that the counted grains could derive from more than one
age population. Notably, differences in the chi-square test results can be strongly influenced by the number of
counted grains per sample (e.g., Vermeesch, 2012) and thus have limited meaning in the current sample set. If we
consider all AFT data together, most grain ages plot between 150 and 70 Ma and yield a central age at
97.7 = 4.1 Ma. On the summary histogram in Figure 9a, the Kernel Density Estimate of all fission-track data
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imply two age components (ca. 85 and 135 Ma), however, due to the large uncertainty in the single-crystal ages,
these do not necessarily have geological meaning.

6.2. K/Ar Dating of Fault Gouges

Four core samples were selected for K-Ar dating from the Nek-7, Nek-7A, and Nek-8 A boreholes. Mineralogy of
the selected samples were controlled by XRD analysis. Each samples contain illite, chlorite and illite/smectite in
minor quantity. No quantitative analysis has been performed on the X-ray spectra in order to determine the
relative quantity of the different clay minerals, but the potassium concentrations, ranging from 3.08% to 4.33%
indicate that illite is the predominant phase in the samples. Quartz and potassium feldspar were absent from the
samples.

All K-Ar ages obtained from the <5 pm fraction (143-75 Ma) are lower than the host Silurian slate (Figure 9b),
indicating that the mica K-Ar ages were partially or completely reset during deformation-related thermal event(s).
With decreasing grain size from <5 to 0.5 pm the K/Ar ages decrease in three samples and remain constant in one
sample (Nek-7/5) around 70 Ma. Linear regression lines fitted on the ages of all grain size fractions (<5; <2; <1,
and <0.5 pm) of the Nek-7/5 and Nek-8a/4 samples intercept the K/Ar age axis of the diagram at 69.2 + 3.6 Ma.
Linear regression with the same intercept around 69 Ma can be fitted on the fine grain size fractions (<1 and
<0.5 pm) of the Nek-7/2 and Nek-7a/3 samples, but the ages of the coarse grain size fractions (<5; <2 pm)
deviate from the linear trend and give relatively younger ages. Similar deviation from the linear trend in the
Kongsberg silver mine and in the Kvenklubben Fault in northern Norway (Torgersen, Viola, Zwingmann, &
Harris, 2015; Torgersen, Viola, Zwingmann, & Henderson, 2015) has been interpreted as an inclined age
spectrum indicating combined mineral authigenesis, wall-rock comminution and fault reactivation. Multiphase
reactivation is also conceivable at the study area, but the age of the earlier phases and the reactivation itself cannot
be clearly demonstrated from the present data set. According to the illite age analysis method, the modeled
Maastrichtian age (69.2 £ 3.6 Ma) calculated from the interception represents the termination of illite formation,
that is, the time of the thrust event.

6.3. Apatite (U-Th)/He Thermochronology

Three samples contain suitable detrital apatite grains, from which 5 to 6 single-crystal aliquots were dated. The
ages show significant scattering, but the unweighted means of the samples are clearly distinguishable (Figure 9c).
All single-crystal ages are considerably younger than the depositional age of the dated Upper Cretaceous suc-
cession, thus a latest Cretaceous or Paleogene heating event(s) should have occurred. One possible explanation
for this reheating could be the tectonic burial related to the emplacement of the BNS over the Upper Cretaceous
sediments along the NT. Single grain ages range from 42 to 60 Ma for sample Nek-118 deriving from the UpU and
one grain from the Upper Cretaceous Up-04. The other grains deriving from the Uppony Gosau Basin scatter
between 20 and 40 Ma. The large scatter may reflect either a slow cooling through the ~120—-40°C temperature
range in the Palaeogene or a complex cooling history with a heating event in the Cenozoic.

7. Discussion
7.1. Constraining the Age and Kinematics of Low Temperature Deformation Events
7.1.1. Direct Age Constraint: Fault Gouge Dating

In low temperature conditions, tectonic slip along reactivated or newly formed faults is generally associated with
brittle fracturing of the host rock and progressive grain size reduction (Blenkinsop, 1991; Sibson, 1977), which
ultimately results in the development of cataclasites, that is, fault breccias (Hausegger et al., 2010; Woodcock &
Mort, 2008) or fault gouges (Engelder, 1974; Sammis et al., 1987), depending on the type of host rock and degree
of fractionalization. As new mineral assemblages may grow or recrystallize within these fault rocks during fault
slip (Niwa et al., 2016), the age of such syn-kinematic minerals reflects the age of the fault movement itself. While
in carbonatic sequences the most common syn-kinematic calcite minerals can be dated by U-Pb and U-Th
methods (Nuriel et al., 2012; Oren et al., 2020; Williams et al., 2019), K/Ar dating of K-rich micas, such as
illite, provide the best tools for dating siliciclastic fault rocks and fault gouges (Haines & van der Pluijm, 2008;
Heineke et al., 2019; Kralik et al., 1987; Mancktelow et al., 2015, 2016; Pleuger et al., 2012; van der Pluijm
et al., 2001; Yamasaki et al., 2013).
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Figure 10. Summary of the new thermo-tectonic data from the Uppony Unit and their correlation to the activity of the most
important structural elements in the area.

The relationship between the polytypism of dioctahedral mica (illite/muscovite), its origin (detrital or authigenic)
and K/Ar age has long been known (Meunier & Velde, 2004), but dating low temperature fault gouges in general
represents important challenges for geochronological studies (e.g., Bense et al., 2014; Scheiber et al., 2019). On
one hand, sampling and sample preparation from fault gouges is often time consuming and requires such delicate
handling that many choose to avoid using this method altogether to date fault movements. On the other hand, a
high scattering and uncertainty in the acquired age is common, which is usually related to the lack of well-defined
thermal events and inherited ages. Moreover, age determination is particularly challenging when illite occurs not
only in the fault zone, but also in the displaced fault blocks (Scheiber et al., 2019; Torgersen, Viola, Zwingmann,
& Harris, 2015; Torgersen, Viola, Zwingmann, & Henderson, 2015; Viola et al., 2016).

In this study, we successfully constrained the latest fault movements along the NT by dating fault gouge samples
collected from the investigated shear zone. In our specific case, only one sample showed a uniform thrusting age
and related cataclasis independently of the grain size (Nek-7/5 in Figure 9b), while in other samples the acquired
ages generally increase with increasing grain size. This is due to the fact that detrital high-temperature illite/
muscovite is typically coarse-grained and has 2M,, while newly crystallizing authigenic illite particles have a
polytype of 1M,. With decreasing grain size, the relative amount of 1M, polytype of illite increases in the various
separated grain size fractions, and hence the apparent age of the fractions is decreasing. While this shows that the
degree of overprinting strongly depends on the grain size and is spatially very heterogeneous even within the same
fault rock unit, our results also highlight that careful grain size separation and K/Ar age determination of indi-
vidual grains can enable fault activity dating. When plotting grain sizes or polytype ratios against their K/Ar age,
called Illite Age Analysis, a linear relationship can be established (Pevear, 1999). It has been shown that the
extrapolated K/Ar ages to zero grain size (0% 2M, detrital mica) should represent the mean age of illite formation
that is, the age of diagenesis, hydrothermal fluid flow or tectonic event. As the grain size and the polytype
correlate linearly, the grain size-K/Ar age diagrams may also provide valuable age determinations (Gardufio-
Martinez et al., 2015; Zwingmann & Mancktelow, 2004; Zwingmann et al., 2010).

7.1.2. Indirect Age Constraint: Thermal History

In addition to the direct dating of fault movements via fault gouges, different low temperature thermochronology
methods provide further tools for constraining the thermal evolution of displaced fault blocks. In our study, we
combined AFT and AHe dating to document a deeper and shallower burial state of the investigated Late
Cretaceous Uppony Gosau Basin in the footwall of the NT and at the same time, in the hanging wall of the UT
(Figure 2).

As the AFT ages obtained on the Upper Cretaceous sandstone are all older than the depositional age (Figures 9a
and 10), they show non- or only slightly modified memory on the pre-Campanian cooling history of the for-
mations sourcing the sediments. As such, the AFT ages record the late Early to earliest Late Cretaceous tectonic
exhumation history of the source areas of the apatite grains, with central ages of the individual samples ranging
between 116 and 90 Ma. These results also provide a depth constraint over the tectonic burial related to the NT:
the dated sediment could have resided only in the shallower part of the AFT partial annealing zone (Gleadow &
Fitzgerald, 1987) and only for just a short time interval, which means that the thickness of the hanging wall unit
(overthrust BNS) probably could not exceed 2.5-3 km.
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At the same time, AHe data constrain the minimum burial (heating) of the Uppony Gosau Basin. As the AHe data
acquired from the Upper Cretaceous and Devonian samples yielded He-ages ranging between 40 and 16 Ma
(Figures 9c and 10), which are significantly younger than both the deposition age and the AFT ages, the tem-
perature during the subsequent thermo-tectonic events was high enough to reset the apatite He-
thermochronometer roughly around 75°C (Farley, 2002; Farley et al., 1996), while the AFT ages remained
basically unaffected and are thus largely devoid of any syn- to post-thrusting signature. The results of these two
dating methods put a narrow temperature constraint on the thermal evolution and imply a roughly 2.5-3 km thick
tectonic overburden.

The interpretation of the individual AHe ages is multifold. On one hand, they can indicate a gradual and spatially
heterogeneous cooling from the Late Eocene to Early Miocene in the footwall of the NT, uninterrupted by any
deformation event. On the other hand, the cooling may also be related to deformation-induced uplift. In the next
chapters, we will argue in favor of this second interpretation, namely that the new AHe-ages reflect the tectonic
exhumation of the Uppony Gosau Basin in the hanging wall of the actively deforming UT.

7.1.3. Relative Age Constraints: Tilt Tests of Faults and Early Deformation Structures

Relative chronology between deformation events obtained during the fault-slip analysis can significantly
contribute to the dating of deformation events. In this study, we used two approaches, that is, recognizing syn-
sedimentary to syn-diagenetic fractures and applying tilt tests to determine the relative chronology of the indi-
vidual fractures and related deformation phases with respect to the main folding event. Syn-sedimentary and syn-
diagenetic fractures are the earliest features in the deformation history that either formed contemporaneously with
the sedimentation or prior to the complete cementation of the rock. These features may be recognized for instance
by the lack of discrete fault planes, thickening of the displaced beds toward the faults, faults being covered by the
subsequent undeformed beds, and “plastic” rotation of the pebbles along the faults. In our study, these early
fractures correspond to the normal faults of the D, phase (Figures 4a and 5), which seems to be roughly coeval
with the Gosau basin formation.

Tilt tests applied for all sites revealed that two deformation events (D, and D,, in Figures 4b, 4c, and 5) occurred
when the bedding was still sub-horizontal, that is, prior to the main folding event (D,,). In case of the pre-tilt D,
phase, the positive tilt test was crucial in separating these early deformation features from the post-tilt discrete
extensional fracture populations of the Middle to Late Miocene Ds—D, phases with similar fault orientations. On
the other hand, the pre-tilt contractional structures of the D,, phase demonstrate that shortening started at a
relatively undeformed sequence and continued in a coaxial way with folding. Combination of the acquired
thermochronology data with the relative order of the different deformation phases allows for a more detailed and
temporally better constrained reconstruction of these low temperature deformation events.

7.2. Deformation History of the Nekézseny Thrust
7.2.1. Geometry of the Nekézseny Thrust

The NT is the structural boundary between the Austroalpine-related UpU and Dinarides-related BNS with top-to-
NW tectonic transport direction (Figures 2 and 3). Based on its exposed segments, the NT has a flat-ramp-flat
geometry: the low-angle to moderately dipping ramp segment runs along the eastern boundary of Nekézseny
village (Figure 6a), while the sub-horizontal upper flat segment is exposed southward of the village (Figure 6b).
The Miocene TF follows the ramp segment of the NT, partly displacing, partly reactivating it. Due to this
extensional overprint and the Lower Miocene sedimentary cover, the ramp segment cannot be traced laterally on
the surface, however, a narrow belt of Gosau sediments along the northern part of the TF also reflects the sub-
surface continuation of the NT ramp segment.

The minimal overall displacement of the BNS over the UpU is estimated to be around 3 km (Figure 6b). This is the
perpendicular distance between the exposed ramp and the Cso-28 and Cso-30 boreholes, which penetrated the
westernmost known occurrences of the hanging wall, that is, the BNS-type Triassic formations. However, we
interpret the overturned Upper Cretaceous directly below the ramp segment of the NT as a strongly deformed and
displaced very tight recumbent fold (Figure 6a). To achieve this large and tight fold geometry, the required
displacement is probably much more than the minimum 3 km, implying that the NT could be a nappe boundary.
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formation of the Pannonian Basin.

7.2.2. Late Cretaceous Gosau Basin Evolution and Subsequent Thrusting

Deposition of the Upper Cretaceous (Campanian) conglomerates of the UpU records the coeval development and
subsidence of the Uppony Gosau Basin (Figures 10 and 11a). The associated sedimentary slump structures
(Figure 4d) and syn-diagenetic normal faults (Figures 4a and 4b) mostly indicate NE-SW striking slope and basin
orientation (in present-day directions), although oblique and perpendicular early fault structures were also
observed (D, phase, Figure 5).

Structural inversion of this Late Cretaceous basin was controlled by the arrival and NW-directed tectonic
emplacement of the BNS over the UpU along the NT during the D, phase (Figure 11b). K/Ar dating of fault
gouges collected from the NT's shear zone showed that the latest detectable fault movements occurred at around
70 Ma (Figure 10), while the shear zone itself, characterized by cataclasites, breccias and fault gouges, indicates
low temperature deformation (Figures 5 and 8).

The Maastrichtian age (69.2 + 3.6 Ma) of this deformation means that the thrusting along the NT occurred shortly
after the Campanian deposition (84-72 Ma) of the Gosau sediments (Schréter, 1945; Sieglné Farkas, 1984). This
correlates well with the microtectonic observations, which implied low temperature conditions and cataclasis
prior to shallow burial and associated pressure solution (Figures 8b and 8f). Therefore, to explain this short time
frame, the development of the Uppony Gosau Basin probably occurred in the footwall of an approaching thrust
sheet as a flexural basin (Figure 11a). In this interpretation, the observed normal faulting would have occurred in
the down-bending flexural foreland area (following the model of Bradley and Kidd (1991) and Doglioni (1994)),
which is supported by the parallel orientation of the early extensional structures of the D, phase, the ramp segment
of the emerging NT and other pre-tilt thrust faults of the D,, phase (Figure 5). On the other hand, normal faulting
oblique and perpendicular to the future NT could be explained by local stress field variations near the lateral
ramps or as along-strike stretching of the footwall of the main thrust contact (Tavani et al., 2015). The occurrences
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of thrust faults having been formed in sub-horizontal bed positions also show that pre-tilt thrusting was an early
deformation feature, just after normal faulting.

The newly obtained AFT ages are in accordance with the previous AFT data from the UpU, they are certainly
older than those determined in the adjacent BNS (typically around 55-32 Ma, Arkai et al., 1995). This data
strengthens the results of pebble composition studies indicating that the clasts of the Uppony Gosau Basin do not
originate from the BNS in the hanging wall of the NT, instead, the primary pebble sources were the Paleozoic
bedrocks of the UpU and the non-metamorphic carbonates of some nearby units (e.g., exposed along the UT in the
west, Brezsnyanszky & Haas, 1984). Other source units cannot be excluded; one example is the Upper Jurassic
platform carbonate pebbles which could be derived from such a no longer preserved supra-Biikk sequence
(Misik, 1979). This and the AFT age difference have a strong implication for the NT, either indicating fast and
long-distance tectonic transport of the BNS toward the UpU within a short time span in the latest Cretaceous, or
the BNS was already close to the UpU during the “mid-Cretaceous,” but remained buried until the Maastrichtian,
that is, the end of sedimentation of the Gosau basin. This latter scenario is in agreement with Cenozoic AFT ages
from BNS. In any case, the NT seems to represent a first-order tectonic contact within the orogen.

7.2.3. Paleogene to Early Miocene Thrusting and Cooling

The upper time limit for the convergence between the BNS and UpU remains poorly constrained due to the lack of
Paleogene sediments in the area. As the upper Lower Miocene discordantly covers the NT and every related
structure, the absolute upper age limit is the late Early Miocene, ca. 18.5 Ma (Figures 2 and 6). Unfortunately, the
stress axes of the three post-tilt contractional deformation phases are very close in orientation: D, and D, even
have the same NW-SE o, axis, while the N-S o, of the D5 is also very close (Figure 5), making the separation of
these deformation events hard. The similar o, orientations, however, raises the possibility that the intermediate D5
is only the result of a spatial or temporal variation of the same extended NW-SE contractional deformation, thus a
continuous NW-SE oriented contraction may have taken place from the Maastrichtian till the late Early Miocene.

The obtained He-ages ranging between 16 and 40 Ma (Late Eocene to Early Miocene) corresponds well with the
probable activity of the UT and the connected unroofing of the Gosau sediments in its hanging wall (Figure 6b).
This fault, bounding one sub-basin of the North Hungarian Paleogene Basin from one side (Béaldi & Baldi-
Beke, 1985), was active during the sedimentation of the western footwall basin with continuous sedimentation,
and delimits the UpU in the hanging wall with no Paleogene sedimentation. This geometry was demonstrated by
seismic sections (Fodor et al., 2005; Kovécs et al., 2020; Sztand & Tari, 1993), borehole and stratigraphic data
(Babinszki et al., 2023; Béldi & Béldi-Beke, 1985; Less et al., 2006; Szentpétery, 1988; Telegdi Roth, 1951). The
reverse kinematics is additionally supported by fault-slip data (Beke et al., 2021; Fodor et al., 2005; Petrik
et al., 2016), while sedimentary features and deformation bands of Early Miocene age refer to a short period of
sinistral transpression (Beke et al., 2019; Sztan6 & J6zsa, 1996). This independent argument favors the cooling of
the UpU registered by the apatite He-ages during the thrusting along the UT.

7.2.4. Late Early to Early Late Miocene Extensional Deformation

Lastly, the juxtaposed BNS and UpU were affected by extensional faulting during the late Early to early Late
Miocene formation of the Pannonian Basin (Ds_¢ phases, Figure 5; Beke et al., 2019, 2021; Fodor et al., 2005;
Petrik et al., 2016). This led to the formation of the TF and extensional overprinting of the NT (Figure 11d).

7.3. Similar Low Temperature Deformation Features in the UpU and BNS

Our results show that the NT is a NW-vergent Maastrichtian nappe boundary between the UpU and BNS. This N-
and NW-directed tectonic transport is widespread in the whole UpU, with most of these contractional structures
being related to the Early Cretaceous prograde stage of the Eoalpine orogeny (Figure 6; Csontos, 1999; Kor-
oknai, 2004; Schréter, 1943). However, Koroknai (2004) also recognized locally present late-stage crenulation
cleavage with both NW- and SE-directed shearing, as well as even younger kink folds with steep axial planes
along the dominantly NW-SE striking shear zones.

In contrast, in the hanging wall of the NT, in the BNS, the most penetrative contractional deformation is the south
to southeast vergent overturned folds and related axial plane foliation (Csontos, 1999). However, Csontos (1999),
Mclntosh (2014), and Juhész et al. (2021) observed NW-vergent reverse faults, thrusts and map-scale folds in the
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Paleozoic and Lower Triassic formations of the northwestern Biikk, post-dating the general S-SE-vergent. There
are further WNW-ESE striking mylonitic shear zones with the estimated deformation temperature around
260 £ 20°C in the eastern Biikk with oblique dextral strike-slip kinematics (Csontos, 1988, 1999; Koroknai
et al., 2008). The ductile shearing occurred along the pre-existing axial plane foliation planes, thus this dextral
faulting also represents a younger deformation phase. Additional northwestward verging structures were
observed in the SW Biikk, where Scherman (2018) and Fialowski (2018) described brittle kink folds that post-
dated ductile structures.

Somewhat analogs structures were also identified in the easternmost outcrop of the Transdanubian Range Unit
(Figure la), where imbrication of Mesozoic rocks, including Upper Cretaceous (Campanian) formations were
documented in the CsGvar area (Haas et al., 1997). These thrusts could have formed in the same N-S contraction,
albeit the vergency was just the opposite, to the south (Benk$ & Fodor, 2002).

All these observations seem to confirm that there is a regionally important, low temperature NW-SE (or N-S)
compressional phase with north(west)ward tectonic transport direction in the whole UpU and BNS area during the
late-stage evolution of the Eoalpine orogeny. Although these structures overprint the main Late Jurassic to Early
Cretaceous nappe stacking, thrusting and folding, more accurate age data have not been available before. Based
on paleomagnetic data (Marton & Marton, 1996), Csontos (1999) tentatively dated the mylonitic shear zones, the
south-dipping reverse faults in the central Biikk and the precursory of the Darné Deformation Zone to the Late
Cretaceous or Early Paleogene. However, Csontos (1999) debated that the subsidence of the Uppony Gosau Basin
and the uplift of the central Biikk, constrained by the earlier K/Ar ages and zircon fission-track cooling ages
between 95 and 80 Ma (Arkai et al., 1995), could be associated with the thrusting along these structures, but its
relationship to the NT remained ambiguous. Later, Koroknai et al. (2008) dates one of the mentioned mylonitic
shear zones, and K/Ar dating of K-rich micas yielded the same 75-85 Ma age for both the shear zone and the
surrounding host rocks. This implied that the age of this low temperature deformation is post-75 Ma, which is in
agreement with our new 69.2 + 3.6 Ma K/Ar age for the NT. These considerations show that the shortening
between the BNS and UpU was already ongoing within the BNS by the Gosau sedimentation. An even earlier
initiation of this top-to-NW tectonic transport, for example, during the onset of Gosau basin formation can be
supported by the acceptance of the contractional origin of the basin itself, however, this would require further
geochronological constraints from the BNS. During the Maastrichtian, the gradual northward propagation of the
thrust front reached our study area in the form of the NT.

7.4. Regional Implications for the Alpine-Carpathian-Dinaric Tectonic Evolution
7.4.1. Implications for the ALCAPA Unit

The Maastrichtian age of thrusting along the NT confirms that the northwestern boundary of the BNS toward the
UpU is a Mesozoic structural boundary. Therefore, the BNS was already attached to other sub-units of the
ALCAPA Unit by the end of the Late Cretaceous (Figure 12a; Balla, 1984; Csontos & Voros, 2004). If there was
pre-Campanian thrusting along the NT, the BNS-UpU contact could be even older. While the NT itself, and its
postulated continuation along the eastern BNS, is cut by the Miocene MHSZ (Figure 12b), it is a displaced Late
Cretaceous segment of the contact zone between the former Dinaric and Austroalpine domains. The estimated
amount of shortening along the NT suggests that this contact could have been a latest Cretaceous nappe boundary
along which the entire BNS of Dinaridic origin is thrust over the Austroalpine Inner Western Carpathian units.

7.4.2. Switching From Lower Plate to Upper Plate Between Two Oppositely Verging Subduction System

After retro-deforming the Cenozoic displacements and rotational movements along the MHSZ (Csontos &
Voros, 2004; Mérton & Marton, 1996; Marton et al., 2002; Tari, 1995; Tomljenovic et al., 2008), one arrives at a
very complex Late Cretaceous to early Paleogene plate tectonic configuration (Figure 12a).

The investigated BNS occupies the northeastern corner of the Adriatic microplate (van Hinsbergen et al., 2020), in
close vicinity of the Medvednica Mts (Figure 1a; van Gelder et al., 2015). This part of Adria had already been
accreted, while the active accretion was toward the southwest, where it involved more external parts of the
Dinaridic nappe system. However, this hinterland area was again/still undergoing shortening due to the closure of
the Sava Ocean to the east (Pamic et al., 2002; Ustaszewski et al., 2009). From this point of view, the BNS was in
lower plate position with respect to the Sava Suture and the Europe-derived Tisza microplate (van Hinsbergen
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Figure 12. (a) Latest Cretaceous (~80 Ma) tectonic reconstruction of the
Alpine-Carpathian-Dinaric area (modified after van Hinsbergen

et al. (2020)), showing the restored position of the ALCAPA-Dinarides
structural contact zone, including the Nekézseny Thrust. The Late
Cretaceous Gosau basins and their tectonic character are shown
schematically (after Neubauer et al. (1995), Ortner (2001), Plasienka and
Sotdk (2015), Tari (1994), and Willingshofer et al. (1999)). (b) Tectonic map
of the Biikk-Uppony area based on our new results. In our interpretation, the
Nekézseny Thrust is a segment of the Maastrichtian nappe contact between
the Dinarides-related Biikk Nappe System and the Austroalpine Uppony
Unit. Note the Dinarides-derived unit west of the Darné Deformation Zone

(Recsk Unit, Fodor et al., 2017).

until the late Eocene (Schmid et al., 2008; Ustaszewski et al., 2010). In the
once-nearby Medvednica Mts., this is evidenced by large-offset thrust faults
that are associated with cataclastic deformation and emplace shallow marine
Triassic sequences over Upper Cretaceous to Paleogene Gosau sediments
(Tomljenovi¢ et al., 2008; van Gelder et al., 2015). Even though these
structural features show striking similarities to our observations in the BNS-
UpU, which means that the NT could be interpreted as the result of the
collisional and post-collisional deformation of the Sava Zone, there is still a
significant difference between the BNS-UpU and the Medvednica, and that is
the opposite polarity of the tectonic transport direction. After retro-deforming
the Cenozoic rotations (Marton & Marton, 1996; Marton et al., 2002;
Tomljenovi€ et al., 2008), the tectonic transport direction is top-to-SW in the
Medvednica and top-to-NNE in the BNS-UpU (Figure 12). This means that
while the Medvednica still followed the general tectonic trend of the Dinar-
ides, that is, it was indeed part of the imbricating Adriatic lower plate with
respect to the Sava Suture, the NE-vergent NT was either a back-thrust or its
vergency was controlled by some other tectonic process.

Our new results show that the BNS and the uppermost sheets of the Aus-
troalpine nappe system (UpU) were already in direct contact along the NT by
the end of the Cretaceous, which also suggests that this tectonic unit, formerly
part of the northernmost segment of the Dinaridic orogen, also participated in
the latest stage of the Eoalpine orogenic evolution. From this perspective, the
BNS was in upper plate position with respect to the Austroalpine high
pressure belt that resulted from the preceding intra-continental subduction
and collision of the Austroalpine units (Frisch et al., 1998; Handy et al., 2010;
Janak et al., 2004, 2015; Neubauer et al., 1999; Ratschbacher et al., 2004;
Schuster et al., 2013; Stiiwe & Schuster, 2010), therefore it may be considered
part of the Austroalpine nappe stack within the Western Carpathians (Pla-
Sienka, 2018; PlaSienka et al., 1997).

During the Late Cretaceous, the evolution of the Austroalpine domain was
controlled by two main processes. On one hand, the high pressure units
became subject to rapid exhumation from ca. 90 Ma onward in both the
Eastern Alps and Western Carpathians (Figure 12a; Dallmeyer et al., 1996,
1998; Janak et al., 2001; Jefabek et al., 2008; Koroknai et al., 1999; Maluski
et al., 1993; Neubauer et al., 1995; Schmid et al., 2004; Thoni, 1999; Vojtko
et al., 2016). This exhumation partly resulted in the formation of detachment
shear zones and Late Cretaceous syn-kinematic basins in the hanging wall
(Figure 12a). At the same time, as the contractional deformation gradually
migrated toward the northern foreland, subduction initiation occurred in the
Alpine Tethys realm in the Late Cretaceous (South Penninic Ocean, Froitz-

heim et al., 2008; Schmid et al., 2008; Schuster et al., 2013; Plasienka, 2018). Part of the Late Cretaceous basins
could be connected to this deformation, mainly in the Northern Calcareous Alps (Ortner, 2001; PlaSienka &
Sotak, 2015; Wagreich, 1995), but also in the Transdanubian Range (Tari, 1994; Tari & Linzer, 2018). As a result,
the main location of the north to northeast vergent nappe accretion was transferred from the Austroalpine

basement nappes to the Pieniny Klippen Belt in the Western Carpathians (Figure 12a; Plasienka & Mikus, 2010;

PlaSienka & Sotédk, 2015) and to the external front of the Lower Austroalpine domain in the Alps (Froiztheim
et al., 2008). However, the rest of the Western Carpathians (the southern hinterland) remained continuously
affected by NNW-SSE to NE-SW directed shortening. After back-rotating the structures, the original tectonic
transport direction seems to be top-to-NNE in the Western Carpathians. Considering the age and tectonic

transport direction of the thrusting along the NT, we connect it to the late-stage deformation history of the Alpine-

Carpathian domain, and propose that the Dinarides-related BNS was thrust over the Austroalpine nappe system as
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a top-to-NNE vergent out-of-sequence thrust (Figure 12).7.4.3 Possible implications for the latest Cretaceous to
early Paleogene movements along the paleo-Periadriatic Line.

As shown in the previous chapter, the latest Cretaceous to earliest Paleogene tectonic transport directions show
opposite polarities in the Dinarides and Sava Zone versus BNS-UpU and Western Carpathian systems (top-to-SW
and top-to-NE, respectively, according to the back-rotated directions, Figure 12a). This kinematic contradiction
can be explained by taking into account the possible role of the combined Periadriatic-MHSZ. In agreement with
the postulation of Handy et al. (2015) and Ustaszewski et al. (2008), it could have already separated the Dinaridic
nappe system and the BNS—Austroalpine domains at this time, possibly transferring the deformation and ac-
commodating the polarity change between the west-vergent Sava Zone and the north- and northeast-directed
Pieniny Klippen Belt sutures. Late Cretaceous movements along the Periadriatic-MHSZ would also explain
the contradiction between the present-day distance of the Mesozoic facies belts and the supposed amount of Late
Oligocene to Early Miocene displacement along the shear zone: the distance for the Mesozoic facies markers
across the shear zone is far larger than for the Cenozoic ones, with the former estimated to be around 500 km
(Haas et al., 1995) and the latter to 290-350 km (Tari, 1994; Tari et al., 1995). The minimum 150 km difference
could be attributed to this Late Cretaceous slip along the shear zone.

8. Conclusions

Detailed mesoscopic structural analysis and systematic low temperature thermochronological investigation were
carried out near the Nekézseny Thrust to understand the thermo-tectonic evolution of the boundary area of the
Austroalpine Inner Western Carpathians and the Dinaric Biikk Nappe System. Our results highlight that a
combined structural and thermochronological approach may provide sufficient age, kinematic and thermal
constraints to reconstruct the deformation history during several successive low temperature deformation events,
even in poor outcrop conditions and large stratigraphic hiatuses. The structural analysis revealed that the Uppony
Gosau basin probably formed in the footwall of the approaching thrust sheet of the Biikk Nappe System and
underwent contractional deformation shortly after the deposition of the Upper Cretaceous Gosau formation,
during the tectonic emplacement of the Biikk Nappe System onto the Uppony Gosau Basin. This emplacement
marks the most important change in the history of this northernmost segment of the Dinaric nappe system: from
the lower plate tectonic position with respect to the Sava Suture to the upper plate position with respect to the
Alpine Eoalpine high pressure belt. As a result, the earlier top-to-SW tectonic transport direction changed to top-
to-NE, which can be either a back-thrust in the relation of the Dinarides or rather more likely an out-of-sequence
forethrust in the Austroalpine nappe-pile. K/Ar dating of fault gouges collected from the main Nekézseny Thrust
nappe boundary yielded Maastrichtian age (69-70 Ma) for this thrusting event. This demonstrates that the
Nekézseny Thrust is a Late Cretaceous nappe boundary between the former Austroalpine and Dinaric domains,
which was displaced by the Mid Hungarian Shear Zone during the Late Oligocene to Early Miocene. Therefore,
the Biikk Nappe System forms an internal part of the Miocene ALCAPA Unit. The observed cataclasites and fault
gouges along the nappe boundary, as well as the lack of reset on the apatite fission tracks in the Upper Cretaceous
sandstones indicate low temperature (below 100°C) deformation and shallow tectonic burial. The apatite (U-Th)/
He thermochronology suggests gradual cooling between 40 and 16 Ma, and constrains the maximum temperature
during the post-Campanian contractional deformation phases roughly between 75 and 100°C. Following the
Oligocene to Early Miocene displacement of the Nekézseny Thrust during the lateral extrusion of the ALCAPA,
the Uppony and Biikk area was affected by extensional deformation during the development of the Pannonian
Basin, which led to extensional reactivation and overprint of the inherited contractional structures.

Data Availability Statement

Detailed lists of the referenced outcrop and sample localities, as well as all the measured thermochronology data
are available in an open access repository (Oravecz, 2023). Stereoplots were plotted by using the analytical
method of Angelier (1990).
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