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ARTICLE INFO ABSTRACT

Keywords: Widespread andesitic volcanism with several eruption centres occurred during the Middle Miocene in the Cserhat
Dyke emplacement Hills, central — northern Hungary. In this time, an extensive dyke system developed in the area, where some
Volcanism

dykes have exposed maximum length of 23 km, and maximum width of 25 m. This dyke system shows a change
in its strike from E-W to NNW-SSE. Here we integrate new and previous field observations to derive structural
maps and study dykes and fractures in the Cserhat Hills. K/Ar geochronology is used to understand the temporal
evolution of regional fault patterns before, during and after the formation of the dykes and also to gain insights
into the interaction between the dyke emplacement and the regional stress field. Fault-slip data were collected at
27 different sites along the dykes and were combined with reinterpreted datasets from 16 sites located at a
distance from dykes. The field observations, integrated with the geochronological data sets suggests that dykes
with different orientations were emplaced in two different eruptive cycles around 15.4 and 14.7 Ma. The
deformation history of the Pannonian Basin involved a clockwise change in regional minimal stress axis, prob-
ably as a result of regional vertical-axis counter-clockwise block rotation. Our field observations suggest strike-
slip stress regime may occur near propagating dyke tips, and the direction of minimal stress axis may have locally
rotated counter-clockwise where dykes changed their strikes and emplaced along pre-existing fractures, mostly
normal faults.

Stress field
Fault-slip analysis
Pannonian Basin

1. Introduction

Studies of dyke emplacement and propagation have been an
important research theme since the first half of last century (e.g.,
Anderson, 1937, 1951; Delaney et al., 1986; Gudmundsson, 1984). In
the last few decades such studies have been conducted to understand
dyke dynamics and associated seismic and volcanic hazards (e.g., Dry-
moni et al., 2021; Greiner et al., 2023; Gudmundsson, 2006;
Gudmundsson, 2002; Gudmundsson and Brenner, 2004; Heimisson
et al., 2015; Shukla et al., 2022; Sigmundsson et al., 2015). Vertical to

sub-vertical, steeply dipping dykes, inclined sheets, and sub-horizontal
sills can propagate laterally as well as vertically (Heimisson et al.,
2015; Maccaferri et al., 2016). Dyke propagation is an important mode
of magma transport that may lead to a volcanic eruption, if it reaches the
surface. The propagation path and dyke arrest can be influenced by
many different factors, for example, topography (Heimisson et al., 2015;
Sigmundsson et al., 2015), crustal stress regimes and tectonic stress (e.
g., Sigmundsson et al., 2024), faulting coeval with dyke emplacement
(Drymoni et al., 2020, 2021; Greiner et al., 2023; Maccaferri et al.,
2016), and changes in lithology of host rock (Gudmundsson and
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Brenner, 2004; Schmiedel et al., 2021).

The pathway of a dyke is facilitated by extensional stress and pre-
existing faults (Anderson, 1951; Stephens et al., 2018). In addition to
opening on dyke planes, the modelling of Stephens et al. (2018) suggests
furthermore that shearing across dykes may also be common in an
extensional domain. Dyke emplacement depends on regional stress
trajectories, as well as tectonic stress gradients, buoyancy and length of
fractures (Dahm, 2000). If this statement is true, dyke orientation can be
used for stress axes estimation (Anderson, 1937; Hou et al., 2010).
Regional stress fields can be perturbed near volcanic centers, and in such
places dyke orientation can be radial away from volcanic centers
(Anderson, 1937; Gudmundsson, 1995; Rivalta et al., 2015), or off-rift
volcanism can occur (Maccaferri et al., 2014; Mazzarini et al., 2016).
The orientation of dykes is not always fully perpendicular to the direc-
tion of least compressive stress, in particular when dykes form along
previously formed fractures. This has been observed e.g., in Iceland both
in extinct eroded volcanoes (Greiner et al., 2023) and in recent dyke
injections (e.g., Ruch et al., 2016). Furthermore, Daniels and Menand
(2015) used analogue modelling to show that dyke orientation in
repeated injections into the same area can depend on the ratio of dyke
overpressure versus pre-existing tectonic stress that may evolve signif-
icantly during repeated dyke injections.

A segmented, km-scale, andesitic system of dykes is found in the
Cserhat-Noégrad area, Hungary (Noszky, 1940; Poka et al., 2004). This
dyke system is connected to widespread Miocene volcanism of the
Pannonian Basin (Harangi, 2001; Karatson, 2007; Harangi et al., 2024)
and propagated more than 18 km away from volcanic centers. The dykes
exhibit a notable variation in strike direction, shifting from E-W in the
south to NNW-SSE in the north. Additionally, strike changes are also
observed within individual dykes. The study area was influenced by
several brittle deformation phases with progressively changing palaeo-
stress axes predating or synchronous with the rifting of the Miocene
Pannonian Basin. These phases led to formation of normal faults and
associated grabens trending from WNW-ESE to NNE-SSW (Noszky,
1940; Benkovics, 1991; Csontos, 1995; Fodor et al., 1999; Soos, 2017).
The dyke system might have interacted with these structures.

The dyke system at the Cserhat Hills has not been studied before in
detail in terms of (i) the emplacement mechanisms and (ii) the
connection to the governing stress field. In this study, we investigate the
nature and evolution of the dyke system with combination of different
field observations, including measurements of fractures (dip direction,
dip angle, strike), dyke geometry (length and width), and host rock-dyke
interactions. Our geochronological data gives new constraints on the age
of different magma emplacement events and helps to date changes in the
regional stress field. The revised and temporally well-constrained
regional stress field data helps to better understand the dynamics of
the dyke system, including the relationships between the regional stress
regime and the orientation of the dykes, and their possible interaction
with pre-existing structures (e.g., faults) in the study area.

2. Geological background
2.1. Regional tectonic setting

The Cserhat Hills are situated in the central-northern region of
Hungary, in the northern part of the Pannonian Basin. This area is also
part of the Inner Carpathian volcanic arc of Miocene age (Fig. 1a).
Extension in the back-arc Pannonian Basin was driven by inferred roll-
back subduction associated with mantle flow (Horvath et al., 2015).
The rifting followed a Paleogene to earliest Miocene contractional basin
formation period (Fodor et al., 1992; Tari et al., 1993) which resulted in
the formation of NE-trending folds, minor thrusts, and a major ENE-
trending dextral strike-slip zone, the Mid-Hungarian Shear Zone
(MHSZ, Fig. 1b, Csontos and Nagymarosy, 1998; Ruszkiczay-Riidiger
et al., 2007, 2009; Palotai and Csontos, 2010). The transition from
contraction to rifting occurred roughly around 19-18 Ma and is marked
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by the filling of the contractional basin and the onset of extension-
related new subsidence phase.

Several events of counter-clockwise vertical-axis rotations occurred
during the syn-rift phase, carefully documented by palaeomagnetic
methods (Marton and Marton, 1996; Marton and Pécskay, 1998; Marton
etal., 2007a, 2007b). The consequence of block rotation is evident in the
stress field evolution, as changes in the direction of the principal stress
axes in clockwise direction have been reported in the same time period
as the counter-clockwise rotations occurred (Marton and Fodor, 1995).
The change in stress field activated or deactivated extensional or
transtensional faults with different orientations and has permitted the
separation of several syn-rift events within the entire syn-rift deforma-
tion process (Fodor, 2011; Petrik et al., 2016). The extensional episodes
are reflected in km long faults of variable orientations and dominated by
faults of NW- SE and N-S to NNE-SSW direction, documented already in
early mapping projects (Hamor, 1985), local and regional fault analyses
both on the surface and subsurface (Benkovics, 1991; Bada et al., 1996;
Csontos, 1995; Nemcok and Lexa, 1990; Olah et al., 2014; Tari et al.,
1992; Vass et al., 1993), and basin-wide fault-slip analyses (Bergerat
et al., 1984; Csontos et al., 1991; Fodor et al., 1999). During the rifting
the MHSZ (Fig. 1b) remained active, playing a role of transfer fault (Tari
et al., 1992) with a sinistral kinematics during the late stage of evolution
(Palotai, 2013; Petrik, 2016; Petrik et al., 2016).

Active magmatism in this area occurred from the late Early to early
Middle Miocene (Karpatian — Badenian stages, 17.2-12.8 Ma; for local
Paratethys stages see Kovac et al, 2017) and was driven by the
convective upwelling of the asthenosphere and extension of the litho-
sphere inducing decompressional melting (Harangi and Lenkey, 2007;
Lukacs et al., 2021). Several widespread pyroclastic explosions can be
traced across the basin and serve for correlation (Eger-Ipolytarndc,
Tihamér, Tar, and Harsany formations, Lukdcs et al., 2022; Karatson
et al., 2022). The study area is marked by the Matra Andesite Complex
(Harangi, 2001; Pdka et al., 2004; Karatson, 2007; Gal and Lukacs,
2024), which is composed of complex andesitic volcanic edifices,
shallow intrusions, and a segmented dyke system. The timing of the
magmatism in the Cserhat Hills coincides with the syn-rift phase of the
Pannonian Basin (Fodor et al., 1999; Harangi, 2001; Horvath et al.,
2015). Thus, the magmatism was coeval with the two rotation events
(Marton and Marton, 1996; Fodor et al., 1999).

2.2. Stratigraphy

Paleogene to earliest Miocene sediments of the Cserhat Hills depos-
ited in the so-called North Hungarian-South Slovak Paleogene Basin, a
retroarc contractional basin related to subduction process below the
Carpathians (Baldi and Baldi-Beke, 1985; Tari et al., 1993). Parts of the
infilling clastic sedimentary rocks exhibit similar lithology, consisting
primarily of poorly lithified sandstone or siltstone (“schlier” in the local
terminology) (Fig. 2a). The most common basin-filling are the Szécsény
Schlier, Pétervasara, Budafok, and the Torokbalint Sandstone forma-
tions, that are typical marine formations of the Paleogene to early
Miocene basin (Baldi, 1986; Sztano, 1994, 1995; Sztan6 and Tari, 1993)
(see the ages in million years on Fig. 2a).

The syn-rift sequence starts with terrestrial clastics (Zagyvapalfalva
Formation). The first pyroclastic rocks cover the terrestrial clastics or
older formations. The pyroclastics mainly occur north and north-east of
the Cserhat Hills (Tihamér Formation on Fig. 2a). The age of the
Tihamér Formation is now well-constrained as 17.4 Ma (Karatson et al.,
2022; Lukacs et al., 2021). Fast subsidence in the syn-rift graben
occurred in the late Early Miocene (Fig. 2, e.g., Salgétarjan Brown Coal,
Egyhdzasgerge, and Fét formations, Hamor, 1985; Piispoki et al., 2017;
Soron, 2011). Dyke swarm can be found in all of these pre-Middle
Miocene formations. East from the exposed dyke system deltaic to ma-
rine Middle to Upper Miocene sediments fill the Zagyva Graben system.
The potential westward extension of this graben filling sediments was
eroded from above the dykes during Plio-Quaternary uplift (Dunkl and
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Fig. 1. Regional setting and stratigraphy of the studied area, the coordinates are in WGS 84: (a) The location of the Cserhat Hills within the Pannonian Basin with
respect to the Carpathian orogenic arc, the Miocene to Quaternary volcanic arc. BA: Bratislava, TB: Transcarpathian Basin, SB: Styrian Basin, NCB: North Croatian
Basin. Modified after Lukacs et al. (2018) (b) Faults in northern Hungary that played a role during the pre-rift contractional-strike-slip phases (D2 - D3) and several
syn-rift phases (D4 — D6). Modified after Fodor et al. (1999); Fodor (2011); Petrik et al. (2016); Beke et al. (2019). Blue stars mark the location of fault-slip mea-
surements of in this study, see details on Figs. 2, and A6 marked by grey frame. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



D. Juhasz et al.

Tectonophysics 906 (2025) 230722

=
s}
£
<

% S Rotations
a>. v ® Stratigraphy of the m.,, 3
s 8 & Cserhét Hills, Matra Mits. B 58 oa new
s o) & zs| 85
1.6 <_Endréd —| stress regime
e T D g e = " extension
L E —kozardFm— =\ g [ ‘§; ; i
© e ] ranspression
(7] s AV < A
q
o ajovol = — P = > < compression
13 £ Ei o i
= { ¢
8 e ——Afvvvvvvs™\
=138 Baden Fm— v et om v;, D
u1 2l 1 5 B p g EvhvavaRvE |
32 % B FmRfl v vv v vy
=5 - -
g3 Vv [l vvv vV V. -
o> | 0 ar Dacite
15+ e : 15
3 "‘b}% paznaos Andesits g BS
4 <
>
16 16 A e E .16
c Fot Fm g
3 —— | ®
7 e — Garab —| £
3 RO e e Schlier _]
3 e = — = D5
174 X e 17
algotarjan
c| o § j
¢ @ &
=| € 3
18 g g Q -18
5| E s © | pg
3 CRRBEARY
o| O
3 Pétervasar:
=3 |s Sandsionety ®
= © SO '§
2 3 SHIK ‘
20 Lﬁ 5 X 20
204) B P R ad
\.IJ e s & 'ate’ets
20 ool
21 ¥ o 21
o R
X -2

pemeemmmmee e

224 =22 Ay
23 23
Terrestrial Volcati i
Silt, clay, sand(stone), pebbles, o’canic, magma 0 "
conglomerate, diatomite High-Si pyroclastics Miocene Miocene-Oligocene [] quartemary sediments
Coastal plain ‘ Andesitic volcanic complex [] zagyvaFm. [ zagyvapattaiva Fm. Eocene
Coal, clay, silt, sand Shallow, open-marine (shelf) — e Ty [ Eocene formations
Coastal, delta Mudstone, ) I saiovolgy Fm. [ Budafok Sandstone
sandy siltstone (schlier) Triassic

Sandstone, conglomerate,
siltstone
Limestone, calcareous marl,
calcareous sandstone

Pelagic
E Clayey sandy siltstone

R.L.T.: Rhyolite Lapilli Tuff
Fm: Formation

- Hasznos Andesite O

|:| Kozard Fm.
[] veitaFm.

I___I Garab Fm.
[ salgstarjan Fm.
Volcanic rocks
[[] Holioks Andesite

- Nagyharsas Andesite

|:| Pétervasara Fm.
- Szécsény Fm.

D Torokbalint Sandstone
D Harshegy Sandstone

|:| T3-J1 cherty limestone
- Triassic limestone
Faults

—sm__  normal
= __ transfer
—

- Andesitic dykes

50 _ contour lines
[ Tar Dacite Lapili Tuff

[] detailed maps
settlements

Fig. 2. Stratigraphy and deformation phases: a) Stratigraphic column of the study area (modified after Selmeczi et al., 2024; Lukacs et al., 2022; Gal and Lukdcs,
2024). The Tihamér Formation partly corresponds to the “Eger-Ipolytarnéc Member” of Karatson et al. (2022), the Tar Formation to the “Jaté Member” of Bir¢ et al.
(2020). b) Major basin-forming phases, deformation phases based on fault-slip analyses, and the timing of rotations. Note old and new versions for time spans of
rotations (Mdrton and Pécskay, 1998, versus this study). ¢) Geological map of the study area (modified after Gyalog and Sikhegyi, 2005; Hamor, 1985; Noszky, 1940;
So0s, 2017). The pink lines (long and thin polygons) are the dykes. Dashed frames show the location of detailed maps in Figs. 4-5. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Frisch, 2002).

Volcanic rocks in the study area, which belong to the dyking events,
are part of different lithological units of the extensive Matra Andesite
Complex (Gal and Lukacs, 2024; Karatson, 2007). The attribution of
dykes to different units is ambiguous because of the close temporal
relationship and large errors in former K/Ar geochronological data
(Pécskay et al., 2006). The Hasznos Volcanosediment, likely produced
during the interval of ~16-14.9 Ma, is the oldest unit of the Matra
Volcanic Complex (Gal and Lukdcs, 2024; Hamor, 1985). Borehole
stratigraphy confirms their thickness of several hundred metres (Hamor,
1985). An unpublished report on the southern Cserhat Hill

(Piispokszilagy area) attributed some dykes to this rock unit (Budai
et al., 2005). The Tar Dacite Lapilli Tuff Formation is a key horizon of
few tens to 120 m thickness and is well dated as 14.9 Ma (Lukacs et al.,
2018); but its mapped extent is minor in the study area.

Most of the rock units of the Matra Andesite Complex overlie the Tar
Formation (Fig. 2). The younger part of the Matra Andesite Complex is
built up by several andesitic formations, including the Nagyharsas,
Holloko, and Kékes andesites. The Nagyharsas Andesite, a significant
volcanic rock in the eastern Cserhat Hills, is characterised by explosive
pyroclastic rocks and vesicular pyroxene andesite lava flows. Although
the older K/Ar ages indicate a wide time span for its formation
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(16.3-14.5, Pécskay et al., 2006; Poka et al., 2004), the andesite com-
plex is always above the Tar Formation, thus should be younger than
~14.9 Ma. According to earlier views of Poka et al. (2004) some dykes,
mainly near Szanda and Bercel, belong to this unit. The Kékes Andesite,
representing the closing phase of volcanic activity is estimated to be
13.5-11.0 Ma old (Gal and Lukacs, 2024; Karatson, 2007). The recently
defined Holloko Andesite (G4l and Lukdcs, 2024) comprises the dykes of
the Cserhat Hills with suggested K/Ar age of 15.0-13.5 My (Pécskay
et al., 2006; Poka et al., 2004). It has been suggested that the dykes in
the northern Cserhat belong to this unit or to the Nagyharsas, and Kékes
andesites (Gal and Lukacs, 2024; Gyalog and Sikhegyi, 2005; Poka et al.,
2004).

2.3. Evolution of the stress field

The Miocene stress field evolution of the Pannonian Basin (later
referred to as PB) and surrounding Alpine orogens was highly influenced
by rotation of crustal blocks. In fact, this part of the PB was affected by
counterclockwise (CCW) rotations (Marton and Fodor, 1995). The
maximum compressional stress (61) had initially direction close to E-W
during the Paleogene to earliest Miocene (D2 and D3 phases, see in
Fig. A1), but then gradually occupied all positions up to ~NE-SW during
the CCW rotations (Fig. 2b; Fodor et al., 1999). This corresponds to the
regional phases D4-D6 as defined by Petrik et al. (2016) and Beke et al.
(2019) (Fig. 2b, and Fig. Al).

The first CCW rotation of about 45-50°, referred to as R1, occurred
around 18.5-17.5 Ma considering time constraints from geochronolog-
ical data of rotated volcanic and sedimentary rocks (Marton and
Pécskay, 1998; Marton et al., 2007a, 2007b). However, more recent data
permitted to locate the rotation to a period between 17.4 and 16.8 Ma,
within the early part of the syn-rift phase (Fig. 2b) (Lukacs et al., 2015,
2018, 2021). Estimates of timing the second CCW rotation, referred to as
R2, amounting to 30-40° are somewhat different. Marton and Pécskay
(1998) and Marton et al. (2007b) indicated a time span between 16.0
and 14.5 Ma, while new data indicate ~14.8-14.0 Ma. Irrespective of
bias in their timing, both rotations, R1 and R2, occurred during the peak
of extension and magmatism.

Detailed analyses based on field observations demonstrated that
rotation of the stress axes continued after the vertical-axis rotations;
near the turn of Middle to Late Miocene the maximal horizontal stress
axis (Opmax) may have been ENE-WSW (Phase D7 and D8, Petrik et al.,
2016, Fig. 2b). During the late syn-rift and post-rift stages, (D9 phase;
Petrik et al., 2016) extension direction rotated back to ENE-WSW.

3. Methods
3.1. Structural mapping and fault-slip data analysis

Structural mapping was undertaken in the central and southern
Cserhat Hills, focusing particularly on the geometric features of dykes,
including their strikes, thickness and length, and the fracture pattern
within and near the dykes, to understand better the interaction between
the dykes and faults. We also used an unpublished structural map in the
southern Cserhdt Hills (Piispokszilagy area, Budai et al., 2005). During
the field work we measured fractures (faults with or without striae,
joints, cooling joints, and veins) within and in proximity (from tens to-,
hundreds of metres) to the dykes as well as dip of host sedimentary
strata. Field data was recorded by Field Move software (https://www.pe
tex.com/pe-engineering/move-suite/digital-field-mapping/), and sub-
sequently visualised on stereoplots using the InnStereo (https://i
nnstereo.github.io/) software.

The field data helped us to estimate the palaeostress fields that were
active before and after the dyke emplacement. For minimum palaeo-
stress axis estimation we followed the model of Anderson (1951) and
selected conjugate pairs of shear fractures in addition to tensional ones.
For striated faults we used the software of Angelier (1984) for stress
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tensor calculation. Selection of kinematic groups was executed by
automatic phase separation module of Angelier and Manoussis (1980)
and also manually, following the approach of (Fodor, 2011). To enhance
the robustness of our dataset, a comparative analysis was conducted by
juxtaposing our findings with existing fault-slip datasets available from
the study area or wider surroundings (Beke, 2016; Beke et al., 2019;
Benké and Fodor, 2002; Benkovics, 1991; Fodor et al., 1999; Marton and
Fodor, 1995; Petrik et al., 2016; Vass et al., 1993; Vojtko et al., 2019).
Preexisting field data were gathered from 1986 to 2015. We reinter-
preted all relevant data to achieve homogeneously analysed fault-slips
and palaeostress database. Reactivation of earlier conjugate fracture
set by oblique-slip faulting, the relative chronology of fractures and bed
tilting, and other criteria were used to establish succession of fracturing
phases. During this process, we started with published faulting chro-
nology, but the analyses resulted in a refined history. The interpreted
data are summarised in Fig. Al and Tables A1-A3. Using these structural
data, a simplified pre-Quaternary geological map was constructed
(Fig. A3). This is based on published maps, unpublished works, and
fault-slip data sets (Noszky, 1940; Fusan and Zoubek, 1964; Wein, 1977;
Hamor, 1985; Prakfalvi et al., 2005a, 2005b, 2005¢; Ronai et al., 2005;
So0s, 2017).

3.2. K/Ar dating

Andesite dykes of different orientations (NNW-SSE, Location
CSER22-18 and WNW-ESE, location CSER22-09) were selected and
sampled for K/Ar dating (Fig. 3 and Table A3). Dated sites are shown on
Fig. 3 and Fig. A3. Careful sampling was carried out on the field, in order
to avoid altered or weathered samples which may suffer unwanted argon
or potassium loss. Samples were crushed, sieved, and washed ultrason-
ically. Based on the average phenocrysts grain size, the 63-125 mm
fraction was selected for further separation by heavy liquid and mag-
netic separator. To avoid excess Ar carried by mafic phases, plagioclase
and groundmass fractions were isolated using sodium- polytungstate
heavy liquid, with density ranges, typically 2.58-2.65 g/cm® and <
2.65-2.70 g/cm®, respectively. The residual mafic phases were removed
by Frantz magnetic separator.

The pure mineral fractions were dated at the Geochronology Lab of
the Institute for Nuclear Research (Debrecen, Hungary) using the
unspiked K-Ar method, following the procedure of Cassignol and Gillot
(1982) and Gillot and Cornette (1986). Potassium contents were
measured on 50 mg sample aliquots, after dissolution with HF and
HNOs, using a Sherwood-400-type flame spectra-photometer with ac-
curacy better than +1 %. Potassium analyses are routinely compared to
the HD-B1 (Hess and Lippolt, 1994), ISH-G and MDO-G (Gillot et al.,
1992) standards. Separated mineral sample aliquots were then heated at
100 °C for 24 h under vacuum, to remove atmospheric Ar contamination
that was adsorbed onto the surface of the mineral particles during
sample preparation. Argon was extracted from the materials by fusing
the samples via high-frequency induction heating at 1300 °C. The
released gases were cleaned in two steps in a low-blank vacuum system
using hot St-101 and cold St-707 getters, respectively. The isotope
composition of Ar was measured using an Argus VI© multi-collector
noble gas mass spectrometer. The non-spiked procedure renders the
knowledge of the exact “°Ar/*°Ar atmospheric ratio unnecessary. The
calibration of our “°Ar signal is checked routinely using analyses of the
HD-B1 (Hess and Lippolt, 1994; Schwarz and Trieloff, 2007), BB-6
(Jager et al., 1985) standards. During the present study, analyses of
HD-B1 yielded an age of 24.14 + 0.34 Ma, which compares well with the
recommended values of 24.21 + 0.32 Ma. Standard BB-6 yielded 0.440
=+ 0.007 Ma which differs only insignificantly from the reported 0.441
+ 0.013 Ma age. Decay constants recommended by Steiger and Jager
(1977) were used for the age calculation, with an overall error of +1 %.
Error of the samples was calculated using the equation of Quidelleur
et al. (2001).
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Fig. 3. Geological maps of the neighborhood of four dyke areas, where the dykes are shown by green elliptical polygons (modified after Noszky, 1940; Sods, 2017;
Supervisory Authority of Regional Affairs of Hungary). The coordinates are in the Hungarian National Grid EOV in metres. Numbers with a dash in between mean
several closely spaced localities: (a) Area of the northern Kisgéc dykes east of Szécsény, near Bencziirfalva (Fig. 2c). Here the dykes have significantly different strike
direction than the southern ones. (b) The dykes near Szanda (north) and Bercel (south) (Fig. 2c). According to the map, smaller volcanic centres might have been
located here. (c) Area of Mohora (west) and Cserhatsurany (east) (Fig. 2c). The dykes have remarkable changes in their strike. (d) The area of Piispokszilagy (Figs. 2c,
5). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Results
4.1. Structural observations

During the fieldwork in 2022, dyke observations were carried out at
27 locations, where the vegetation made it possible (Fig. 3). At these
locations we measured the thickness and length of dykes as well as dip
and strike of the dyke and fractures, if they were presented (Table Al).
In the past, andesite in the dykes was important raw material used for
construction, and most of the dyke material was excavated along narrow
and long trenches. In certain locations, excavation of andesite has
resulted in deep trenches with collapsed sidewalls, leaving only boulders
in the debris as indicators of the dyke’s presence. The observed andesites
exhibited significant weathering on their surfaces. In most of the sites,
the contact between the dyke and the host rock, consisting of Oligocene
to Lower Miocene fine-grained clastics, was well-exposed and available
for study albeit only in small exposures. The reinterpretation concerned
16 sites, most frequently former quarries, as illustrated on Figs. 3, and
A3.

4.1.1. Dyke geometry

Length and thickness are important parameters of a dyke, but we pay
particular attention also to along-strike variation and segmentation of
dykes. It is necessary to check if the cross-cutting faults, shown almost
perpendicular to dyke strike on the former maps (Fig. 2), are real fea-
tures, or the overlapping segments are interpreted as having been cut
across by faults. The best examples are from the southern dykes and the
longest Hegyes dyke system in the central-northern part of the study
area (Figs. 3d, c respectively, and Fig. A3).

In the southern area, two major dyke sets can be followed: the
southern Csorog and the northern Janos Hill dykes (Noszky, 1940)
(Fig. 4). The eastern part of the area, previously mapped by Budai et al.
(2005), was now surveyed also by structural geological approach. The
mapped dyke segments are located on the crest of long ridges standing
out from the morphology (Fig. 5a). Between outcropping segments, the
dykes may have subsurface connections while Quaternary deposits
cover them (Figs. 3d, and 4).

In the eastern part of the Cserhat Hills, the Paleogene-Early Miocene
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clastics are covered by a thin syn-rift sequence and then discordantly by
Upper Miocene post-rift formations (Fig. 4), possibly indicating the
proximity to the base-syn-rift surface at the time of magma emplacement
than the more exhumed western part, where the base-syn-rift surface has
not been preserved. Sites Ps—4, and Ps-15 (Fig. 3d) expose larger
andesite bodies whose oval shape and their mixing with sediments can
indicate a near-surface evolution of the volcanism (Budai et al., 2005).

Strike of measured contacts between the dykes and host rocks varies
between E-W and NW-SE (between azimuth 080° and 130°) and the
alternation of different directions gives a wavy appearance to the dyke
sets. Segmentation leads to locally slightly different strike than for of the
whole dyke set. In the eastern part of the area, an NNW-striking dyke is
inferred but the scattered outcrops can alternatively be interpreted as
eroded remnants of surface andesite flows (between sites Ps—4 and
Ps-15, Fig. 4).

On the surface, colinear but non-continuous segments occur. One
clear example is at site CSER22-01 where a deeper roadcut exposes only
the host Oligocene clastics but not the dyke. In contrast, the colinear
dyke segments are verified (Fig. 4). Non-colinear steps between dyke
segments are frequently present, with both left- and right-stepping
continuation occurs. Where stepping direction was consistent for few
segments, this resulted in a slight difference in the orientation of the
individual segments and the zone of dyke segments (insets of Janos Hill
dyke, sites Ps-10-12, —3, Fig. 4). The width of overlap zone between
different dyke segments was on average 20-50 m. The systematic step-
ping direction suggests that some of the dykes (as reaching to the present
surface) were intruded in en-echelon arranged segments, eventually in
fractures of a coeval or inherited strike-slip zone. Considering the
overlap geometry, the presence of cross faults, as postulated in earlier
studies (Noszky, 1940) can be, at least locally, excluded.

On the other hand, curvature of the strike of dykes or branching of
shorter side segments are also present. This is quite systematic, the bend
is always from E-W to WNW-ESE or up to NW-SE direction, repre-
senting a clockwise change if looking toward the tip point of the dyke.
One prominent example is from the western end of the Csorog dyke
(Figs. 3d and 4) while debranching is also present there.

In the central dyke system, near sites CSER22-08, CSER-09 and
CSER22-10, CSER-11 (Bercel and Szanda dyke systems, Figs. 3b and
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~—— Cooling joints

Fig. 5. Morphological, structural and magmatic features of dykes and host rocks in some outcrops of the Cserhat Hill. (a) Oblique aerial view of a dyke segment near
Bercel (close to CSER22-08 and CSER22-09), using Google Earth. The dyke is outstanding in form of a ridge due to selective Quaternary denudation process. (b)
Hexagonal columnar andesite near Bér indicating near-surface development. (¢) Normal faults, shown by red lines (F4 set) crossing the subvertical contact of the
eastern end of the Csorog dyke, site CSER22-07, Ps-02. (d) Inclined andesite sheet and its contacts near the western end of the main Hegyes dyke in site CSER22-21.
Peperite marks the original moderate dip of dyke margins. (e) Sub-vertical contact of andesite dyke segment of the Hegyes dyke system, site CSER22-23. Note small
protrusions of host rocks in d) and e). Note hammer for scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

A3), near surface volcanic facies are present in the form of small bodies,
similarly to the southern dyke set. These andesite bodies are connected
to the central Szanda and the Hegyes dyke systems. The andesite bodies,
and several dykes intrude already the oldest syn-rift clastics at their
preserved shallowest parts. Curved hexagonal columns are present at
these locations (Fig. 5b). According to Hetényi et al. (2012), dykes can

form columnar joints, with columns perpendicular to the magma flow.

At the Hegyes dyke system, the dyke orientation is variable but
similar to the southern system. The Hegyes dykes have north-westerly
strike in the east, then display mostly an E-W trend in its central
segment while few debranching segments turn to NW at the western
dyke part and appear on the surface in Slovakia (Figs. 1b, 3¢, and A6).
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Balla (1989) interpreted the E-W dyke segment as a sign for sinistral
displacement of originally NW-SE striking dykes; however, no such
displacement in the order of 10 km is detectable in other stratigraphical

Tectonophysics 906 (2025) 230722

or structural markers. Thus, we consider this geometry as magmatic one.
Along the longest Hegyes dyke system, we studied the central part
and its western termination. At CSER22-21, the margin of a narrow dyke
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Fig. 6. (continued).

segment is exposed with a marked peperitic transition at the contact
with the host rock (Fig. 5d). The measured moderate dip of the margin
suggests that this is in fact an inclined andesitic sheet dipping to the
north (Fig. 6). Near sites CSER22-22, CSER22-23, CSER22-24,
CSER22-25, CSER22-26, and CSER22-27, we walked out 7 different
segments of a dyke system (Fig. 5e). Direct measurements of dyke
margin surfaces are varying between E-W and WNW-ESE, this latter
direction reflects the map view of dykes (Fig. 6). Unfortunately,

10

Quaternary cover impeded the observation of the continuity or over-
lapping nature of the exposed segments.

The northernmost Kisgéc dyke system starts with short segments
with SE-NW strike in the south-east than the main part is NNW-SSE
oriented; few shorter parallel dykes associate the main one. (Figs. 3a,
and A3). Outcrops were larger and of better quality compared to most
locations. The strike of the detected dyke margin aligned with one set of
the cooling joints, showing ENE-WSW extension, while the other set is
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perpendicular to the first (Fig. 6). This dyke system is parallel to the
northern branch diverging from the Hegyes dykes (Fig. 2b). On the other
hand, the SE end of the Kisgéc dykes form about 1.5 km bend or step and
a similar step can be seen on the base-syn-rift stratigraphic horizon; the
presence of a pre-, or post-dyke fault cannot be excluded (Fig. A3).
Further to the SE, within the syn-rift sequence, few intrusive bodies can
be suspected but their relationship to the Kisgéc dykes is hidden.

4.1.2. Fault-slip data

All the measured structural data are plotted on stereograms, shown
in Fig. 6a, b. Searching for Andersonian type conjugate fractures
(Anderson, 1937, 1951) seven fracture sets were separated both in the
southern and central-northern part of the Cserhat Hills using the
approach described in the Methods chapter. F1 fracture set of E-W
striking faults and shear joints correspond to N-S extension, and it was
measured only in Oligocene to earliest Miocene siltstones predating the
formation of the dyke (Fig. 6). At the sites of Nézsa, CSER22-07,
Ps—-3-10-12, CSER22-21, and Cs-11 (Figs. 3b, d) this set is represented
by discrete fracture planes (faults and joints) while in pre-rift porous
sandstones deformation bands were formed (Cs-07, Cs-14, Fig. A3).
These deformation bands in Cs—07 (Bercel) are the earliest fracture set
formed at a shallow burial position, close to deposition of the sand (Beke
et al., 2019). Similarly trending map-scale faults mainly occur near the
Mesozoic horsts, like Naszdly, Romhény (Fig. A3)

F2a and F2b fracture sets were formed in extensional and strike-slip
regimes, respectively (sites CSER22-01-06, Ps-15, Cs-08,
CSER22-23-27, Cs-14, Cs-11, and sites CSER22-07, Cs-08. Cs-07, 06,
respectively, Figs. 3, and A3). These stress states share the NE-SW ori-
ented minimum principal stress axis. NW-trending normal faults, joints
and veins belong to the extensional regime, while E-W trending dextral
and conjugate N-S trending sinistral faults are part of the strike-slip
regime. All these fractures appear in rocks older than the dykes. Ex-
amples from the study area include dextral faults in the Miocene
Visegrad Complex, the Naszdly and Romhany horsts (Fig. A3). The
largest map separation occurs near site Cs-08; it is ~2 km at the base-
-syn-rift level and supported by local fault-slip data (Fig. A3). At one site
of late Early Miocene age (Cs—08 in Fig. 6a), strike-slip faults reactivated
pre-existing planes of former normal faults thus F2a set could be older
than F2b but this can be only a local relative chronological datum. Site
Cs-14 offers a very important relative chronology datum: the observed
deformation bands of the F1 fracture set predated the tilting while
deformation bands of F2 set followed the tilt deformation (Beke, 2016).

F3 fracture set comprises the dykes themselves, measured along their
margins. Except of the northern Cserhat Kisgéc dyke, all other are E-W
to NW-SE trending. The dip values are close to vertical but in site
CSER22-21 the moderate dip of the margins and parallel cooling joints
argue for an inclined sheet (Figs. 5d, and 6b). In sites Ps-3, —10, —12
and CSER22-08, —09, —10, —11, —22-27 (Fig. 3) cooling joints are
perpendicular to the dykes.

F4, F5, F6 fracture sets were formed in extensional regime, where the
minimum principal stress o3 was oriented ENE-WSW, E-W to
ESE-WNW and SE-NW, respectively. These fracture sets appear in map-
scale fault pattern at site CSER22-07, the observed outcrop-scale normal
faults, veins, joints of NNW-SSE strike (Fig. 5c) are parallel to map-scale
faults which cut across the entire stratigraphy (Fig. 4). The postulated
NE-striking “cross fault” of Noszky (1940), displacing the dykes, and
major faults east of the study area in the Zagyva graben would belong to
fracture set F5 (Figs. 1b, and A3). F4 to F6 sets are younger than the
dykes, because the dyke material has been involved in these fracturing
processes (sites CSER22-01, —07-08, —11, —21-27) or all fractures
have affected near-surface andesite bodies (site Ps—04). The separation
of these three sets is based on relative chronology and the oblique
dextral-normal slip of a younger phase on older fracture planes. F4 is
older and reactivated by F5 in site CSER22-07, and F5 is older than F6 in
sites Ps—03, —12 and Cs-08 (Fig. 6).

The fracture system at sites CSER22-22-27, displaying the oldest
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syn-rift sediments (late Early Miocene). It does not contain the F1 E-W
striking joints, but only a few NW-SE striking fractures (F2 set) and
several deformation bands which are classified either as F2 or as F4 set
(Fig. 6). The bands were formed in very shallow burial depth and
represent an early fracturing event at the early phase of rifting (Beke
et al.,, 2019). However, their relative timing with respect to dyking
cannot be determined. Later, the deformation band surfaces were
superimposed by strike-slip striae, having been formed in NNE-SSW
compression and ESE-WNW extension (F5 fracture set). The 63 axis of
this strike-slip stress state is similar to other sites with extensional
fractures (where o7 axis is vertical) and we consider this case as a per-
mutation of 6, and 65 axes within the same phase (Angelier and Ber-
gerat, 1983; Hu and Angelier, 2004).

4.2. Geochronological results

The results of the geochronological measurements are shown in
Table 1 with their locations indicated in Fig. A3. Groundmass fraction of
an andesite dyke with NNW-SSE orientation, sampled at Bencztrfalva
(“Kisgéc dyke”, 48°06'32”"N 19°33'46'E) yielded K/Ar ages from 14.52
Ma to 14.72 Ma. Standard deviation of the groundmass analyses and a
single plagioclase age (14.41 + 0.21 Ma) overlap with each other within
one sigma error. The perfectly overlapping ages measured on ground-
mass and plagioclase indicate no preferential argon loss or addition to
the system, the system remained closed. The isochron age of the sample
is 14.66 + 0.58 Ma.

Two separate samples were taken from a WNW-ESE striking,
macroscopically fresh andesite dyke at Bercel (“Bercel dyke”,
47°52'52.2”"N 19°24'19.7"E). K/Ar ages of separated groundmass (15.31
+ 0.22 Ma and 15.21 + 0.22 Ma) and plagioclase (15.34 + 0.23 Ma and
15.41 + 0.22 Ma) fractions overlap with each other within one sigma
error. The isochron age of the two samples is 15.39 + 0.43 Ma. K/Ar age
of a whole rock andesite from Hegyes dyke (Hegyes Hill), (48°00'04.9"N
19°27'09.5"E) yielded an age of 15.23 + 0.22 Ma. The new ages confirm
that the older dykes (Bercel, Hegyes, and Csorog) belong to the Hasznos
Volcanoclastic Rocks, while the younger dyke set to the Holloko
Andesite, and not to the younger Kékes Andesite.

5. Discussion
5.1. Reliability of ages from the dyke system

Although the correlation between the temporal change of the stress
field and the age of the magmatic dykes of the Cserhat Hills has been
previously proposed (Marton and Fodor, 1995; Poka et al., 2004), it
lacked the complementary investigation with geochronological data of
sufficient resolution. NW- to N-striking — magmatic dykes from the
eastern Cserhat Hills and the Zagyva graben were suggested to be
younger than 13.5 Ma, while in the central and southern Cserhat Hills, a
WNW-ESE striking dyke swarm was considered older than 14 Ma. (P6ka
etal., 2004). The published ages of Poka et al. (2004) are in line with the
K/Ar ages of andesites ranging from 13.8 + 0.8 Ma to 16.0 + 1.4 Ma
(Balogh, 1984). The previous K/Ar geochronological analyses were
performed partly on whole rock and partly on mafic mineral fractions (e.
g., biotite, amphibole), while plagioclase and matrix fractions were
usually skipped due to their possible alteration and preferential Ar-loss.
However, according to Lahitte et al. (2019) and Molnar et al. (2022),
even the groundmass fraction can give a fully reliable K/Ar age if the
sample selection is sufficiently accurate. In addition, the K/Ar age of the
groundmass will certainly be free of excess Ar and will provide the age of
crystallization of the subvolcanic rock. In our study we combined ac-
curate sample selection and separation, applied the non-spiked K/Ar
method and used a multicollector mass spectrometer. This allows us to
provide accurate ages for structural analysis and reliably review of the
former K/Ar ages inferred by Balogh (1984). In line with the previously
observed relative age relationships, the formation of the Kisgéc andesite
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Table 1

New K/Ar ages obtained in this study from two different dyke sets. Column headings indicate name of the site location, K/Ar lab code, grain size, dated mineral phase,
potassium (K) concentration in percent, concentration of radiogenic (40Arrad) in percent, concentration of radiogenic (40Arrad) in cm?® at standard temperature and
pressure, age + 1-sigma uncertainty (in Ma).

Sample name K/Ar lab code Grain size (pm) Dated material K [%] “OAraa [%] “OArraq x 1077 [ccSTP/g] Age [Ma]

Benczirfalva 9233 63-125 groundmass 1.70 0.35 9.673 14.52 £+ 0.21
Benczirfalva 9233 63-125 groundmass 1.71 0.37 9.681 14.54 + 0.21
Bencztrfalva 9233 63-125 groundmass 1.71 0.39 9.803 14.72 + 0.21
Bencziirfalva 9233 63-125 plagioclase 0.48 0.21 2.710 14.41 £ 0.21
Bercel 9234 63-125 groundmass 2.81 0.32 16.801 15.31 + 0.22
Bercel 9234 63-125 plagioclase 0.45 0.22 2.683 15.34 + 0.23
Bercel 9235 63-125 groundmass 2.69 0.31 15.958 15.21 £+ 0.22
Bercel 9235 63-125 plagioclase 0.42 0.41 2.5490 15.41 £+ 0.22
Hegyes Hill 9190 63-125 whole rock 1.65 0.33 8.712 15.23 + 0.22

dykes in the northern Cserhat Hills (14.66 + 0.58 Ma) is about ~0.7 Ma suggested (Poka et al., 2004).
younger than the Bercel and Hegyes dykes of the central Cserhat Hills
(15.39 + 0.43 Ma). The age of the Kisgéc dyke is ~1 Ma older than
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5.2. Structural evolution, correlation of stress fields with regional data

5.2.1. Interpretation of field measurements

Seven fracture sets were distinguished in the present study,
including, as a separate event, the emplacement of the dykes. Six of them
represent different episodes of the rifting process, while the last one may
be a part of the post-rift phase. This can be compared to numerous fault-
slip analyses performed in the south-western Cserhat Hills (Benko and
Fodor, 2002), in NE Hungary and southern Slovakia (Beke, 2016; Beke
et al., 2019; Marton and Fodor, 1995; Petrik et al., 2016; Vass et al.,
1993; Vojtko et al., 2019) and in the entire Pannonian Basin (Fodor
et al., 1999). The inferred number of phases and their temporal bounds
varyfrom study to study, but in general, they can be categorised into pre-
, Syn-, and post-rift phases (Figs. 7, and Al.).

The first deformation phase observed in this area exhibits a clear N-S
directed extension (F1), as evidenced by tectonic joints, faults measured
in host rocks of the Csorog, Janos Hill and Hegyes dykes (CSER22-07,
Ps-12, and CSER22-21). The stress field for this phase was calculated
only from data measured in pre-rift formations, both during this study
and in earlier works (Fig. 7 and Fig. Al). The age of this extension de-
pends on the correlation of the fracture system to the regional tectonic
phases. Because in other sites in NE Hungary, the same extensional stress
regime was noticed in the earliest syn-rift sediments (Cs-11, Fig. 6), we
correlate the local F1 fracturing to the regional D4 phase representing
the early syn-rift phase (Beke et al., 2019; Petrik, 2016). Older studies
did not infer that the ~N-S extension was a separate deformation phase
(Benko and Fodor, 2002; Vass et al., 1993), but either considered it as a
local variation of NE-SW extension (Fodor et al., 1999) or regarded it
only as a local extensional stress state in a strike-slip regime marked by
E-W to ESE-WNW maximal stress axis (Marton and Fodor, 1995)
(Fig. A1). In the newest classification the strike-slip regime corresponds
to the D3 phase (Fig. 7, Beke, 2016; Petrik et al., 2016). This is a
regionally important phase and predated the rifting (Beke, 2016; Beke
et al., 2019; Fodor et al., 1999; Palotai, 2013; Petrik et al., 2016) and
could characterize the dextral slip along the MHZ (Fig. 1, and Fig. Al). In
this study, we emphasize the separate nature of the D3 strike-slip and D4
extensional faulting phases (following Petrik et al., 2016), partly
because the former was not measured in syn-rift formation. The
boundary of D3 and D4 phases can correspond to the onset of rifting
probably around 18.2 Ma (Fig. 7).

In any case, the D4 early rifting phase predated the first R1 CCW
rotation (Marton and Fodor, 1995). The oldest pyroclastic levels of the
Pannonian Basin registered palaecomagnetically this R1 rotation; the
new age data of different eruptions are between 17.3 and 17.1 Ma
(Tihamér Formation, Lukacs et al., 2022; and Eger-Ipolytarnéc Member,
Karatson et al., 2022; Brlek et al., 2023). This suggests a pre-17.1 Ma for
the observed D4 phase of N-S extension (Fig. 7).

After the R1 rotation, the F1 fracture system was followed by a
NE-SW extensional phase (F2a stress state) which is marked by
NW-striking normal faults. The extensional stress regime F2a was
measured in one syn-rift (Ps-15) and few pre-rift sites of the study area
(Fig. 6., CSER22-01, —16, —23-27) and is very frequent in the closer
vicinity (Cs-07, —08, —11, —14) and in the wider surroundings (Fig. 7,
Beke, 2016; Beke et al., 2019). In the northern Pannonian Basin, NE-SW
extension resulted in a dense network of NW-striking normal faults; the
related tilted blocks and half-grabens are ubiquitous character of the
entire northern basin half (Csontos, 1995; Petrik et al., 2016; Ruszkic-
zay-Riidiger et al., 2009; Tari et al., 1992, Fig. A3).

The F2b stress state is marked by a strike-slip regime of NW-SE
compression and NE-SW extension. The important fractures are E-W
striking dextral and NNW-SSE striking sinistral faults (CsSER22-07,
Cs-06, —08 sites, Fig. 6). The relative chronology of the F2b and F1
stress regimes is relatively clear, because F2b E-W striking dextral faults
reactivated earlier normal faults or joints of the F1 fracture set, partic-
ularly in sites CSER22-07 and Cs-08 (Fig. 6). This strike-slip stress
regime is not widespread but occurs locally in the Pannonian Basin
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(Bada et al., 1996; Fodor et al., 1999; Fodor, 2011; Olah et al., 2014).
The NE-SW extensional stress state F2a share the same direction of
minimal stress axes; thus, we consider that the two fracturing events
(F2a and F2b) belonging to the same deformation phase which can be
correlated with the D5 regional phase (Fig. 7), as suggested by earlier
studies (Figs. 7, and A4; Beke et al., 2019; Benkovics, 1991; Fodor et al.,
1999; Vass et al., 1993). This regional D5 phase had to follow the first
rotation event because it affected the already rotated magmatic rocks.
The time span of rotation is not defined sharply, and the gradual rotation
induced equally smooth change in the stress axes. Thus, D4 and D5
phases (F1 and F2 local fracture system) could be transitional in their
structural directions (Fig. 7). However, this phase certainly followed the
Bogdcs pyroclastic level and may have started around 16.8 Ma. The F2
fracture sets clearly deform the Visegrad Complex (15.4-15.3 Ma, Beke
et al., n.d.), and part of the Eastern Cserhdt Volcanic Complex (Fig. A3).
The upper boundary of F2 fracture seems to be younger than the 14.9 Ma
old Tar Dacite Lapilli Tuff Formation (“Jat6 Mb.” by Bir¢ et al., 2020),
because the F2 fracture system was also observed in the type locality
Tar. The upper time constraint for D5 phase is given by the second
rotation, which can be roughly bracketed between ~14.8 and ~ 14 Ma
(Fig. 7).

According to our new geochronological data, the dyke emplacement
(F3 fracturing event) with E-W to NW-SE strike has taken place around
15.4 Ma. The NNW-SSE striking dykes are younger having an age of
14.66 + 0.58 Ma. This means that the dykes developed in two cycles.
Regarding their age, and the existing but far less dominant strike
(NW-SE) of the older dykes, they formed within the D5 deformation
phase during the earliest Middle Miocene.

Dyke emplacement tends to be perpendicular to the extension
(Gudmundsson, 1995; Hou et al., 2010; Pollard, 1987). This would mean
a N-S extension for the E-W trending dykes, like F1 fracture set, or the
D4 phase. However, since dykes are younger than D4 phase by a mini-
mum of 1.4 Ma, they could hardly have formed in D4 phase. Thus, we
infer the E-W-striking dykes are marked by a specific stress field not
corresponding the regional stress field. This may indicate that the dykes
formed under the presence of local stress field at volcanic centres
feeding the dykes, or that the dykes propagated along pre-existing zones
of weaknesses on older normal faults formed in the preceding defor-
mation phase. Formation of a dyke with segments of different strike,
caused by interaction of the effects of local stress field caused by
topography of a volcanic centre, and stress to due plate movements, has
for example been observed in the Bardarbunga volcanic system, Iceland
in 2014 (Sigmundsson et al., 2015). The interpretation of joints
perpendicular to E-W-striking dykes is not easy in the frame of regional
stress field (Fig. 6). However, dyke-perpendicular cooling joints were
observed by Townsend et al. (2015), and by Shukla et al. (2022).
Townsend et al. (2015) suggested that these joints formed because of
dyke intrusion combined with thermal expansion of pore fluids.

We separated a transitional fracture set F4 which is marked by
minimal stress axis directions between ENE-WSW and E-W (Figs. 6, and
7) (Juhasz et al., 2023). This fracture set post-dated the southern dyke
emplacement (Csorog and Janos Hill dykes) because the cooled dyke
rock was deformed by F4 fracture system. Map-scale faults also displace
the entire stratigraphic column up to the Hasznos Volcanoclastics near
sites CSER22-07 and Ps-15 (Fig. 4) and bound the Galga Graben just
east of those sites (Fig. A3). Other map-scale examples include the tilted
blocks of Godollé (Fig. A3). Looking at the spread of extensional di-
rections, we correlate the F4 fracture set to the time span of the second
R2 rotation.

While there are few structural data from well-dated volcanic sites, we
suggest the transition from F2 to F5 fracture system (or D5 to D6
regional phase) between 14.8 and ~ 14 Ma (Fig. 7). Paleomagnetic data
do not permit a sharp definition of the timing of this rotation event, as
few sites show the rotation, and others are not from the same pyroclastic
horizons (14.9 Ma Tar, and 14.4 Ma Harsany, Zelenka et al., 2004,
Marton et al., 2007b; Lukacs et al., 2018). However, late Badenian rocks



D. Juhasz et al.

younger than 13.8 Ma never exhibit F4 fractures, but only the F5 set.
Thus, a broader time span of ~14.8 to ~14 Ma can be suggested for R2
rotation and F4 fractures. The Kisgéc dyke fits to the gradual transition
of the stress field. Assuming dyke-perpendicular extension, this dyke
swarm can be controlled by the F4 fracture set. The stress regime of the
F4 fractures and the northern Kisgéc dykes can be classified into the
transition of D5 and D6 phases (Fig. 7). Similar stress field was reported
by Marton and Fodor (1995), and Vass et al. (1993) from the sur-
rounding regions in south Slovakia, and north Hungary (Fig. A1). Vojtko
et al. (2019) also observed F4 fracture set marked by a strike-slip regime
(Fig. Al). Their suggested timing is somewhat younger, from ca. 14 to
11.6 My, than our time constraints of 14.8-14 Ma, but this may not
represent a large contradiction (Fig. Al).

The two youngest fracture sets F5 and F6, an E-W and SE-NW
extension, occurred after the rotation, and these fractures deformed the
late Badenian and younger rocks. Several major NNE-striking normal
faults and related tilted blocks mark the half-graben system of the
Zagyva basin, from the Eastern Cserhat Volcanic Complex down to the
Buda Hills (Benkovics, 1991; Fodor et al., 1999; Soos, 2017, Fig. A3),
reported in fault-slip analyses (Figs. 7, and A1) (Beke et al., 2019; Vass
et al., 1993; Vojtko et al., 2019). The question if the F5 and F6 fracture
sets represent two separate regional phases, or just local variations in the
extensional direction, this question needs further studies. However, all
these fractures post-date R2 rotation, and also the younger dyke gen-
eration of the northern Cserhat Hills.

5.2.2. Magma migration

The structural data show that the study area was strongly fractured
due to the Miocene rifting, and these faults may have interacted with
some of the dyke segments. A lithological discontinuity had eventually
also a strong influence on the dyke emplacement. Several studies have
showed that the presence of contrasting mechanical properties, e. g., a
relatively weak layer above a more competent layer, has strong influ-
ence on dyke propagation. In general, lateral emplacement along a li-
thology change boundary may be favoured over vertical propagation
(Bazargan and Gudmundsson, 2019; Drymoni et al., 2020; Pinel and
Jaupart, 2004; Walker et al., 2017). Additionally, numerical models of
dyke formation in a crust with soft layers and weak contacts show
concentration of stress change in zones near a dyke but also where there
are strong gradients in crustal strength (Gudmundsson and Loetveit,
2005). Basin infilling sedimentary rocks consisting of poorly lithified
sandstone or siltstone (“schlier” in the local terminology, see Introduc-
tion), near surface at the time of formation of the dykes, may have acted
as a weak layer. We suggest that arrest or lateral propagation of dykes in
our study area may have been influenced by lithological inhomogeneity
in the crust at the time of emplacement. This may explain why several
dykes can be followed for up to 23 km in the Cserhat Hills while they do
not climb considerably upward or downward in the stratigraphy (see the
Hegyes dykes, Figs. 3 and A3). It is also possible that pre-dyking
extensional tectonic stress field in the area induced by plate tectonics,
combined with weak material near surface of lower density than the
magma facilitated long-distance lateral magma transport; (Sigmundsson
et al., 2022).

In the stratigraphy of the study area, several formations have fine-
grained composition: the latest Oligocene to lowermost Miocene
Szécsény, the lower part of the Lower Miocene Salgétarjan and the
whole Garab Formations. These formations were reached by the Hegyes,
Bercel, and Kisgéc dykes. Therefore, based on Gudmundsson and Loet-
veit (2005), we propose that, when the ascending magma encountered
less rigid formation with sand composition, fissure volcanoes and vol-
canic cones may have formed (upper part of the Salgétarjan Formation,
and Fot Formation). For example, this may have occurred in the
southern area, where the magma reached the Fét Formation very close
to the surface and resulted in eruptions (fissure volcanoes and/or sur-
ficial lava flows). Along the volcanic centres in the central Cserhat Hills
(Szanda, Bercel, Bér, Fig. A3) the situation could be similar, where the
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ascending magma has reached the sandy or carbonate part of the Lower
Miocene host rocks, which belong to the lowermost part of the syn-rift
sequence.

5.2.3. Interaction of dyke and faults — Stress field inhomogeneity

Dykes in our study area were emplaced into fractures formed during
D3 - D4 phases (Fig. 7). The last and intensive D4 phase (marked by
~N-S extension), acted ca. 1.5 Ma before emplacement of most of the
dykes (Fig. 8a).

Our fault-slip data and field observations suggest two possible sce-
narios for the stress field that operated during dyke emplacement. In one
case, the dyke segments mostly propagated along dextral strike-slip
faults (Figs. 8d, and A2), although the systematic en echelon geome-
try, typical for strike-slip secondary faults, are only locally present
(Fig. 4). In site Ps-2 the dextral faults observed in the host rock (Fig. 6),
are just few tens of centimetres distance from the dyke wall. In addition,
large, km-scale dextral faults were documented both west and east of the
outcropping dykes (Figs. 2c, and 3). One of the largest displacements
occurs near site Cs—08 where the base—syn-rift horizon shows 2-2.7 km
dextral offset (Fig. 1b and A3). Another important offset of the base-syn-
rift horizon is found in the eastern continuation of the Bercel dyke; this
fault bound a Paleogene horst on the south, and continuous in the
Zagyva graben as a transfer fault between two tilted block domains
(Figs. 1b, 2¢, and A3, Sods, 2017). In a study of the Neuquén back-arc
Basin, Spacapan et al. (2016) suggested that the dyke did not propa-
gate perpendicular to the o3 axis, but along a pre-existing strike-slip
fault, having a similar scenario as in the case of Cserhat Hills. A possible
third case is the connection of faults of the Visegrad Complex and the
Csorog and Janos Hill dykes of the southern Cserhat Hills (Figs. 1b, and
A3). E-W striking dextral faults were mapped and kinematically char-
acterised in the Visegrad Mts. (e.g., Domos-Tahi Fault, Balla and Korpas,
1980; Beke et al., n.d.; Bence et al., 1991), imaged below the Danube by
seismic reflection data (Olah et al., 2014), and can be projected toward
the dykes. The age of the Visegrad Complex (15.30 + 0.24 to 15.40 +
0.25 Ma, Beke et al. submitted) is very close to the age of the Cserhat
dykes (14.5 + 0.21 to 15.3 & 0.22 Ma), making reasonable the proposed
interaction between faults and dyke segments. Contemporaneous dyke
intrusion and strike-slip faulting has also been documented in Iceland in
recent volcano-tectonic systems, e.g., at the Fagradalsfjall volcanic
system in 2021 (Sigmundsson et al., 2022), as well as in the Bardarbunga
volcanic system in 2014, where in both cases strike-slip faulting
occurred near dyke propagation (Plateaux et al., 2014; Agustsdottir
et al., 2016). In addition to previous fault-slip studies, we suggest that
dyke emplacement was at least partly coeval with this dextral faulting
(Figs. 8d, and Al).

Coeval dyke propagation, magma overpressure and faulting can alter
the surrounding stress field (Gudmundsson et al., 2009). In such situa-
tions, an increase of the maximal horizontal stress axes may create a
strike-slip regime that temporally and locally may overwrite the other-
wise dominant extensional regime. This may have occurred in our study
area (Figs. 8d, and A2). In an extensional and strike-slip context such as
Iceland, permutations of stress axes and local strike deflections of stress
may be quite common and linked both to the tectonic process and
magmatic activity. Stress permutations may occur on a long time (a few
Myr) but also quasi instantaneously as demonstrated by analysis of focal
mechanisms of earthquakes as well (e.g., Bergerat and Angelier, 2008).
Such stress axes permutation is frequent in fault-slip analyses and may
reflect e.g., spatial change in rock rheology connected to density of
fractures, lithological changes in weak zones (Angelier and Bergerat,
1983; Hu and Angelier, 2004) or, near the dykes, alteration of host rock
stress by magmatic fluids (Agtstsdéttir et al., 2016). Thus, despite the
difference in the general tectonic context; rift and oceanic transforms
observed in Iceland, and back-arc basin in the Pannonian Basin, we note
similarities in the fault-dyke interaction. In the Pannonian Basin, this
stress axes permutation and alteration can explain the occurrence of,
albeit limited, strike-slip faulting within the regionally extensional stress
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field even if the direction of the extensional stress axis did not change
(Figs. 6 and 8).

As we analysed earlier, the N-S extension corresponds to D4 regional
deformation phase (Fig. 8a). Thus, the interaction of dyke emplacement
and pre-existing fractures locally changed the stress axes to a direction
which was already occupied during the previous deformation phase, just
prior to dyke emplacement. This could result in curved stress trajectories
starting from “average” NE-SW extension to N-S extension near the dyke
tip (Figs. 8e and A2).

After the first dyke emplacement, the area suffered counter-
clockwise rotation, which is reflected in the fault-slip data as a clock-
wise change in oymax between D5 and D6 regional phases (F2 to F5
fracture sets, Fig. 6). During this rotation and stress field change, the
younger Kisgéc dyke formed, presumably perpendicular to the regional
extensional direction (Fig. 8f). Associated F5 fractures deformed the
older dykes, and map-scale normal faults cut across the Csorog and
Janos Hill dykes (Figs. 4, and 8f). The R2 rotation is younger than the
older dyke set of 15.4 Ma but was ongoing during the younger dyke
emplacement. If we combine fault-slip data from the Tar Formation the
onset of this R2 rotation is between 14.9 and 14.7 Ma. This onset seems
to be younger than in other studies which placed the entire rotation
before 15 Ma (Lukacs et al., 2015; Marton and Fodor, 1995). Our study
shows that inferring regional stress axis from strike of dykes may have
shortcomings, as there are many processes that influence the orientation
of dike planes. Our observations can be used as constraints in future
modelling studies of dyke propagation paths, improving understanding
of how dykes are affected by crustal heterogeneities and pre-existing
fractures (e.g., Drymoni et al., 2021; Greiner et al., 2023; and Macca-
ferri et al., 2016).

5.2.4. The effect of the dykes in later structural evolution

The dykes, representing strong rheological heterogeneity influenced
the latest evolution of fracturing. This can be seen in the structure of the
Zagyva graben, where a regional transfer fault of the D6 phase between
two extensional tilted block domains (Soos, 2017) follows the pre-
existing Bercel dyke (east of the locations CSER22-08 and
CSER22-09). This dyke belonging to the Hasznos Volcaniclastics may
have been originally emplaced along a pre—existing D4 normal or coeval
D5 dextral fault, that changed to sinistral transfer faults during later
graben formation (D6 phase) (Fig. A3). This suggests that the parti-
tioning of tilted block domains was influenced by the presence (and
orientation) of the D4 phase normal faults and D5 phase dykes. The
postulated “cross-faults” of Noszky (1940) can also be explained by the
presence of dykes. Namely, these cross faults may be related to stepovers
of dyke segments or could follow cooling joint set within the dyke ma-
terial (See Fig. A2).

6. Conclusions

This study describes the interaction of volcanism, dyking, pre-
existing and coeval faulting in a continuously changing regional stress
regime in the Cserhat Hills, thereby providing new insights into dyking
events and stress changes in the northern Pannonian Basin.

The combined field and geochronological data help to clarify the
geological process involved and timing of deformation events. Six
separated main fracturing events, named by F1 to F6, may correlate to
previously identified regional deformation phases. The geochronolog-
ical data support that the dykes were emplaced in two different eruptive
cycles, the NW-SE to E-W striking (older) dykes with ~15.4 Ma age, and
the NNW-SSE striking (younger) dykes with an age of ~14.7 Ma. Along
the ~E — W oriented dyke segments the dyke may have propagated into
coeval strike-slip faults and followed their strike, thus induced the pre-
mutation of the maximal and intermediate stress axes. On the other
hand, interaction of dyke emplacement may have reactivated earlier
normal faults and resulted in local counter-clockwise rotation of mini-
mal stress axis, as it can be seen at the inclined dyke of site CSER22-21.
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Therefore, it may not be possible to infer the regional stress regime
based only on the dyke orientation, because of its heterogeneity induced
by the dyking event itself.

Furthermore, extensive horizontal-dyke emplacement may be facil-
itated by lithological difference between the pre-rift sandstone-siltstone
formations and the overlying basal, fine-grained early syn-rift forma-
tions. New observation and previously collected dataset from the field,
as well as the field observations show that dyke emplacement does not
always follow the regional stress regime. Rather, reactivated faults
formed earlier, with variable kinematics, may have influenced the dyke
emplacement.
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