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Pannonian Basin
B.�Beke1   |  M.�Fialowski1  |  T.�Müller2,3  |  F.�Schubert4  |  R.�Lukács2,5  |  M.�Guillong6  |  Sz.�Harangi2,5  |  L.�Fodor1,7

1Department of Geology, Institute of Geography and Earth Sciences, Eötvös University, Budapest, Hungary |  2Department of Petrology and Geochemistry, 

Institute of Geography and Earth Sciences, Eötvös University, Budapest, Hungary |  3HUN-REN-MTM-ELTE Research Group for Paleontology, Budapest, 

Hungary  |  4Department of Mineralogy, Geochemistry and Petrology, Institute of Geosciences, University of Szeged, Szeged, Hungary |  5MTA–HUN- REN 

CSFK Lendület “Momentum” PannonianVolcano Research Group, Institute for Geological and Geochemical Research, HUN-REN Research Centre for 

Astronomy and Earth Sciences, Budapest, Hungary |  6Department of Earth Sciences, ETH Zürich, Zürich, Switzerland |  7HUN-REN Institute of Earth 

Physics and Space Science, Sopron,�Hungary

Correspondence:  B. Beke (barbara.beke@gmail.com)

Received: 13 December 2024 |  Revised: 31 March 2025 |  Accepted:  5 June 2025

Funding:  This work was supported by the National Research, Development and Innovation Office of Hungary, NKFIH OTKA PD139275, and partly by the 
project NKFIH NKKP STARTING_150712 (led by T. Müller), NKFIH OTKA K134873 (led by L. Fodor) and NKFIH OTKA K145905 (led by R. Lukács).

Keywords: deformation band�| hydrothermal fluid flow�| multi- stage fault zone�| structurally controlled silica cementation�| syn-rift evolution�| volcanic 
activity

ABSTRACT
Development of brittle fracture zones as passages for fluid migration within the shallow crust results in substantial petrophysical 
and rheological changes that strongly influence deformation localisation, promoting reactivation at evolved inhomogeneities in 
the host rock. A natural example of multi-stage fault zone evolution with different generations of deformation elements and mode 
of silica cementation was investigated using combined structural, burial, micropetrographic, geochemical and geochronological 
analyses in a sandstone predating the main rifting phase. Deformation mechanisms progressively evolved from proto-cataclasis, 
through advanced cataclasis connected with inhomogeneous silica cementation, to siliceous fluid-enhanced slip along discrete 
fault planes or vein formation; all of these processes are well correlated with burial and volcanic phases. The established rela-
tionships allowed reconstruction of the evolutionary steps within the fault zones as the initially porous sediment was structurally 
and diagenetically hardened and then softened, and the geometry of the fault system changed during rifting. The age of silica-
associated fracture systems (syn-tectonic silica cementation) is constrained by early type deformation bands (having the same 
pattern as silica-associated fractures) occurring in the ~15.3 Ma pyroclastic rocks bordering the sandstone. Silica precipitation 
can be related primarily to structurally controlled fluid pulses and rapid cooling as fluids pass through the propagating syn-rift 
fractures in an initially good siliciclastic aquifer. Such large-scale hydrothermal fluid migration, resulting in tens of km2 siliceous 
cementation, was facilitated by the onset of volcanic activity. The accompanying general increase in fluid pressure may have led 
to the permutation of the maximum and the intermediate principal stress axes. As a result, the early syn-rift extension switched 
to a transtension during the main syn-rift phase. Meanwhile, vertical axis rotations also contributed to the change in the appar-
ent stress field, resulting in the development of a fault pattern analogous to an oblique rift. The developed fault sets, with three 
characteristic orientations and frequent reactivation, may have formed in relation to an inherited structural weakness zone.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1   |   Introduction

Fault zones represent petrophysical inhomogeneities of vari-
ous scales within the shallow crust that can directly link the 
surface and shallow burial zones, resulting in rapid changes 
in fluid flow conditions (e.g., Caine et�al.�1996), as commonly 
indicated by the extensive cementation. In general, cementa-
tion is a particularly important process in the basin-scale evo-
lutionary history of a sedimentary rock (e.g., McBride�1989; 
Bjørlykke and Egeberg�1993). The cementation process mod-
ifies the porosity, permeability (e.g., Bjørlykke et� al.�1989; 
Walderhaug� 1996; Worden and Morad� 2000; Molenaar 
et� al.�2007) and thus the texture, f luid flow and mechani-
cal properties (Bell and Lindsay�1999; Alikarami et�al.�2013; 
Williams et� al.� 2017; Wang et� al.�2019) of initially porous 
sediments.

The spatial distribution, extent and pervasiveness of cemen-
tation are controlled by regional and local basin-scale factors 
(Morad et�al.�2000). The most important factors are the com-
position, porosity and burial of the host rock as well as the type 
of related fluid flow. Intense, but spatially confined, precipita-
tion assumes local heterogeneity in the host rock along which 
localised fluid movement occurs. Horizontal fluid movement 
can partially be tied to sedimentary features, whereas vertical 
flow can largely be associated with structural control. The coex-
istence of these conditions is the most probable during structur-
ally induced fluid migration.

Spatial distribution and heterogeneity of cementation are sub-
stantial for basin-scale reservoir compartmentalisation (e.g., 
Morad et�al.�2010). On the other hand, the cementation pattern 
influences the evolving architecture of a fault damage zone 
(e.g., Rawling et� al.�2001; Bense et� al.�2003, 2013; Davatzes 
et�al.�2005; Torabi and Fossen�2009; Caine et�al.�2010; Balsamo 
et�al.�2010; Pontes et�al.�2019), including the faulting mech-
anism in porous sediments, promoting or hindering the lo-
calisation of deformation (Dewhurst and Jones�2003; Pizzati 
et�al.�2019).

Deformation processes in the damage zone and associated fluid 
flow capability mainly depend on the host rock physical prop-
erties, depth of deformation, kinematics and fault displace-
ment (e.g., Caine et�al.�1996; Faulkner et�al.�2010; Balsamo and 
Storti�2011; Exner and Tschegg�2012; Soliva et�al.�2016; Fossen 
et�al.�2017; Beke et�al.�2019; Torabi et�al.�2021). In initially po -
rous media, most deformation is accompanied by compaction, 

and often also fluid flow-related cementation, especially in 
shallowly formed deformation bands (DBs), resulting in re-
duction of the porosity (e.g., Balsamo et� al.�2012; Skurtveit 
et� al.�2015; Beke et� al.�2019; Del Sole and Antonellini�2019; 
Pizzati et�al.�2019; Nicchio et�al.�2022). Consequently, petro-
physical properties of the deformed host rock volumes can be 
significantly different from the pristine or partially affected 
parts (Callahan et� al.�2019). This evolved heterogeneity has 
a major influence on the further deformation structures as 
it controls whether a given rock volume will exhibit a strain 
hardening or softening behaviour during progressive or mul-
tiphase deformation.

Strain softening in harder, indurated rocks is manifested as 
stress release along discrete surfaces such as faults, veins and 
joints. Contrary to this, in softer, less indurated and porous 
rocks, deformation becomes increasingly difficult with addi-
tional stress within DBs (e.g., Aydin�1978; Fossen et�al.�2007) 
during strain-hardening (e.g., Underhill and Woodcock�1987). 
Then, after a certain increment of hardening, the deforma-
tion jumps to an adjacent, unaffected part of the sediments 
(Underhill and Woodcock� 1987; Mair et� al.� 2000; Fossen 
et�al.�2017). As a result, DBs tend to form clusters in the dam-
age zone, leading to a more compacted zone with respect to 
the pristine host rock during progressive deformation and 
parallel hardening. Once the discrete fault has developed, it 
facilitates further deformation as a strain-softening structure. 
However, re-hardening of the deformed host rock often occurs 
as fluid migrates and then precipitates along and between 
(pre-existing) conductive structures (Callahan et� al.�2019; 
Pizzati et� al.�2019). Repeated pulses or continuous fluid ac-
tivity can lead to further fracture propagation, again with the 
formation of new cemented fractures. Therefore, the cementa-
tion is not necessarily a single event but can be a multi-stage 
process.

The most common cement type in clastic sediments is silica 
(McBride�1989), which occurs in order of abundance as quartz 
overgrowth, microquartz and chalcedony (Hesse�1989). Siliceous 
cementation primarily requires dissolved silica and favourable 
pH conditions. Two types of silicification or silica precipitation 
are distinguished recently (e.g., Bonnemains et�al.�2017; Menezes 
et�al.�2019): dynamic and static. Dynamic silica precipitation in-
volves syn-tectonic cementation associated with the formation 
of veins and breccia structures, which is often a rapid process. 
In contrast, static silicification or silica precipitation tends to be 
a more protracted process that preserves the former structures 
as bedding and DBs.

Although many studies documented hydrothermal silicifica-
tion or silica precipitation in fault zones (e.g., Bruhn et�al.�1994; 
Caine et�al.�2010; Bonnemains et�al.�2017; Menezes et�al.�2019; 
Bezerra et� al.�2021; Cazarin et� al.�2021; Pisani et� al.�2022; 
Palhano et�al.�2023), particularly in siliciclastic rocks (Fischer 
et�al.�2013; Palhano et�al.�2023), examples of the interdependent 
relationship between rift-related multi-stage structural evolu-
tion, volcanism, silica precipitation and its impact on fault rock 
evolution and associated deformation styles in siliciclastic ba-
sins are very limited. In this study, multi-phase deformation el-
ements such as DBs, veins and progressively evolving faults and 
associated modes of silica precipitation in a pre-rift sandstone 

Summary

•	 Structural control on regional scale hydrothermal sil-
ica precipitation.

•	 Rift-related multi-stage fault zone evolution based 
on deformation band evolution and associated 
cementation.

•	 Fault kinetics and geometry has changed in associa-
tion with the onset of volcanism during rifting.

•	 Structural inheritance, volcanic activity and stress 
axis permutation contribute to oblique rift pattern.
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were investigated using combined field, structural, burial, geo-
chronological and micropetrographic analysis.

2   |   Geological Settings

2.1   |   Tectonic Settings, Deformation Phases

In the Cenozoic, the study area was affected by several defor-
mation phases, separated by tectonostratigraphic and relative 
chronological arguments, orientation of structures and changes 
in the successive stress axes and style of deformation (Figure�2) 
(Tari�1994; Fodor et�al.�1992, 1999; Horváth et�al.�2015; Balázs 
et�al.�2016; Petrik et�al.�2014, 2016; Beke et�al.�2019). The sur-
rounding Alpine–Carpathian–Dinaric orogenic belt underwent 
syn- and post-collisional deformation, resulting in the forma-
tion of flexural basins during the Middle Eocene to earliest 
Miocene period (Báldi�1986; Tari et�al.�1993; Fodor et�al.�1992, 
1999). One such retroarc basin is the North Hungarian–South 
Slovakian Paleogene Basin (NHSSPB, Figure�1a), which was 
formed during the regional D1–D2 phases (Figure�2). The basin 
centre is characterised by gentle folds with a wavelength of ca. 
10–50 km, whereas the basin margins were bounded by fault 
zones of reverse or strike-slip character (Sztanó and Tari�1993; 
Fodor et�al.�1992, 1999; Palotai and Csontos�2010).

In the study area, an NNE–SSW trending anticline (János 
Hill) and a major 50 km long E–W striking dextral shear zone 
(Nagykovácsi Fault, Figures�3 and 4) (Balla and Dudko�1989) 
played an important structural role bounding different palae-
ogeographic domains (Fodor et�al.�1994). The governing stress 
field was characterised by a compressional to strike-slip regime 
with WNW–ESE to NW–SE maximal and perpendicular mini-
mal stress axes lasting from ~35 through ~18.5 Ma, during which 
the host Hárshegy Sandstone Formation was deposited between 
~30 and 26 Ma. The Palaeogene basins were disintegrated by the 
Early Miocene dextral displacement along the Mid-Hungarian 
Shear Zone (D3 phase, Figure�2; Tari� 1994; Csontos and 
Nagymarosy�1998; Fodor et�al.�1998).

After the history of the NHSSPB ended, the Pannonian Basin 
was formed by lithospheric stretching of the overthickened 
crust of the orogen (Horváth et�al.�2015; Balázs et�al.�2016). The 

syn-rift sedimentation of the northern part of the PB started 
around 18.5–18.0 Ma and occurred in several syn-tectonic gra-
bens partly overlying low-angle detachment faults (Figure�1b) 
(Balázs et�al.�2016; Horváth et�al.�2015; Fodor et�al.�2021; Tari 
et� al.� 1992, 2023). The syn-rift evolution is characterised by 
extensive faulting, rotations and subsidence (Figures�2, 3 and 
4). The minimum stress axis of the extensional or transten-
sional stress field was gradually changed across two well-
documented counterclockwise vertical-axis rotations (Márton 
and Fodor�1995; Márton and Márton�1996; Fodor et�al.�1999). 
The first rotation (R1), having counterclockwise (CCW) sense 
with 40°–50°, took place shortly after the onset of syn-rift sedi-
mentation (Figure�2). Older K/Ar ages placed R1 between 18.5 
and 17.5 Ma (Márton and Pécskay�1998; Márton et�al.�2007) but 
new, more precise U–Pb ages shift this event to a period between 
17.1 and 16.8 Ma (Lukács et�al.�2018, 2021). The second, 25°–30° 
CCW rotation (R2) occurred within the Middle Miocene. The 
previous estimation placed R2 between ~16 and 14 Ma (Figure�2; 
Márton and Pécskay�1998). Direct dating of this rotation, based 
on palaeomagnetic and volcanological data from the study area, 
suggested a short period of 15.5–15.3 Ma (Karátson et�al.�2007), 
while recent estimates based on structural and more recent geo-
chronological data propose a longer period, lasting at least until 
14.8 Ma (Lukács et�al.�2018; Juhász et�al.�2025, in review). These 
apparent rotation events are the basis for the division of the syn-
rift deformation into an early, a main and a late syn-rift phases. 
(Figure�2).

The early syn-rift is characterised by NNE–SSW minimum 
stress axis (D4 regional phase) that changed to NE–SW during 
the D5 main rifting phase, and to E–W to ESE-WNW during 
the D6 late rifting phase (Figure�2; Beke et� al.�2019; Juhász 
et�al.�2025, in review). Deformation was expressed dominantly 
by normal and strike-slip faults with orientations following the 
changing minimum stress axis (Figure�4). Rotation events and 
relationships with volcanoclastic levels constrain the exten-
sional early syn-rift phase (D4) between 18.2 and 17 Ma, which 
turned into the (locally transtensional) syn-rift phase from 17 to 
14.8 Ma (D5), and into the late syn-rift that started from 14.8 Ma 
and lasted to ~11.6 Ma (D6) (Figure�2).

The syn-rift evolution of the PB was accompanied by signifi-
cant volcanic activity during the late Early to Middle Miocene 

FIGURE �     |    General setting of the study area within the Pannonian Basin (PB) and surrounding orogens. (a, b) Two main phases of Cenozoic 
structural evolution (after Danišík et�al.�2015).
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(Harangi and Lenkey�2007; Lukács et�al.�2018). On the north-
ern part of the study area, syn-extensional magmatism created 
the Börzsöny Andesite Complex (Figure�3) in the Visegrád and 
Börzsöny Mts. (Korpás�1998; Karátson et�al.�2000, 2007; Harangi 
et�al.�2001; Harangi and Lenkey�2007). The age and duration of 

the volcanic activity are controversial; combined K-Ar and mag-
netostratigraphic data indicate a longer period between 16.8–16 
and 13.7 Ma (Karátson et�al.�2000, 2007; Drew et�al.�1999); mean-
while, biostratigraphic data of under- and overlying sediments 
restrict the duration to ca. 15.5–14.5 Ma (Báldi and Kókay�1970; 

FIGURE �     |    Stratigraphic column of the study area (modified after Wein�1977 and Selmeczi et�al.�2023), (boundaries of local Paratethys stages 
follows: Hohenegger et�al.�2014; Sant et�al.�2017; Ková� et�al.�2018).
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5 of 28

FIGURE �     |    Topography of the study area with faults. Buda Line as a palaeographic boundary of HSF deposition, numbered measurements sites, 
highlighted strikes of main syn-tectonic chalcedony bearing elements, distribution of chalcedony cemented sandstone (white translucent layer on 
top of the DEM-based map, outlined by dotted lines), based on Báldi�(1986) and our observations. Faults are after Fodor�(2000) unpublished map, 
modified; Buda Line is after Báldi and Nagymarosy�(1976); faults beneath the Danube River are after Oláh et�al.�2014. Inset in right corner shows the 
location of the study area within Hungary (H) and central Europe. For sites of fault-slip data within the frame, see Figure�4.

 13652117, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.70043 by E

T
H

 Z
urich, W

iley O
nline Library on [15/07/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



6 of 28 Basin Research, 2025

Hír et�al.�2024). In the Börzsöny and Visegrád Mts., the volca-
nism was divided into three stages based on palaeomagnetic dec-
lination and K-Ar age data (Karátson et�al.�2000, 2007, Figure�2). 
The first stage is characterised by normal polarity with ca. 30° 

CCW rotation between 16.5–�  16 Ma and 16.5–16.0 Ma ages in 
the Visegrád and Börzsöny Mts., respectively. The second stage 
has reverse polarity and ca. 30° CCW rotated rocks, while the 
third stage rocks have reverse polarity and no rotation. The age 

FIGURE �     |    (a) Geological map of the main study area for the HSF and silica-cemented fractures (after Wein�1977; Fodor 2000). (b) Geological 
cross-section along a NW–SE direction. Fault pattern of the wider area after Wein�(1977); Fodor (2000) unpublished, modified by field observations 
of this study and Fialowski et�al.�(2023). Key locations are shown with stereograms of all measured DBs, veins, DB faults.
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of the rotation event was suggested to occur during the main 
andesitic activity between 15.5 and 15.3 (±0.5) Ma (Karátson 
et�al.�2007).

The post-volcanic Middle Miocene sedimentary succession is 
marked by variegated deltaic to marine sediments (Figure�2; 
Selmeczi et� al.�2023). The facies distribution was determined 
by a basin topography controlled by normal faults and tilted 
blocks. A distinct interval in the Late Miocene (from ~9 Ma) is 
considered a post-rift stage when fault activity played a subor-
dinate role and lithospheric processes dominated basin subsid-
ence (Balázs et�al.�2016). Post-rift deformation is characterised 
by (N)NW–(S)SE trending extension, which changed to ESE–
WNW in the latest Miocene (Figure�2; Petrik�2016). Part of the 
syn-rift structures may have reactivated during this phase.

2.2   |   Host Rock and Its Silicification

The investigated Hárshegy Sandstone Formation (HSF in 
Figure� 2) is a coastal marine sandstone and conglomerate 
that was deposited in the Early Oligocene (Báldi et� al.�1976; 
Báldi� 1986; Sztanó et� al.�1998) between ca. 30 and 26 Ma 
(Selmeczi et�al.�2023). The extent of this formation is controlled 
from the east by the NNE–SSW striking Buda Line, originally 
defined as a palaeogeographic boundary between different 
developments of Palaeogene sediments (Figure�3; Báldi and 
Nagymarosy�1976). Most recently, it is considered as a blind re-
verse fault zone in the core of an anticline (János Hill anticline, 
Figure�3) having been active in the Eocene and Oligocene (Fodor 
et�al.�1994; Magyari�1996). During the Oligocene, this antiform 
acted as a submarine barrier isolating the NW shallow marine 
from the SE bathyal parts of the basin (Figure�2). Along the bar-
rier, the material of Hárshegy Sandstone (HSF) was transported 
and deposited in its present position by south-westward flowing 
currents. The thickness of the sandstone varies from 25 m to an 
average of 150–200 m up to a maximum of 300 m. The grains are 
primarily composed of quartz and quartzite (> 90%), with other 
components including chert, locally carbonate clasts, kaolinite, 
glauconite, plagioclase grains, mica flakes and plant remains.

Depending on the degree and material of cementation, two types 
were distinguished (Báldi and Nagymarosy�1976). One is less 
consolidated, the clay and silt contents are more pronounced, 
while the carbonate content can exceed 10%. The cement of 
this type is represented mainly by calcite, limonite and locally 
silica. The general absence of associated chalcedony ‘veins’ is 
a distinguishing field criteria relative to the second type that 
was extensively cemented by silica (mainly chalcedony; Báldi 
and Nagymarosy�1976). The ‘veins’ are actually considered as 
chalcedony cemented DB and subordinately veinlets in the strict 
sense, discussed later in Section�4. However, the amount and 
degree of cementation in the second type varies locally due to 
a combination of factors. The extent of silica cementation is 
thought to be spatially related to the Buda Line (Figure�3) and 
also appears to be more pronounced along tectonic elements, 
being most pervasive in the vicinity of chalcedony ‘veins’, 
where the sandstone grains are coarser and better sorted, and 
further away from the underlying carbonate rocks (Báldi and 
Nagymarosy�1976). Silica (chalcedony) cement content var-
ies between 20% and 40% in and along (1–2 cm away from) the 

chalcedony ‘veins’, but does not exceed 10% at 6 cm from the vein. 
In addition, carbonate fragments almost disappear in the vicin-
ity of the veins, whereas 5 cm away the proportion of carbonate 
fragments can reach 10%–20% at the expense of quartzite and 
chert clasts (Báldi�1986). Two types of chalcedony occur as the 
dominant cement based on optical characteristics (Báldi�1986), 
one of which is fibrous, circumgranular and the other composed 
of xenomorphic grains that fill the remaining pores.

The origin and timing of the silica precipitation in the sand-
stone are controversial. Most studies considered the silica ce-
ment to be of hydrothermal origin (Schréter�1912; Scherf�1922; 
Fekete�1935; Báldi and Nagymarosy�1976), only a few authors 
(Kaszanitzky�1956) argued for a burial diagenetic silica forma-
tion. Schréter�(1912) proposed that the timing of hydrothermal 
activity and hence cementation, could occur between the Early 
Miocene and the Pleistocene, with a potential correlation to 
Miocene volcanic activity. Conversely, later works using strati-
graphic arguments suggested a late Early Oligocene age of silici-
fication (Scherf�1922; Fekete�1935; Báldi and Nagymarosy�1976; 
Gál et�al.�2008). The latter hypothesis was built on the absence of 
silica veins and cementation in the overlying formations, which 
consist of thick clays, siltstones and sandstones. The latest study 
by Gál et�al.�(2008) gathered evidence for a hydrothermal origin 
by presence of sulphide minerals such as pyrite and chalcopyrite 
associated with the chalcedony ‘veins’, and linked the time of the 
silicification to the age of the Palaeogene volcanism. According 
to their work, hydrothermal mineralisation occurred in two 
distinct hydrothermal events, first represented by chalcedony, 
followed by barite veins. The main argument for the separation 
is that the barite occurs only on the surface of discrete planes in 
the sandstone without an alteration halo and other associated 
minerals (such as chalcedony). Fluid inclusion measurements 
suggested that the barite was formed by the mixing of saline 
fossil water with high Ba2+-concentration and up to 250°C hot 
ascending water with moderate salinity and higher sulphate 
content, driven by magmatic heat linked to Middle Miocene vol-
canic activity. The mixing resulted in a decrease in temperature 
and an increase in salinity, which led to barite precipitation (Gál 
et�al.�2008). Our detailed structural diagenetic analysis provides 
additional evidence for the timing and structural control of silica 
precipitation, modifying previous hypotheses.

3   |   Methodology

3.1   |   Fault- Slip Analysis

A total of 21 outcrops were examined, including 9 outcrops 
focused on the silica-associated deformation elements in 
the Oligocene HSF (Figure�3, Appendix�S1). Structural data 
(Appendix�S3) were collected and analysed from older rocks 
(Eocene limestone, marlstone, Triassic carbonates at five sites) 
and from the youngest nearby volcaniclastic rocks (Middle 
Miocene, five sites) to compare fracture pattern evolution in 
different lithologies and to constrain better the age of the de-
formation phases (see Figures�1A and 2). Fault analysis was 
carried out in all outcrops, but only the phases relevant to DB 
formation and silica cementation are presented in this study. 
The separated fracture sets were labelled F1–F4. The mea-
sured structural data were evaluated by using the InnStereo 
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application and the software developed by Angelier� (1984). 
Andersonian (Anderson�1906) conjugate fracture geometry 
was used to classify DBs, (DB) faults, joints and veins into 
coherent fracture sets. Orientations, geometry, cross-cutting 
relationships types of deformation elements are used for 
manual phase separation. Automatic phase separation of stri-
ated faults was implemented for suitable sites (Angelier and 
Manoussis�1980). Tilt test, reactivation of fracture planes, 
occasionally with two superposing generations of lineation 
on the same plane, cross-cutting relationships and temporal 
evolution of deformation elements (two types of DB) (Fossen 
et�al.�2007) and the associated mode of silica cementation in 
the initially porous host rock are substantial components of 
the relative chronology (F1–F4). The CCW rotations (Márton 
and Fodor�1995) affecting the PB during the rifting are also 
considered because they induced changes in the stress axes 
directions. Once a temporal correlation between the region-
ally known age of the rotation event and a change in the stress 
field can be established, an absolute dating of the upper or 
lower boundary of the fracture phases can be cautiously in-
ferred from the given stress axis, considering the deformation 
mechanism and associated cementation.

3.2   |   Age Dating of Deformed Volcanic Rocks

Two samples from the deformed volcanic succession of the 
Visegrád Mts. were analysed by zircon U–Pb geochronol-
ogy to provide temporal constraint on the stress field evolu-
tion. The age of the youngest sediments affected by the main 
F3 and F4 fracture sets, but lack of F1 set, helps separate and 
clarify the age constraints of the deformation phases. One of 
them is a grey-coloured flow-banded fresh garnet-bearing rhy-
odacite sample from the carapace breccia part of the Szentlélek 
lava dome (Pilisszentlélek; VH_PS6). It represents the first 
stage of the volcanic activity, which is characterised by 30° 
CCW rotation and reverse polarity according to Karátson 
et� al.� (2007), who used the palaeomagnetic data of Balla and 
Márton-Szalay�(1979). The second sample came from a reddish 
amphibole-bearing andesite block of the uppermost pyroclastic 
breccia deposit of Thirring-sziklák (VH_12_1C). The rock of 
Thirring- sziklák contains > 75% andesite blocks in an ash-sized 
matrix (Karátson et� al.�2007) with monolithological composi-
tion (Appendix� S2). In the uppermost massive, ungraded part 
(sample point), several blocks with radial joints (Appendix�S2) 
can be identified, suggesting hot deposition in a block-and-ash 
flow. A block sample from the Thirring-sziklák was formerly 
dated by whole rock K-Ar method (Karátson et� al.�2007) that 
resulted in 15.35 ± 0.67 Ma. This deposit was classified to the 
third volcanic stage in the Visegrád Mts. (Karátson et�al.�2007) 
similarly to the Vadálló-kövek deposits. Therefore, the dated 
sample is correlated with both the petrographically and volcano-
sedimentologically similar Vadálló-kövek deposit (Appendix�S2) 
exposing DBs (Figure�5F). The volcanic formations of the third 
stage including the pyroclastic rocks of Vadálló-kövek are char-
acterised by reverse palaeomagnetic polarity and no rotation 
(Karátson et�al.�2007).

The two studied rock samples contain accessory zircon crystals 
with euhedral shapes and a magmatic zoning pattern accord-
ing to the cathodoluminescence images. We hand-picked zircon 

crystals after processing the rocks by standard heavy mineral 
separation procedures (crushing, sieving, heavy liquid separa-
tion) from 250 to 263 µm size fractions. The VH_12_1C sample 
provided less zircon compared to the VH_PS6 sample, which 
importantly contained garnet in addition in the heavy mineral 
fraction. Zircon crystals were mounted, ground and polished 
to reveal their interior, which was screened using CL images. 
In�situ zircon U–Pb isotopes were analysed at ETH Zürich using 
a Thermo Element XR SF-ICP-MS coupled with a Resonetics 
Resolution 155 type ablation system. Analytical conditions were 
a 30 µm spot size, 5 Hz repetition rate, 2.0 J/cm2 energy density 
(fluence) and 40 s ablation time. We used GJ-1 reference zir-
con (Jackson et�al.�2004; Horstwood et�al.�2016) as a primary 
reference material, while zircons 91500, Plešovice, AUSZ7-1, 
AUSZ7-5 and Rak-17 were measured as validation reference 
materials (Wiedenbeck et�al.�1995; Sláma et�al.�2008; Kennedy 
et� al.�2014; von Quadt et� al.�2016; Webb et� al.�2020, respec-
tively), covering a reference age interval between 1063.5 and 
2.409 Ma. Validation reference materials were used to correct 
the matrix-dependent age offsets (Sliwinski et�al.�2017). IOLITE 
software (Paton et�al.�2011) combined with VizualAge (Petrus 
and Kamber�2012) was used for data reduction of the LA-ICPMS 
measurements. The Th disequilibrium correction was per-
formed after alpha dose-correction (Sliwinski et� al.�2017) as-
suming a constant Th/U partition coefficient ratio of 0.33 ± 0.06 
(1� ; Rubatto and Hermann�2007) and using the equations of 
Schärer�(1984).

3.3   |   Cross-Sections and Burial Curves

Cross-sections and burial curves have been compiled to investi-
gate the relationship between the deformation mechanism and 
burial depth. The sections are drawn based on surface outcrops, 
measured structural data and boreholes, and plotted using 1D 
Move software. The resulting dataset allows the calculation of 
formation thicknesses and their spatial variability. Subsidence 
(burial depth) curves have been compiled using a minimum, 
maximum and average thickness values of formations overly-
ing the HSF. The studied outcrops are more representative of the 
shallowly buried part of the area. Burial history and isotherms 
are modelled by Petromod 1D software (Littke et�al.�1994), in 
which borehole data, the thickness and lithology of the forma-
tions, postulated water depth and the calculations of eroded 
thickness derived from cross sections are integrated.

3.4   |   Micropetrography

Eighteen thin sections prepared from the sampled DBs, veins 
(16) and host rock (2), are subjected to detailed microscopic anal-
ysis. Cathodoluminescence (CL) studies were performed on pol-
ished thin sections of representative samples from each of the 
F1, F2 and F3 fracture sets using a MAAS-Nuclide ELM-3 cold-
cathode CL device and Reliotron VII CL instrument operating 
at 7 kV and 0.7 mA, mounted on an Olympus BX43 microscope 
in order to distinguish mineral phases such as feldspar, silica 
(non-luminescent quartz overgrowth) and clay minerals in the 
deformed zones. Micro X-ray fluorescence (µXRF) mapping was 
performed on a Horiba Jobin Yvon XGT-5000 X-ray fluorescent 
spectrometer equipped with Rh X-ray source operating at 30 kV 
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FIGURE �     |    Field examples (site numbers see in Figures�3, 4 and 6) of different generations of DBs and DB faults with stereograms. (a) Conjugate 
strike-slip DBs belonging to the F1 generation at Kövesbérc, site 6 (see Figure�1d). (b) Anastomosing sets of DBs (white dotted lines) in Mohr-pair 
geometry at Kövesbérc, site 6, represent the subsequent (F2) fracture set. (c) F1 (blue dotted lines) and F2–3 generation of DBs and veins (white dot-
ted lines) at Ziribár. site 9. (d) Two slickenlines (dashed lines) on the same fault surface with silica crust, the normal DB fault (1) was reactivated by 
strike-slip (2) in the relative chronology at site 6. (e) The white, silica-cemented DB in the reddish-coloured sandstone represents the third generation 
at site 6. (f) DBs (white dotted lines) with the same geometry as the F3 generation occurring in pyroclastic sediments (the youngest affected) with an 
age of ~15.3 Ma at Vadálló-kövek (V1).
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FIGURE �     |     Legend on next page.



11 of 28

and 0.5 mA. Two samples across the deformed zone were anal-
ysed to obtain elemental maps for Si, Mn, Fe, Ti, Al, K, Ba, Ca 
and S. The elemental composition analysis and elemental sur-
face mapping provided a more accurate picture of the distribu-
tion of components in the deformed zones, particularly in the 
very fine fraction.

4   |   Results

4.1   |   Map-Scale Pattern of Silica Associated 
Deformation Elements

The silica cementation is most prominent in association with 
deformation elements and their number is proportional to the 
degree of cementation (Figure�5). The mappable occurrence of 
the silica-associated deformation elements (Figure�3) and ob-
served silica cementation (translucent zone in Figure�3, after 
Báldi�(1986)) covers at least several tens of km2. The map-scale 
distribution of the cemented zones was systematically followed 
either along a WNW–ESE to NW–SE strike zone coinciding with 
faults and a roughly NNE–SSW striking zone along the western 
side of the Buda Line (János Hill anticline). The faults followed 
by cemented zones are located between the Pilis Fault and the 
Vörösvár graben, and between the Nagykovácsi Fault and the 
János-Hill anticline (sites 12 and 13, Figure�3). Two additional 
locations exhibit silica-cemented breccia zones (Appendix�S2, 
photo c) in proximity to E–W trending shear zones with a simi-
lar orientation.

It is noteworthy that the number of silica-associated structures 
is observed to decline in a north-westward direction, particu-
larly in the northwest Buda Hills and Vörösvár graben. This 
decrease may, at least in part, be attributed to the scattered oc-
currence of the HSF. Furthermore, the degree of cementation 
of the sandstone (away from the fracture zone) is also observed 
to decrease in this area. In the north-western area of Figure�3 
(north-west of the Kétágú Fault, K.F. on Figure�3), the occur-
rence of silica-cemented structures is scarce, and in the sand-
stone, the silica cementation can be entirely absent (Báldi�1986; 
Sztanó et�al.�1998; and own observations).

4.2   |   Mesoscopic Pattern and Appearance 
of Deformation Elements

Four generations of fracture systems are distinguished (F1–
F4), of which three generations of DBs are associated with 
silica cementation. In addition to the data measured in the 
study sandstone (HSF), data from different types and ages of 
low porosity rocks (limestone, pyroclastic) were also added. 
Extensional and strike-slip elements with similar mini-
mum stress axes �3 were merged into a single fracture sys-
tem (Figure�6). The complete set of stereograms for all (DB, 
DB fault, vein) data is presented in Figure�4. The results 

for selected sites with separated fracture sets are shown in 
Figure�6. The complete separate set of measured data for each 
site is given in Appendix�S3.

The first fracture generation (F1) is represented by steep con-
jugate WNW–ESE and SW–NE and WSW–ENE trending con-
jugate normal DBs, which occur as a few millimetres thick, 
generally straight or slightly sinuous, uniformly cemented 
white to light grey zones of positive relief in the host sandstone 
(Figure�5a). The classification into this phase has been applied 
in particular to cases where the field mesoscale geometric pat-
tern of these elements helps determine their kinematics as a co-
existing conjugate pair of strike-slip faults or Mohr-pair normal 
structures (Figure�5a,d). Field observation shows that strike-
slips mutually cross-cut each other, and the normal DB sets 
systematically displace the strike-slips. This suggests that the 
conjugate strike-slip pairs formed before the normal planes but 
they may belong to the same deformation phase characterised 
by WSW–ENE compression and perpendicular extension. This 
stress field has also been reconstructed from data measured in 
older rocks (Eocene marlstone and Triassic limestone [sites ET1, 
ET2; Figure�6, Appendix�S3]).

The second (F2) and third (F3) generations of fractures are 
sub-millimetre to few millimetre thin DBs, faulted DBs (later 
referred to as DB fault) and ‘veins’. The coexistence of these 
structures often results in a wider deformation zone; mainly 
an anastomosing zone of ochre to reddish DBs and light brown 
to light grey veinlets forming clusters of several mm to several 
cm thickness. Many stacks display a few millimetres of sharp, 
planar contact with the host rock, indicating a development to-
wards a fault (DB fault) (Figure�5d). The siliceous material ap-
pears to cement the DBs, and also occur as a thin, mirror-like 
coating on the developed fault surface along the margin of DBs 
(DB fault), in many cases with slickenlines allowing the deter-
mination of the shear sense (Figure�5D).

The earlier generation (F2) comprises (W)NW–(E)SE trending 
DBs, ‘veins’ and a few DB faults in order of abundance. Mohr-
pair geometry, dip-slip slickenlines on the DB faults (Figure�5b) 
together with dip angle relative to bedding indicate their normal 
kinematics that was formed under NNE–SSW extension. Data 
from the Eocene marlstone indicate a similar extension direc-
tion, but rather as strike-slip on pre-existing planes (Figure�6, 
site ET1 Lapos quarry).

The subsequent generation (F3) is represented by steep conju-
gate WNW–WSE trending dextral, roughly N–S trending sinis-
tral and NW–SE trending normal DBs, veins and DB faults 
(conjugate pairs, Kövesbérc, Solymár, sites 3–6, in Figure�6). The 
WNW–ESE trending planes dextrally displace N(NW)–S(SE) 
trending elements (e.g., site 6 Kövesbérc, Figure�6). This lat-
ter cross-cutting relationship suggests that the (W)NW–(E)SE 
trending elements formed after or contemporaneously with the 
N(NW)–S(SE) trending elements. The orientations, together 

FIGURE �     |    Stereographic projections of the observed deformation elements, focusing on DBs and chalcedony veins and evolved DB faults. Sites 
from older and the youngest affected rocks are added for comparison. Multiphase deformation is indicated by the frequent (often oblique) reactivation 
of the former pre-existing planes.
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with the geometry and associated kinematics, support forma-
tion under a transtensional stress field characterised by NE–SW 
extension (Figure�6).

However, in part of the (W)NW–(E)SE trending planes, the 
phase classification between F2 and F3 is doubtful due to 
the lack of kinematic markers. In most of the demonstrated 
cases, relative chronological criteria allowed the separation of 
F2 and F3 sets. In site 6 (Köves-bérc), the co-occurrence of 
dip-slip and strike-slip slickenlines on moderately to steeply 
dipping DB fault surface is indicative of multiphase deforma-
tion (Figure�5d). Both in sites 6 and 5, the well-developed fault 
mirrors with oblique or horizontal slickenlines occurring on 
the former F2 set of DBs or normal fault planes demonstrate 
their younger age than F2 set (Figures�5d and 6). In addition, a 
significant change in the deformation mechanism (and tilting) 
may also indicate that the F2 set is older than the F3 set (site 
9, Figure�6).

The youngest rocks containing this fracture system (occurring 
both as DBs and striated faults) are the Middle Miocene pyro-
clastic rocks of the Visegrád Mts. (block-and-ash flow breccia 
related to the third volcanic stage in the site V1 Vadálló-kövek, 
and the debris-flow deposits of the site V5 Visegrád-Castle Hill, 
respectively, Figure�6, Appendix�S3).

Fractures of NE–SW extension also occur in Triassic and 
Eocene limestones as a set of NW–trending fractures and 
as oblique-slip reactivation of the F1 fracture generation 
(sites ET1-4, Figure�6, Appendix�S3). At a few sites (e.g., site 
4, Paprikás creek waterfall, Figure�6), the study sandstone 
containing silica veins and DBs was fractured into a silica-
cemented breccia along a WNW–ESE trending map-scale fault 
(Figure�3, photo C in Appendix�S2). The breccia has been dis-
sected by small faults with striae and tilted in the fault zone, 
indicating an overprint of the vein formation.

Barite has often grown on the discrete planes of the F3 frac-
ture system, mainly along N(NW)–S(SE) trending elements, 
presumably by opening of these fractures. This open fracture 
formation, partly filled with euhedral barite, may have been 
controlled by E–W extension that characterises the following 
F4 generation. No DBs, but few veins (preceding barite), nu-
merous joints or faults characterised by ~E–W extension with 
a scatter of estimated �3 direction. In site 8 (Csúcs Hill), the 
joints are younger than DBs due to their deformation mecha-
nism, while in site V2, the oblique reactivation of former nor-
mal faults and joints gives the relative chronology with respect 
to the F3 set.

4.3   |   Micropetrography

4.3.1   |   The Host Sandstone

In the unaffected/less affected (one of the outermost along the 
deformation zone) part of the sandstone, the grains are loosely 
to moderately packed with a predominance of point contacts. In 
these parts, porosity is visibly greater (Figure�7a) than in the few 
centimetres of slightly deformed zone surrounding and between 
the DBs (Figure�7b–e, or see together in Figure�9c).

In the less affected sandstone along, but outside the DBs, some 
of the detrital quartz grains are irregular in shape (Figure�7f,g), 
while the few feldspar grains are mostly euhedral with straight 
(intact) boundaries showing no signs of dissolution. Pores are 
filled by kaolinite (halloysite), chalcedony, ferruginous miner-
als (iron-oxide) and quartz overgrowth (Figure�7f–h), whereas 
pores in the slightly deformed zones between anastomosing DBs 
are mainly occluded by chalcedony (Figure�7d,e) and ferrugi-
nous minerals.

Chalcedony cement is identified either by undulating extinction 
and lower indices of refraction compared to quartz. Chalcedony 
appears as patches of aggregates in the pores (Figure�7d,e) and 
subordinately around grains with radial (fibrous) structures 
(Báldi� 1986). This type of cement occasionally has a brown-
ish tinge, indicating the presence of ferrigenous minerals 
(Figure�7d,f). The impure chalcedony tends to occlude larger 
pore spaces rather than to occur at grain contacts (Figure�7d,e). 
In contrast, quartz overgrowth occurs at grain contacts, and lo-
cally in the vicinity, but outside of the DBs between fractured 
(but not disintegrated) grains (Figure�7f,g). The proportion of 
quartz cement is minor compared to the proportion of chalced-
ony cement (Figure�7f,g). Linear or concentric arrangement of 
solid and fluid inclusions within the quartz outline the grain-
overgrowth contact. Their occurrence along the rim of the de-
trital grains suggest be co-precipitation with the quartz cement, 
and so are regarded as primary in origin. The size of the irreg-
ularly shaped fluid inclusions is less than 5 µm containing one-
phase liquid (?) or two-phase liquid+vapour, of which the latter 
type occurs only sporadically. Although these primary fluid 
inclusions occupy a clear paragenetic position in the diagenetic 
history of the sandstone, they are not suitable for microther-
mometry due to their small size.

The kaolinite showing intense blue luminescence (Figure�7f,g) 
mainly occludes increased secondary porosity in the host sand-
stone, and in the vicinity of the DBs in the less affected part of 
the sandstone.

4.3.2   |   Deformation Elements

The F1 generation (Figure�8a,b) of DBs shows largely intact 
quartz grains deformed by abrasion or grain flaking and only a 
minor amount of frictional matrix derived mainly from feldspar 
and chert clasts. The remaining pores were filled with chalced-
ony and minor amounts of ferrigenous minerals as cement.

The F2 and F3 generations show more intense grain comminution, 
resulting in a significantly greater amount of cataclastic matrix 
and porosity reduction than the previous generation (Figure�8c–e). 
The DBs contain silica-cemented parts, which exhibit flow-like 
structure with a sharp straight or slightly sinuous boundary, even 
within the DB zone (Figures�8e and 9). In clusters of DBs, dark 
brownish DBs and white or light brown sinuous seams alternate in 
the same anastomosing band structure (Figure�9c,d). The relative 
proportion of chalcedony is visibly greater in the lighter coloured 
zones compared to the darker, finer grained, at least partially fric-
tional matrix-rich DB zones (e.g., Figure�9e). Occasional fragments 
of silica-cemented ‘lighter’ coloured microbreccia occur embed-
ded as clast in the dark zone.
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The white or light-coloured chalcedony cement rich deforma-
tion zone, with very little amount of dark matrix, usually con-
taining intact or slightly fragmented grains of wall rock and 

with irregular boundaries to the host rock, are considered in 
previous works (Báldi and Nagymarosy�1976; Gál et�al.�2008) to 
be chalcedony ‘veins’ (Figure�9a,b,g–i).

FIGURE �     |    (a) Photomicrograph of a sandstone sample (Gete Hill) with predominantly ferruginous cement and no visible chalcedony cement 
from the western occurrence of the formation, which is not chalcedony cemented (Báldi�1986). (b, c) Plane- and cross-polarised light photomicro-
graphs of pervasively cemented (chalcedony is marked by orange arrows) sandstone part from a few cm away from the chalcedony associated defor-
mation zone (Ziribár, site 9, see Figure�3). (d, e) Plane- and cross-polarised light photomicrographs of the enlarged pore-filling chalcedony (orange 
dashed line and arrows) in the sandstone from the vicinity (2 cm away) of the deformation zone (DB with chalcedony). Ferruginous cement is marked 
by green arrow. (f) Combined cathodoluminescent (CL) and light microscopic (PPL) image and (g) CL image of the boundary zone between a chal-
cedony cemented cataclastic band (belonging to the F3 fracture set, site 6, marked by yellow dashed lines), and the less deformed host rock, where 
fractured, but not disintegrated quartz grains are common. The blue luminescence in the pores indicates the presence of kaolinite. Orange arrow 
marks non-luminescent quartz overgrowths (Sippel�1968) between dark red luminescent detrital quartz. Chalcedony in the DB also has a reddish 
luminescence. (h) SEM-BSE image of the boundary zone along the same DB (F3 set, site 6) as in (f) and (g).
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FIGURE �     |    Photomicrographs of DBs (dashed lines) with increasing intensity of cataclasis as a result of different phases of deformation. 
Histograms of main grain sizes: The lengths of the long axes of the largest 10–12 grains in the micrographs in the host rock (HR) and in the adjacent 
DBs to roughly compare the intensity of cataclasis between fracture generations. (a, b) DBs represent the F1 generation (site 6), where minor grain 
size reduction can be observed, and the amount of fine-grained matrix (brownish tinge) is visibly lower than in F2 and F3 generations. (b) DB shows 
mainly compaction and disintegrated main grains without significant shear markers. (c) The F2 generations (site 6) show a more pronounced main 
grain size reduction resulting in a visibly greater amount of fine-grained matrix (brownish tinge). (d, e) The F3 generation shows the most advanced 
cataclasis (sites 6, 2 and 9) with the finest matrix among the DBs with the deformation mechanism towards the fault, of which (d) (site 9) formed 
together with silica veins.
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FIGURE �     |    Photomicrographs of deformation elements associated with silica (F2 and F3 sets). Silica is shown to be present during the deforma-
tion, termed syn-tectonic ‘dynamic’ silica precipitation. (a, b) Plane- and cross-polarised light photomicrographs of silica-cemented DB ‘vein’ (site 
9), detrital quartz fragments are ‘floating’ in siliceous (chalcedony) cement, formed together with Figure�8d, in the same DB stack zone. (c–f) (sites 
6, 8) alternation of microbreccia (DB, black arrowhead) and silica-cemented seams (green arrowhead) that co-formed during progressive deforma-
tion, resulting in zonation. (g) Transition between a plane- and a cross-polarised light photomicrograph of a closer view of a siliceous seam (magenta 
dashed line) within a similar DB stack like in Figure�7d. (h, i) higher magnification of the chalcedony cement (orange arrows) within a cement rich 
DB ‘vein’ (site 2) (magenta dashed line).
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The developed polished fault surface (DB fault) within the DB 
clusters is expressed by a distinct sharp and linear boundary 
between the most comminuted dark and a light coloured micro-
breccia zones (right side in Figure�10).

4.4   |   Micro- XRF

Micro-XRF analyses were carried out on two generations of 
the DBs in order to obtain elemental distribution maps over 
the entire deformed zone. The measurements reveal that the 
distribution of some elements shows significant variability 
in the F3 generation of DBs displaying a zonal pattern. Fe, 
Mn, S, Ti and Ba enrichments are significant in a dark, very 
fine-grained zone, closest to the developing DB fault plane 
(Figure�10). While minor amounts of Fe and Mn occur locally, 
there are no significant (visible) amounts of Ti, Ba and S, ei-
ther in the adjacent silica cement rich (white) DBs or in the 
host rock (Figure�10).

4.5   |   U–Pb Age Dating

The in� situ zircon U–Pb dating was performed in 34 and 43 
zircon spots (mostly in the outer parts of the grains) from the 
VH_12_1C and VH_PS6 samples, resulting in 20 and 27 concor-
dant dates, respectively (data in Appendix�S4). Discordant dates, 
having [(207Pb/235U Age)� (206Pb/238U Age)]/(207Pb/235U 
Age) > 10%, were omitted from interpretation. The average 
uncertainty of the individual zircon dates is 2.5% (2 SE). The 
analysed reference materials yielded weighted mean ages 
within uncertainty the same as their respective reference ages 
(see details in Appendix�S4). Concordant dates span from 
16.10 ± 0.40 to 15.07 ± 0.31 Ma in the case of VH_12_1C, with 
one much older xenocrystic grain rim having 293 ± 7 Ma. VH_
PS6 yielded concordant dates within a similar range between 
16.37 ± 0.47 to 15.06 ± 0.32 Ma and one 1862 ± 33 Ma xenocryst 
grain rim. Both datasets reflect multicomponent age popula-
tions according to the calculated mean squared weighted de-
viation (MSWD) values of weighted mean ages; therefore, we 

FIGURE ��     |    Micro-XRF element map images of a (F3) generation DB across the deformed zone (site 6). The relative amount of each elements is 
shown by colour intensity, with black being the minimum and the lightest colour being the maximum. The elemental distribution shows S, Ba, Ti 
and Fe enrichments exclusively in the very fine-grained dark matrix, which has a sharp contact with the silica-cemented DBs (right). This zone of 
dark matrix may represent the future zone of fault localisation. Al enrichment in the host sandstone correlated well with kaolinite and subordinately 
biotite occurrence in the pores.
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calculated the youngest population age (low-MSWD weighted 
mean; see Lukács et�al.�2018) to infer the closest age to the vol-
canic eruptions related to the studied rocks. The ages are iden-
tical within uncertainty: VH_12_1C: 15.30 ± 0.24 Ma; VH_PS6: 
15.40 ± 0.25 Ma (including 1.5% external uncertainties after 
Sliwinski et�al. 2017).

4.6   |   Burial Curve

The burial curve was related to the deformation phases based on 
the deformation mechanism, geometry and orientations of the 
structures, and significant changes in sedimentation (Figure�11). 
The burial history shows that the studied sandstone may have 
reached a depth of 300–450 m during the Late Oligocene to Early 
Miocene prior to rifting, and may not have exceeded 1 km during 
the syn-rift phases. The deepest burial (maximum 1300 m) may 
theoretically occur in the post-rift period.

5   |   Discussion

5.1   |   Burial History and Rheological Changes in 
the Protolith

The proposed depth of 300–450 m of the Late Oligocene to Early 
Miocene (pre-rift) host sandstone corresponds to the depth at 
which the first generation (F1) of DBs may have formed by the 
mechanism of proto-cataclasis (grain flaking and abrasion, no 
significant grain size reduction), which typically occurs within a 
few hundred metres of burial (Fossen et�al.�2007; Beke et�al.�2019). 
The subsequent considerable increase in depth could have been 
reached at the end of the Early Miocene (Karpatian stage) and 
in the earliest Middle Miocene, between ~17 and ~15 Ma. The at-
tained depth of 450–650 m (Figure�11) is in good agreement with 
the moderate cataclasis (increased amount of matrix) observed in 
the second generation (F2) of DBs. Chalcedony seams together 
with DB faults may have already formed at this depth, more as a 
result of structural diagenetic hardening of the sandstone.

During progressive evolution, DBs tended to form clusters, 
where zonation developed: Intense cataclastic parts alternated 
with moderately fractured, but intensely cemented bands and/
or veins. In matrix-rich parts of the sandstone, plastic minerals 

such as mica and clay, which are prone to smearing may have 
promoted deformation localisation (Nicchio et� al.�2018). The 
smeared minerals were amalgamated and accumulated as 
pseudo-matrix in the intergranular pores between more intact 
rigid grains of DBs. Less pore space resulted in restricted fluid 
flow capability and limited cement precipitation within this 
zone. Conversely, within the DBs with a minor amount of ma-
trix, the higher effective porosity may have allowed silica-rich 
fluid to percolate through this zone. Increased fluid (over)pres-
sure may have reduced the effective stress and facilitated defor-
mation by granular flow. The enhanced fluid circulation has 
finally led to intense silica precipitation, which may have tran-
sitioned DB into veining. As zonation has developed within the 
fault zone, further deformation was concentrated in the ‘softer’ 
zones rather than in the intensely cemented ‘harder’ parts.

The third generation (F3) of DBs with alternating ‘veins’ and 
DB faults may have formed at the burial depth between 650–700 
and 900 m (Figure�11). The more advanced cataclastic deforma-
tion mechanism (Figure�8d) indicates an even more hardened 
sandstone and is consistent with the depth range for the onset 
of discrete fault plane formation observed in other parts of the 
Pannonian Basin (Beke et� al.�2019). The burial may not have 
exceeded 1 km during the syn-rift phases (Figure�11), but this 
is rather hypothetical, since the younger overlying rocks are 
poorly preserved in the study area. The estimation could be 
derived from the area east of the Danube where the preserved 
syn-rift suite is more complete (Figure�2). The deepest burial 
(maximum 1300 m) can be related to the post-rift period, based 
on the projection of the calculated thickness of the Late Miocene 
(Pannonian) sediments east of the Danube, which once poten-
tially covered the entire area, but have been completely eroded. 
However, the uncertainty of a few hundred metres in the deepest 
burial had a negligible effect on the style of deformation, while 
the sandstone ‘hardened’ to the state in which discrete faulting 
became progressively dominant during the main syn-rift defor-
mation (F3–F4). In addition, fracturing was only modest during 
the Late Miocene resulting in discrete faults or joints.

5.2   |   Silicification Process

Siliceous cementation can either be a prolonged process or the 
result of repeated pulses of fluid flow during deformation (e.g., 

FIGURE ��     |    Burial curve of the host sandstone (HSF) for an average case representing the study area. Stereograms with relative chronology mark 
the possible timing, their phase classification and depth range of DB, DB fault and vein generations. The dotted orange line represents the case of 
potentially thicker sandstone in some areas.
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Bonnemains et�al.�2017). The main origin of the chalcedony has 
been inferred partially from earlier geochemical and textural 
investigations (Báldi and Nagymarosy�1976; Báldi� 1986; Gál 
et� al.�2008), but our study has provided new evidence for the 
possible timing and origin of the silica based on associated de-
formation elements.

5.2.1   |   Silica Source

Dissolved silica can potentially have more than one source, 
but there is usually an emphasis on one dominant source 
(McBride�1989). In our case, the dominant phase is chalcedony, 
and only a minor amount of quartz overgrowth can be observed 
(Figures�7f,g, 8 and 9). This quartz is present locally at the grain 
contacts in the host sandstone and at the boundary, but rather 
outside the DB as a fracture healing form. Internal contribution 
as quartz can be derived from cataclastic DB formation as a re-
sult of locally enhanced pressure dissolution of quartz and en-
hanced reactivity on the fresh grain surface at the fluid-grain 
interface, and from quartz/feldspar dissolution (generally from 
70°C to 80°C) in the quartz-rich host sandstone. However, in the 
case of a high degree of silica saturation, it could inhibit pressure 
dissolution of quartz (Worden and Morad�2000).

In our case, the predominant silica cement is chalcedony 
that reaches 15% of the volume of the host rock (Báldi�1986). 
However, the distribution shows considerable variability within 
the host rock, ranging from 10% in the unaffected parts to over 
40% along the F2 and F3 deformation zones (Figure�7a–c). Both 
the volume of the deformed damage zones relative to the volume 
of the cement in the host rock and the predominant silica type 
being chalcedony (Figures�7c,e and 9b,g,i) suggest that the total 
amount cannot be attributed to internal sources. Extensive sil-
ica cementation over tens of km2 (Figure�3) at shallow depths 
(< 1 km) requires a much larger volume of external silica source.

5.2.2   |   Distribution

The spatial heterogeneity (Figure�3), the increasing intensity 
of silica precipitation adjacent to deformation elements refer to 
structural control of the cementation pattern. Fault zones often 
play a major role in locally intense silicification or silica pre-
cipitation as documented in a few smaller scale field examples 
(Fischer et�al.�2013; Menezes et�al.�2019; Palhano et�al.�2023). 
In quartz-rich sediments, fault surfaces and mirrors are often 
made up of quartz or an amorphous phase of silica (Borhara and 
Onasch�2020). Silica precipitation along these surfaces may re-
sult from shear-induced frictional or asperity flash heat-related 
melting, or fluid-mediated processes related to upward migra-
tion of hydrothermal silica-rich fluids along faults.

The coexisting structural control and the assumed external 
source refer to ascending hydrothermal fluid migration that is 
facilitated by elevated temperature and/or pressure gradients. 
As silica solubility increases with temperature, a drop in tem-
perature can lead to supersaturation (Kastner et� al.�1977). If 
cooling is rapid, the supersaturated fluid may migrate only short 
distances to precipitate unstable silica phases (Giles et�al.�2000). 
The formed amorphous silica is metastable and the texture of 

the initial material can crystallise into another phase such as 
chalcedony (Heaney�1993), microquartz and opal. The form of 
precipitation depends on the concentration of dissolved silica 
(Hendry and Trewin�1995). While chalcedony precipitation is 
a rapid process from supersaturated solutions, microquartz and 
quartz overgrowths require more time to form in decreased sil-
ica concentrations (Williams and Crerar�1985).

In our case, we speculate that the chalcedony indicates rapid 
precipitation by abrupt cooling of ascending supersaturated 
fluids that may have encountered more acidic pH conditions 
in the pore water of the host sandstone. The textural evidence 
suggests static silica cementation in case of the host rock that 
preserves the former structures as bedding and the F1 genera-
tion of DBs (Figure�8a). Silicification may also have taken place 
replacing the former calcite material, which is supported by 
the absence of carbonate clasts in the most pervasively silica-
cemented zones compared to less or non-silica-cemented parts 
(Báldi�1986). However, some cherts may have been derived as 
altered clasts. In contrast, in the F2 and F3 generations of silica-
cemented DBs, silica-crusted DB faults and ‘veins’, the textural 
evidence suggests that the silica deformed together with the DBs 
(Figure�9c–f), indicating syn-tectonic (dynamic) silica (predom-
inantly chalcedony) precipitation. Therefore, the structural con-
trol of the silica supersaturated fluid migration and precipitation 
can be attributed to the F2 and F3 syn-rift fault activity.

5.2.3   |   Vertical Variability, Stratigraphic Constraints

Several smaller scale examples of volumetric variability in silici-
fication or silica precipitation have been documented. Fischer 
et� al.� (2013) investigated a volume of silica-cemented sand-
stone that was several hundred metres thick horizontally, but 
only a few metres thick vertically, within a generally non-silica 
cemented sandstone. Menezes et�al.� (2019) described silicified 
zones ranging from a few to several hundred metres thick in a 
variegated carbonate and siliciclastic units.

In our case, the extent of silica cementation, where it is pres-
ent, is vertically confined to the sandstone volume, and is only 
locally observed in the underlying and the overlying succes-
sions. Notable silicified bodies are not observed in the Eocene 
limestones, but the overlying marlstone is locally silicified and 
contain various silica veins with the same orientations as the 
studied ‘veins’ (Fodor and Kázmér�1989; Fodor et�al.�1992; Fodor 
and Magyari�2002; Poros et�al.�2012).

An earlier hypothesis on concurrent silica precipitation during 
the host sandstone deposition (Báldi�1986) was based on the 
absence of silica veins and cement in the overlying forma-
tions. Since then, many field examples (e.g., Fischer et�al.�2013; 
Menezes et�al.�2019) have demonstrated that silicification/silica-
cementation patterns can vary even within the same rock unit. 
Therefore, the absence of silicification or cementation in the 
overlying formation is not temporal evidence. All the structural 
evidence, such as orientations and deformation mechanisms 
(see Figures�8d,e and 9), suggests that the studied sandstone was 
covered and buried at shallow depths (at least a few hundred me-
ters) while undergoing intense fracturing (Figure�11). According 
to the proposed burial depth of the deformation mechanism, 
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which implies more advanced cataclasis compared to the F1 
generation, the earliest fractures with syn-tectonic silica, the F2 
generation may not occur before the onset of rifting (Figure�11). 
We speculate that during deformation, the overlying clay 
(Figure�2) may have acted as an aquitard, representing a strati-
graphic barrier to ascending hydrothermal fluids and allowing 
lateral fluid migration beneath (Esteban et�al.�2009). In addition, 
clay is capable of plastic rather than brittle deformation under 
shallow burial conditions, providing the propagating fracture to 
fade away. However, deeper burial, in our case not before the 
late syn-rift phase, can lead to fracturing of the clay over time, 
permitting fluids to migrate upwards. A good example of this 
process can be found at site 4 (Paprikás Creek waterfall). There, 
the overlying clay is titled up to a dip of 30° without signs of sil-
ica cementation, while the underlying HSF was first cemented 
and then fractured by discrete planes in a wider zone resembling 
a fractured monocline with a distributed deformation pattern.

The vertically confined silica precipitation can therefore be 
attributed to both the good aquifer properties and silica-rich 
mineralogy of the host sandstone and its stratigraphic position 
(between thick massive carbonate and clay deposits) during 
syn-rift fracture (F2 and F3 sets) propagation (Figures�3 and 12). 
Ascending hydrothermal fluids percolating through the frac-
tures and highly porous parts of the aquifer may have been rap-
idly cooled, probably by mixing with relatively cool local water, 
and trapped beneath an effective upper seal, resulting in a large 
volume of cemented rock (Figure�12).

5.2.4   |   Lateral Extent of Silica Precipitation, 
Palaeogeographical and Structural Controls

The lateral distribution of silica precipitation also shows a 
structurally controlled heterogeneity. Previous works (Fischer 
et�al.�2013; Menezes et�al.�2019) have mostly described local, a 
few to several hundred metres thick, laterally silicified or silica-
cemented zones closely associated with specific faults or fault 
systems. Palhano et�al.�(2023) pointed out that the distribution 
of fault-related silicification can be laterally variable between 0 
and 150 m, even within the same lithostratigraphic unit. This 
variability is likely due to the potential silica source and the fa-
vourable conditions for precipitation being concentrated in lo-
calised zones along the fault. In our study area, the structurally 
controlled silica precipitation covers at least several tens of km2 
(Figure�3). Therefore, the silica cementation is not confined to a 
specific fault but has affected a larger scale fault network and, 
to a lesser degree, the intervening areas. As already assumed by 
Gál et�al.� (2008), there is an increasing trend in the frequency 
and intensity of hydrothermal alteration from the southern to 
the northern part of the Buda Hills up to the Pilis Mts. This 
partly correlates with both the increasing density and displace-
ment of fault zones which show the most intense silica cemen-
tation. This is the area between the northern Buda Hills and the 
Pilis Mts., the Kevély block (Figures�3 and 4).

The general silica cementation of the sandstone was previously 
thought to occur along the Buda Line (Figures�3 and 13; Báldi 
and Nagymarosy�1976) and decreases with distance from this 
facies boundary. Despite the palaeogeographical relevance of 
the Buda Line throughout the Eocene to earliest Miocene (Fodor 

et�al.�1994), there is no structural evidence for the role of such 
(N)NE–(S)SW striking silica-associated elements, except in the 
fold core of the János Hill anticline, at site 1 (Hárs Hill, Figures�3 
and 6). We suggest that the role of the Buda Line is rather in-
direct; it determines the palaeogeographical distribution of the 
HSF sandstone and the extension of the Buda Marl and Tard 
Clay (to the west and east of the fold, respectively, Figures�2 
and 13B), but was not active during the main silica-cementation 
process.

It is noteworthy that these latter two formations were also par-
tially silicified along deformation structures, mainly in the south-
ern Buda Hills (Fodor and Kázmér�1989; Balla and Dudko�1990; 
Fodor and Magyari�2002). The silica-cemented structures: brec-
cia zones and sedimentary dykes in the Eocene sediments also 
strike from E–W to NNW–SSE (Fodor et�al.�1994; Magyari�1994, 
1996; Fodor and Magyari�2002). The sedimentary dykes were 
supposed to be formed during a Late Eocene deformation phase, 
but the stress field is similar in direction to the F2–F3 phases 
(Figure�2). Therefore, it is possible that part of the fracture sys-
tem was originally formed during the Palaeogene and the silici-
fying hydrothermal fluids reactivated these fractures during the 
early and main syn-rift phases.

Overall, the regionally important (inherited) fault damage zones 
(Pilis Fault, Nagykovácsi Fault) appear to be the most affected 
by the syn-tectonic silica-cemented fracturing (Figures�1D, 2 
and 13D–E), and the process has progressed between the F2 and 
F3 fracture systems, as evidenced by the progressive evolution 
of the deformation structures and reactivations. The most per-
vasively silica-cemented zones within these zones seem to fol-
low the WNW- to NNW-trending faults (Figures�3 and 13D,E). 
Consequently, the spatial pattern of silica cementation is in good 
agreement with the main syn-rift- related fault pattern.

5.2.5   |   Spatiotemporal Evidence of Silica Cementation 
and Associated Style of Deformation

This first set of DBs (F1) may have formed during the pre-rift, 
most probably just prior to the early syn-rift phase, in the lat-
est Oligocene to Early Miocene time interval between ~25 and 
19 Ma (Figures�6, 11 and 13c). This phase incorporated the for-
mation of some map-scale faults and may be related to the major 
(Nagykovácsi) strike-slip fault system of the area (Figures�3 
and 4).

In the following F2 and F3 generations, initially W(NW)–E(SE) 
trending normal DBs (F2) formed and progressively evolved 
into silica-coated DB faults and veins. The transition from F2 
to F3 fracture systems is based on an apparent change in the 
minimum stress axis due to CCW rotation (R1, ~17.1–16.8 Ma, 
Figure�2), when the former planes have been opened up and/
or gradually changed to strike-slip. The deformation pattern 
shows that after the purely extension (F2 set, Figure�13d), F3 
has changed to a transtensional regime with frequent strike-slip 
elements (Figure�6).

Important temporal constraints for the F3 fracture system 
occur in the volcaniclastics of the Visegrád Mts. where two 
sites yielded ages of 15.30 ± 0.24 Ma (15.6–15 Ma). The newly 
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studied site V1 (Vadálló-kövek) and the reinterpreted fault-slip 
data show that the geometric pattern, type of structures (DBs) 
and relative chronology of the deformation structures are en-
tirely consistent with the silica-associated DB faults and veins 
in the Oligocene sandstone (Figures�6 and 13e). The type of de-
formation structures in the volcaniclastic suggest that the time 
of deformation is relatively close to ~15.3 Ma due to the rapid 

loss of porosity and cooling as the volcanic levels were succes-
sively built up. The fault slip data suggest dextral kinematics of 
~E–W trending faults that cut across the entire volcanic complex 
and affect a wider area (Figure�3; Balla and Korpás�1980; Bence 
et�al.�1991; Oláh et�al.�2014). In addition, several faults continu-
ing eastwards to the Danube River are connected to an extensive 
dyke system 15.4 Ma (Juhász et�al. 2025) that emplaced in the 

FIGURE ��     |    Schematic model of deformation mechanism evolution and associated silica precipitation with respect to stratigraphic and burial 
position during syn-rift phases.
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FIGURE ��     |    Sketch of the evolution of the fracture systems (a–f, F1–F4) and the main structures of potential inheritance. The simplified and 
idealised fracture systems only showing the major characteristics. No displacement is applied along faults. (g) the observed rifting pattern is similar 
to that occurs at rift margins in analogue models by Clifton et�al.�(2000), where tensile stresses are modulated and reoriented by a secondary stress 
field, resulting in the formation of two distinct populations of faults during oblique rifting, in our case the weakness zone is roughly E–W trending 
and extension is NE–SW trending.
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same stress regime as the F3 set. Here, a younger generation of 
andesite dykes, emplaced at ~14.7 Ma (Juhász et�al. 2025), were 
formed in the same fracture system as F4 sets in our area. This 
may suggest that the change from F3 to F4 systems started be-
fore 14.7 Ma, but later than a 14.9 Ma volcanic level that still con-
tains F3 fracture sets (Juhász et�al. 2025). Because the new time 
constraints for a second vertical-axis rotation overlap with this 
time period, the change from the F3 to the F4 fracture set could 
be related to the rotation itself (Figures�2 and 13).

Barite is the latest mineral to be associated with the hydrother-
mal process (Gál et�al.�2008). This mineral mostly occurs along 
fractures of the F4 set. However, barite was also found in asso-
ciation with F3 structures as the latest precipitation (Figure�10). 
The exclusive co-occurrence of Ba and S in the most progres-
sively deformed, frictional matrix-rich deformation zone, with 
no evidence for Ba and S in the silica-cemented zones or in the 
host rock, suggests their formation after chalcedony-cemented 
DB structures, probably in the late stage of the progressive defor-
mation. Repeated reactivation, together with the opening of the 
former (F3) fault planes and euhedral barite precipitation, could 
have started at the end of F3 fracture formation and certainly 
during the F4 fracture set formation (Figure�13f). While no chal-
cedony occurs in association with and after barite, the proposed 
time of barite formation is after the ~15 Ma age of the F3 fracture 
set. Syn-tectonic silica precipitation associated with F2 and F3 
fractures may have occurred from ~18 Ma, most prominently 
with F3 structures that formed between 17 and 15 Ma and sub-
sided after ~15 Ma. Few chalcedony veins may be related to the 
early phase of F4 (Figure�6), which precedes barite.

5.2.6   |   Regional Connection to the Origin 
of the Silicification

Based on the southward diminution of hydrothermal alteration 
intensity within the HSF sandstone (Gál et�al.�2008), we spec-
ulated that the main source of hot, silica-rich fluids originated 
from the north, where intense volcanic activity culminated 
during the syn-rift deformation, overlapping the F3 fracture 
sets. Both fluid temperatures of up to 250°C from the bar-
ite and the sulphide minerals such as pyrite and chalcopyrite 
(< 0.1%) associated with the chalcedony veins (Gál et�al.�2008) 
suggest a volcanic heat and fluid source. Furthermore, such 
extensive silica (mainly chalcedony) precipitation (over several 
tens of km2) as a result of large-scale hydrothermal fluid migra-
tion was mostly related to volcanic activity (e.g., Bonnemains 
et� al.�2017; Wei et� al.�2021). Volcanism occurred during both 
the Palaeogene and Neogene in the vicinity of the study area. 
In the Palaeogene, only thin intercalations of tuff are known 
in the closest sediments, but not in the host sandstone. We 
propose that the regionally more significant Neogene volcanic 
activity, which started at ~15.3 Ma in the Visegrád Mts. based 
on the recent geochronology, is the most plausible source of hy-
drothermal fluids. In the neighbouring areas of the Pannonian 
Basin, rhyolitic magmatism already started around 17.4–17.3 Ma 
(Lukács et�al.�2021; Šarinová et�al.�2021; Karátson et�al.�2022). 
In addition, the elevated heat flow in connection with rifting 
and magmatism was high enough to affect the low-temperature 
thermochronological system, as evidenced by ~17 Ma (U-Th)/He 
ages (Danišík et�al.�2015). Therefore, the hydrothermal activity 

may have started already during the formation of the F2 frac-
ture set.

5.2.7   |   Silica-Associated Fault Reactivation

Smooth, polished and reflective surfaces as fault mirrors, often 
with ridge and groove morphology resembling ‘soft striae’ (Petit 
and Laville�1987) occur in relation to DB faults. Silica films ac-
companying fault planes, occasionally show two generations 
of slickenlines (Figure�5d), indicating two phases of formation 
(Figure�6, Appendix�S3). The secondary siliceous slickenlines 
can be derived either from a new pulse of silica-saturated flu-
ids or from the reworking of previously precipitated silica. In 
the latter case, reactivation occurs on partially ‘melted/soft’ 
pre-existing silica-coated surfaces in the form of pressure solu-
tion under locally elevated pressure and temperature during 
sliding and friction along the fault surface (Nuriel et�al.�2012). 
Although both scenarios could be possible in our case, the re-
activated planes occurring together with newly formed silica-
associated DBs, DB faults indicate that silica-rich fluids were 
present during the F3 fracturing phase (Figure�6) in greater vol-
ume than exclusively from local melting.

5.3   |   Tectonic Settings of Hydrothermally Altered 
Fault Zones

Hydrothermal activity can be facilitated in a variety of tectonic 
settings. In general, igneous intrusions often play an important 
role as drivers of hydrothermal fluid flow along master faults 
(e.g., Mahboubi et� al.�2016; Bonnemains et� al.�2017; Bezerra 
et�al.�2021). In compressional environments, only a few fault-
related silicified zones have been reported. Fischer et�al.�(2013) 
documented thrust-related cataclastic DBs that are accompa-
nied by silica precipitation along the strike of the thrust, which 
was followed by intense cementation of the sandstone during 
vertical uplift.

Fault-driven hydrothermal fluid migration and associated alter-
ation are best documented in continental rift tectonic settings, 
where enhanced geothermal gradients are associated with con-
current faulting (e.g., Bruhn et�al.�1994; Mahboubi et�al.�2016; 
Bonnemains et� al.�2017). As several studies have also shown 
(e.g., Caine et�al.�2010; Bense et�al.�2013; Cazarin et�al.�2021), 
strike-slip zones are likely to provide very effective pathways for 
deep-seated fluid migration. Bezerra et�al.�(2021) linked hydro-
thermal silicification to hydrostatic pressure changes and seis-
micity of a map-scale strike-slip fault.

In this study, we have demonstrated a case for continental rift-
related silica cementation patterns. According to the deforma-
tion history, intense tectonic and volcanic activities, in addition 
to specific stratigraphic (Figure�12) and palaeogeographical po-
sitions (Figure�13) may have played a role in the extent of sil-
ica precipitation. The initiation of rift-induced crustal thinning 
and magmatic activity, which precedes the extrusive volcanism, 
may be responsible for the enhanced geothermal gradients as 
one of the main drivers of fluid flow. On the other hand, the 
onset of rifting has resulted in extensive brittle deformation, also 
involving inherited major faults that promoted enhanced fluid 
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migration. Reactivation of faults, mainly the W(NW)–E(SE) 
trending, to which most of the syn-tectonic silica-cemented 
fractures belong, was also facilitated by the hydrothermal flu-
ids, which opened up the favourably oriented pre-existing planes 
(Figure�13). Increased fluid pressure associated with the onset 
of volcanism may also have led to a reduction in the maximum 
(vertical) stress axis (� 1) (e.g., Gudmundsson�2006), resulting in 
a permutation of the relative values of the maximum (� 1) and 
intermediate (� 2) principal stress axes. This permutation may be 
responsible for the general extensional stress field switching to a 
strike-slip regime in the F3 sets (Figure�6).

An oblique rift with a characteristic sequence of deformation, 
as modelled by Clifton et�al.� (2000) and Duclaux et�al.� (2020), 
may be responsible for the observed multiple sets (strike-slip 
and normal fault pairs) of syn-rift fractures (Figure�13g). The 
most similar scenario occurs when rifting initiates along a pre-
existing weak zone (in our case nearly E–W) that is oblique to 
the extension (in this case NE–SW) (� 3) orthogonal direction. 
The initial structures in this case are segmented normal faults, 
slightly (10°–15°) oblique to the extensional direction; interme-
diate to the extensional and the inherited weakness zone trends. 
This could be the case in the F2 set (Figure�13d). Progressive 
deformation adjacent to the inherited weakness zone can also 
be accompanied by rotation of the stress field towards the direc-
tion of the extension and initiate new faults; this process could 
explain the apparent rotation of the minimal stress axis in a 
clockwise sense, between the F2 and F3 fracture sets. In turn, 
two nearly orthorhombic fracture sets may form, of which one of 
them is parallel to the weakness zone (Duclaux et�al.�2020). This 
fits well with the structural pattern of the sequence of F2 and F3 
sets (Figure�13e). These oblique rifting patterns occur mainly at 
rift margins, where the rifting initiates at a pre-existing zone of 
weakness (Clifton et�al.�2000).

Two major fault zones in the study area can be significant as 
zones of weakness (Figure�13a). The E–W to NW–SE trending 
Pilis and parallel faults may have early Mesozoic normal and 
Cretaceous reverse slip (Figure�13a), as demonstrated by local 
studies (Salánki�1996; Palotai et�al.�2006, Figure�3) and projected 
from surrounding areas (Fodor�2010; Héja et�al.�2024). The E–W 
trending Nagykovácsi zone crosses almost the entire TR; its dex-
tral and/or reverse kinematics have been documented for the 
early Cenozoic (Balla and Dudko�1989; Fodor et�al.�1992) and 
suggested for the Mesozoic time west of the study area (Héja 
et�al.�2022) (Figures�4b and 13a). These repeatedly reactivated 
fault zones potentially form the boundary of the rift structure 
of the central Pannonian Basin (Fodor et�al.�1999, Figure�1b), 
where such oblique rifting patterns may have developed.

6   |   Conclusions

The distinct types of deformation structures and varying modes 
of silica precipitation observed in a pre-rift siliciclastic rock pro-
vided deeper insights into the characteristics of a continental 
rift- related and volcanic activity associated multi-stage fault 
zone evolution.

1.	 The deformation mechanism shows a progressive evolu-
tion from proto-cataclasis to more advanced cataclasis, 

followed by the development of DB faults with siliceous slip 
surfaces and/or a transition to veining. The development 
of heterogeneous deformation mechanisms is attributed to 
decreasing porosity due to progressive deformation, silica 
cementation and burial diagenesis, resulting in gradual 
hardening of the damage zones.

2.	 The most effective hardening in the fault zones, in the 
form of dynamic silica precipitation, occurred during the 
main and late syn-rift phases, based on a combination of 
evidence: (a) Only static silica cementation affected the 
possibly pre-rift generation of DBs. (b) The mechanism of 
the DBs and DB faults with syn-tectonic silica indicates at 
least several hundred meters of burial. (c) The preferred 
orientations and geometric pattern of deformation struc-
tures with dynamic silica precipitation in the sandstone are 
identical to the map-scale faults and DBs that also affected 
the nearby syn-rift volcanics (~15.3 Ma). (d) The onset of 
crustal thinning during rift initiation may be responsible 
for the enhanced geothermal gradients, and the associated 
volcanism may be the potential source of hydrothermal 
fluid migration.

3.	 As the rift progressed, the extension changed to transten-
sion, which resulted in the formation of coexisting strike-
slip and normal faults. Local permutation of the maximum 
and intermediate principal stress axes may have occurred 
due to the reduction of the maximum vertical stress axis 
by increased fluid flux, likely associated with the onset of 
volcanism.

4.	 The syn-rift deformation pattern observed in the sandstone 
correlates strongly with the main elements of the fault sys-
tem at the wider regional scale. However, the deformation 
mechanisms and associated structural diagenetic altera-
tion depend on the local host rock evolution, its rheology, 
burial and interaction with hydrothermal fluids.

5.	 Syn-rift deformation resulted in an orthorhombic geome-
try that may have developed under oblique extension at the 
rift margin of the central Pannonian Basin.

6.	 Inheritance of the main fracture system from ear-
lier, Mesozoic rifting phase, Cretaceous inversion and 
Palaeogene strike-slip faulting, as weakness zones, is as-
sumed, albeit it requires further investigation at a larger 
scale.
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