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Abstract: The Strazsa Hill quarry is an exceptional outcrop in the central part of the Pannonian Basin. It exposes one of
the major structures of the Transdanubian Range, the Vértessomlo thrust. In this study, we investigated Strazsa Hill from
a structural point of view, documenting its complex structural evolution through interpreted outcrop photographs and
fault slip analysis. Our findings show that the exposed part of the Vértessomld thrust comprises an imbricate system of
south-vergent thrust sheets composed of Middle and Upper Triassic rocks. Major thrusting occurred before the Middle
Eocene, most probably during the mid-Cretaceous. Sedimentological and structural evidence at Strazsa Hill indicates that
the thrusts underwent dextral-reverse reactivation during the Oligocene, resulting in the formation of a growth syncline
in the footwall. The Vértessomld thrust and associated E-W striking structures were later overprinted by several
NW-SE to N-S striking normal faults during the Middle to Late Miocene. Some of these faults were reactivated during
neotectonic strike-slip faulting. Our observations provide an important basis for understanding the tectonic evolution of

the northern part of the Transdanubian Range.
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Introduction

Remarkable outcrops hold significant value in geosciences.
They represent an essential part of our geoheritage, attract
geotourists (e.g, Mahboubi & Naimi 2024; Sotiriou & Nunes
2024), and may host exceptionally well-preserved fossils
(Fézy & Janssen 2009; Erdei et al. 2022), stunning minerals,
or rock successions that preserve crucial geohistorical infor-
mation (Keller et al. 1995). From a tectonic perspective, key
outcrops are particularly valuable, as they can provide insights
into the age and kinematics of deformation (Palotai et al. 2017;
Granado et al. 2018). Well-exposed outcrops are especially
important in regions with generally poor exposure conditions,
such as flat-lying sedimentary basins.

In this study, we present the complex and well-preserved
structural assemblage of Strazsa Hill, located in the central
part of the Pannonian Basin (Fig. 1A). This area has been
extensively investigated by numerous boreholes drilled for
coal and bauxite exploration (Véghné Neubrandt et al. 1978;
Héja et al. 2022). However, the study of surface outcrops is
challenging due to the widespread Quaternary cover deposits
and the generally poor exposure of pre-Quaternary formations.
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Strazsa Hill stands out as a key locality in the central Pannonian
Basin, where various Triassic rocks are exposed together with
thin remnants of Oligocene and Miocene successions. Previous
studies have mainly focused on the stratigraphy, sedimento-
logy, and paleontology of this outcrop (Budai 2004; Farics
2018; Dunkl et al. 2019; Kercsmar et al. 2020; Erdei et al.
2022), whereas its Eoalpine structure was discussed in a broa-
der regional context by Budai et al. (2015).

Our study presents a detailed structural analysis of Strazsa
Hill, including tectonic interpretation of outcrop photographs
and fault-slip analysis. Based on these datasets, we recon-
structed the structural evolution of the study area from the
Triassic Neotethyan rifting, through Cretaceous Eoalpine shor-
tening, Paleogene strike-slip faulting, and Miocene extension,
to neotectonic inversion. Several identified structures refine
previous interpretations of the structural geometry, fault kine-
matics, and timing of deformation. Our observations also pro-
vide a basis for the structural interpretation of the dense
network of well data of the surrounding area (Héja et al. 2022).

Geology of the study area
The Mesozoic succession of Strazsa Hill forms part of the
Transdanubian Range (TR), which represents the uppermost

thick-skinned nappe of the Austroalpine nappe pile (Figs. 1A,
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2A) (Tari 1994; Schmid et al. 2008; Fodor et al. 2017). The TR
was located along the passive margin of the Neotethys Ocean
following its Anisian break-up (Haas et al. 1995). The Middle
to Upper Triassic passive-margin succession of the TR is
dominated by shallow-marine dolostones that include deep-
marine intercalations (Budai et al. 2015) (Fig. 1D). The oldest
exposed rock at Strazsa Hill is the late Anisian—Ladinian
Budadrs Formation, consisting of thick-bedded shallow-marine
dolostones containing a Diplopora annulata green algae
assemblage (Haas et al. 1981; Budai 2004; Budai et al. 2015).
A partly heterotopic deep-marine succession of cherty lime-
stones and volcanoclastic sediments (“Buchenstein Group”)
was intersected by several boreholes (Many M-191, M-245,
M-246, Figs. 1D, 2B) north of the quarry (Budai 2004).
Coarse-grained volcanoclastic rocks and altered tuffs of
the Inota Formation are exposed at Strazsa Hill, representing
the younger part of the “Buchenstein Group” (Budai et al.
2015). Zircon U-Pb geochronological data indicate an Early
Carnian age (232 Ma) for these volcano-sedimentary rocks
(Dunkl et al. 2019) (Fig. 1D).

The “Buchenstein Group” is overlain by the progradational
tongue of the shallow-marine Gémhegy Dolomite (Fig. 1D),
which, in turn, is overlain by Carnian deep-marine cherty
limestones and dolostones of the Csakberény Formation
(Budai et al. 2005). These formations are not exposed at
Strazsa Hill but are known from boreholes north of the studied
outcrop (e.g., Zsambék Zs-14, Fig. 2B) (Haas et al. 1981).
The intertidal dolostones of the Fédolomit Formation (equi-
valent to the Hauptdolomit or Dolomia Principale in the Alps)
were deposited from the Late Carnian to the Late Norian (Haas
et al. 1995). The Fédolomit is overlain by the shallow-marine
uppermost Norian to Rhaetian Dachstein Limestone (Fig. 1D).
The Fodolomit is exposed at Strazsa Hill (Budai et al. 2015),
whereas the transitional beds between the Fdédolomit and
Dachstein Limestone have been intersected by several bore-
holes in the surrounding area (Héja et al. 2022).

The upper part of the Mesozoic succession is absent in
the Strazsa Hill area due to subaerial erosion associated with
Cretaceous folding, thrusting, and subsequent uplift (Tari 1994;
Kaiser 1997; Fodor et al. 2018). The Triassic succession of
the study area was imbricated by south-vergent thrusts (Héja
et al. 2022), a deformation phase linked to the Cretaceous
Eo-Alpine orogeny that developed between the Alpine Tethys
and the Neotethys Oceans. One of the most significant related
structures is the Vértessomlo “line” (Balla & Dudko 1989)
(Fig. 2B), which has been previously interpreted as a south-
vergent Cretaceous thrust in its western segment (Csaszar et
al. 1978; Csaszar 1995; Fodor & Biro 2004) or as a Cenozoic
strike-slip fault (Balla & Dudko 1989). The Vértessomld
“line” crosses Strazsa Hill with an approximately E-W strike
(Budai et al. 2015; Héja et al. 2022).

The tilted Triassic beds are unconformably overlain by
the deposits of the Hungarian Paleogene Basin (Fig. 1D),
which is interpreted as a retroarc foreland basin developed in
the hinterland of Carpathian orogenic wedge (Baldi-Beke &
Baldi 1985; Tari et al. 1993) (Fig. 1B). Although the older,
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Eocene part of this succession is absent in the Strazsa Hill
area, late Middle Eocene deposits are widespread north of
the E-W-striking Paleogene Koérnye-Zsambék fault, located
a few hundred metres north of the quarry (Fig. 2B) (Véghné
Neubrandt et al. 1978; Balla & Dudko 1989; Fodor 2008; Héja
et al. 2022). This fault delineates the southern margin of the
Eocene deposits (Figs. 1B, 2B). Strazsa Hill is situated on
the southern side of the northward-stepping Koérnye—Zsambék
fault, where the Triassic formations are directly covered by
Oligocene and Miocene beds (Kercsmar et al. 2020; Erdei et
al. 2022) (Fig. 2B). Following Early Oligocene uplift and
weathering (Kelemen et al. 2023), terrestrial to marginal
marine sedimentation of the North-western Transdanubian
Paleogene Basin extended southward over the study area
during Early to Late Oligocene (Fig. 1D). The Oligocene suc-
cession begins with red terrestrial clay and bauxite of appro-
ximately 31 Ma (Obarok Fm.) (Kelemen et al. 2023), overlain
by the Csatka Fm. and the Many Mb. of the Torokbalint Fm.
The Csatka Fm. consists of clay with thin coal seams and
coarse-grained pebbly sandstones, deposited in alluvial, palu-
dal, and lacustrine environments. The Many Mb. comprises
various siliciclastic sediments (clay, siltstone, sandstone, and
conglomerate) that were deposited in the transition zone
between deltaic and shallow-marine environments (Baldi
1986) (Fig. 1D). Erdei et al. (2022) described several plant
fossils from the Oligocene succession exposed in the quarry.
The study area experienced uplift and subaerial exposure
during the Early Miocene (Fig. 1D).

The Miocene sedimentation was controlled by syn-sedi-
mentary grabens and half-grabens associated with the opening
of the Pannonian back-arc basin (Fig. 1C). The continental
siliciclastic succession of the early Middle Miocene Perbal
Fm. is overlain by Middle Miocene marine clays and marls
(Baden and Kozard fms.) (Fig. 1D). At the same time, the late
Middle Miocene shallow-water Tinnye Limestone was depo-
sited on the elevated areas and prograded over basinal for-
mations (Cornée et al. 2009; Palotas 2014). The clays and silts
of the Csakvar Mb. of the Endréd Marl Fm. were deposited
during the Late Miocene in swamp environments (Csillag et
al. 2008; Sztano et al. 2024). Strazsa Hill is located at the foot-
wall edge of a map-scale, N—S-striking Miocene normal fault
(Hé¢ja et al. 2022) (Fig. 2B), which is expressed in the mor-
phology of the hill as a topographic step. Consistent with
this structural position, the Middle Miocene succession at
Strazsa Hill is represented by a 10-12 m thick, condensed
sequence of shallow-marine and lagoonal deposits. This suc-
cession is characterised by the predominance of fine-grained
siliciclastic sediments with limestone intercalations (Kercsmar
et al. 2020), in contrast to the area immediately north of
the quarry, where the Middle Miocene is represented by more
than 50 m of oolitic limestone of the Tinnye Fm. The Middle
Miocene succession at Strazsa Hill is unconformably overlain
by a one-meter-thick freshwater limestone bed (referred to
herein as the Upper Miocene basal bed), which is considered
the basal bed of the Csakvar Mb. (Kercsmar et al. 2020)
(Fig. 1D).
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Fig. 1. Location of the study area in the Alpine—Carpathian—Pannonian—Dinaridic system during different stages of structural evolution.
A — Main tectonic units of the basement of the Pannonian Basin after Schmid et al. (2008). NCA: Northern Calcareous Alps; MHZ: Mid-
Hungarian Zone; TR: Transdanubian Range. B — Simplified map of Paleogene basins. Note the Early Miocene separation of the Hungarian
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and Many Basins highlighting the units exposed in the Strazsa Hill (after Héja et al. 2022, modified).
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Fig. 2. A — The position of the Zsambék and Many Basins on the pre-Quaternary geological map of the northeastern TR. The map is based on
the works of Wein (1977), Balla & Dudko (1989), Fodor et al. (1994), Prakfalvi et al. (2000), Scharek et al. (2000), Karatson & Németh
(2001), Budai & Sikhegyi (2004), Csaszar et al. (2004), Fodor et al. (2018), Budai et al. (2018), and Héja et al. (2022). For the location of
the map, see Fig. IA—C. B — Location of Strazsa Hill and the relevant surrounding wells on the Pre-Quaternary geological map of Zsambék
and Many Basins, based on Héja et al. (2022), modified. For the location of the map, see Fig. 2A.
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During the Pliocene and Quaternary, the TR was uplifted
and subaerially exposed. Various continental sediments were
deposited during this time, including proluvial, alluvial, flu-
vial, and aeolian deposits.

Methods and data

Detailed geological and structural mapping was carried out
at Strazsa Hill (Fig. 3A). Outcrop photographs and UAV-based
imagery were used for photogrammetry and structural inter-
pretation. The 3D model of the most significant parts of the
quarry was constructed using Agisoft Metashape software.

Several types of structural data were measured at Strazsa
Hill, including bedding dips, faults with and without striae,
and sedimentary dykes (Fig. 3B). These data were analysed
using the software package of Angelier (1990). Structural data
were plotted on stereonets using a lower-hemisphere equal-
area (Lambert) projection. For faults lacking slickenlines,
the principal stress axes were estimated “manually”, following
Anderson’s theory of conjugate fault sets (Anderson 1951).
Fault-slip inversion and automatic separation based on fault-
slip data were performed using the method of Angelier &
Manoussis (1980).

Several types of cross-cutting relationships were conside-
red when determining the relative sequence of deformation
phases. Tilt tests were performed on tilted conjugate fault pairs
(Angelier 1990). During these tests, the structural elements
were back-tilted to restore the bedding to its original horizon-
tal position. If the symmetry plane of a conjugate fracture set
appeared vertical or horizontal on the back-tilted stereonet,
the fault set was assumed to have formed before the tilting of
the beds. Oblique striac were interpreted as pre-tilt structures
if the lineation displayed pure dip-slip or strike-slip kinema-
tics after the tilt test. In cases where the tilt test results were
inconclusive, oblique striaec were considered as second-phase
reactivation of an older fault that originally showed pure dip-
slip or strike-slip motion.

Structural description of Strazsa Hill
Eastern wall, northern part

The Vértessomlo thrust (also referred to as Vértessomlo—
Nagykovacsi line; Balla & Dudko 1989) is one of the major
Cretaceous thrusts of the TR. It is exposed on the eastern wall
of the quarry (Figs. 3A, 4B,G). In this section, the older
Carnian Inota Fm. is thrust over the latest Carnian—Norian
Fddolomit Fm. The thrust dips steeply (~60°) to the north,
whereas the footwall is composed of gently (~20-30°) north-
dipping beds of the Fédolomit Fm. (Fig. 4B,G). The cut-off
angle of the thrust and the footwall bedding is approximately
30° (Fig. 4G). The beds of the Inota Fm. are parallel to the
thrust surface in the middle part of the eastern wall, dipping
steeply (~50-60°) toward the north (Fig. 4B). Although
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the original geometry represents an old-on-younger thrust con-
tact, oblique dextral-normal slickenside lineations were obser-
ved on the Vértessomlo thrust surface, suggesting post-thrust
reactivation under a transtensional tectonic regime (Fig. 4D).

An approximately 10 m thick, north-dipping dolostone body
occurs within the Inota Fm. This body is interpreted as a pro-
gradation tongue of a coeval carbonate platform (Fig. 4B).
The dolostone unit is dissected by faults F1 and F2 (Fig. 4B).
The southern boundary of the dolostone body is defined by
a WNW-ESE-striking, subvertical fault plane with dextral
striae (F2; Fig. 4E). This fault cuts the north-dipping Triassic
beds and appears to have formed after their tilting.

The footwall of the NE-dipping F1 fault (Fig. 4J) consists of
dolostone, whereas the hanging wall is composed of thick
green tuffitic clay with coarse-grained volcanoclastic inter-
calations; the lithologies that are absent in the footwall
(Fig. 4H,I). The gently north-dipping beds of the dolostone
body are overlain by a subhorizontal thin clay layer, indicating
a slight angular unconformity. This clay layer is, in turn, over-
lain by a dolostone bed that seals both the footwall and the
hanging wall of the F1 fault (Fig. 4I). The sealing dolostone
bed is dissected by several slide planes, resulting in minor
layer rotation (Fig. 41).

North of the outcrops around the F1 and F2 faults, south-dip-
ping sub-vertical dolostones are exposed, interbedded with
green tuffs and brown claystones (Fig. 4B). This succession is
interpreted as the uppermost part of the Budadrs Dolomite Fm.
We propose that the Budadrs Dolomite was thrust over the
Inota Fm. along the northern splay of the Vértessomlo thrust
(Fig. 4B). However, this inferred tectonic contact is obscured
by quarry debris and cannot be directly observed.

Steep to moderately dipping Triassic beds of the Inota Fm.
are unconformably covered by the Oligocene red clay along
the northern part of the eastern quarry wall, within the hanging
wall of the Vértessomlo thrust (Fig. 4B). In this area, NNE-
and NW-plunging reverse slickenlines were observed on
a redeposited dolostone block, approximately 1 m in diameter,
enclosed within the red clay (F3 and F4 on Fig. 4B, E). These
kinematic indicators were included in fault-slip analysis; how-
ever, it remains uncertain whether the related slickenlines
were formed before or after the redeposition of the dolostone
block.

Eastern wall, southern part

In the footwall of the Vértessomld thrust, along the sou-
thern part of the eastern wall, the Fédolomit Fm. is directly
overlain by the Csatka Fm. across an angular unconformity
(Figs. 4B, G, 5). In this part of the quarry, the Csatka Fm.
begins with a thin layer of dolostone breccia (L1) that rests on
the erosional surface of the Triassic basement. The dolostone
breccia is overlain by a 2—4 m thick, variegated succession of
siltstone and clay containing local coal and gypsum intercala-
tions (L2 on Fig. 5).

Above this, a 1-1.5 m thick, cross-bedded layer (L3) con-
sists of purple, coarse-grained sandstone and conglomerate
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with red clay matrix (Fig. 5). The clasts are derived from the
local Triassic dolostones, whereas the matrix is composed of
reworked Oligocene red clay. The base of this coarse-grained
layer is characterised by bulge and lobe structures, forming
simple load casts produced by rapid accumulation of coarse-
grained sediment (Fig. SE). Water-escape structures are also
present within the coarse-grained deposits (Fig. 5SE).

These coarse-grained sediments are covered by grey, clayey
silt (L4) containing plant fossils (Erdei et al. 2022). The over-
lying marine succession of the Many Mb. begins with red,
coarse-grained sand (L5) followed by fine-grained sand and
silt (L6-8 on Fig. 5). Abundant Ophiomorpha trace fossils
(3-5 cm in diameter) occur near the facies boundary and form
a distinct horizon within the coarse-grained sand layer. A 5 m
thick and 20 m wide channel cuts into this succession along an
erosional unconformity (Fig. 5A, B). The channel, striking
approximately E-W and parallel to the Vértessomlo thrust, is
filled with cross-bedded sand in a red clay matrix (Fig. 5A, B).
Additional thin intercalations of red sandstones occur near
the top of the Oligocene succession.

Beds of the Csatka Fm. and the Many Mb. dip gently toward
the ESE in the southern part of the eastern quarry wall.
Approaching the Vértessomlo thrust, these beds progressively
steepen, becoming subvertical and locally overturned (Fig. 5A,
B, F, J). The geometry of the Oligocene beds thus defines
an asymmetric footwall syncline in the front of the Vértes-
somlo6 thrust (Fig. 5A, B, F). The tectonic contact between the
Triassic Inota Fm. and the Oligocene succession is represented
by a poorly exposed, chaotic zone that formed due to deforma-
tional mixing of the two clay-rich lithologies (Fig. 5F). Near
this contact, the variegated clay at the base of the Oligocene
succession (L2) is overturned and steeply dips northward
(Fig. 5B, F). Above it, the coarse-grained sand and gravel beds
(L3) dip steeply southward, onlapping the overturned clay
layer (Fig. 5F). The coarse-grained sand and conglomerate
beds are covered by moderately south-dipping clay and silt-
stone beds, which thicken toward the core of the footwall syn-
cline (L4 on Fig. 5A, B, F).

Above these, the red coarse-grained sand beds are vertically
dragged along the Vértessomld thrust (Fig. SA). The steeply
south-dipping Oligocene beds are dissected by the F6 fault
pair (Fig. 5C). The tilt-test results indicate that the F6 faults
represent a set of conjugate thrusts that developed before
the folding of the Oligocene beds (Fig. 5G, H). In addition,
several NW—SE-striking dextral faults and steeply NE-dipping
dextral-reverse faults with oblique slickenside lineations (F11
fault set on Fig. 5I) cut the steeply dipping to overturned limb
of the footwall syncline (Fig. 5F). A gently north-dipping F7
thrust with only a few centimetres of displacement dissects the
moderately south-dipping beds of the Many Mb. (Fig. 5D).
South of the main thrust, dextral-reverse slickenlines were
measured on a north-dipping fault (F5 on Fig. 4B, E) that
dissects the subhorizontal beds of the Many Mb. Two
N-S-striking sinistral faults were also identified in the
Fddolomit Fm. in the lower part of the eastern quarry wall
(F8 on Fig. 4B, E).
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Western wall, southern part

The southern pit of the quarry consists of gently north-dip-
ping (20-30°) beds of the Fédolomit Fm. (Fig. 3A). On the
southern part of the western wall, the Oligocene Many Mb.
is downthrown along the steeply WSW-dipping F9 fault
(Fig. 6A, B). In the hanging wall of the F9 fault, the Many Mb.
consists of an approximately 6 m thick succession of thick-bed-
ded brown clayey sandstone, conformably covered by a one-
meter-thick red clay layer and a one-meter-thick green clay
bed (Fig. 6B). This succession is overlain, with an angular
unconformity, by an approximately 2-meter-thick clast-sup-
ported breccia body composed of redeposited dolostone clasts
(Fig. 6B). Based on our interpretation, the red and green clay
layers belong to the Oligocene succession, whereas the over-
lying breccia either represents the basal breccia of the Miocene
succession or is of Quaternary age.

The beds of the Many Mb. dip towards the southeast in
the hanging wall of the F9 fault; however, in the vicinity of
the fault, the Oligocene beds dip westward or southwestward
due to normal drag along the fault plane (Fig. 6B, F). The red
clay layer pinches out towards the F9 fault, and both the clayey
sand and green clay are steeply smeared along the fault surface
(Fig. 6A,B). In several places, the green clay is injected into
the overlying breccia body along ~0,5 m wide, upward-thin-
ning diapir-like structures (Fig. 6B). The core of the F9 fault is
represented by a 20-30 cm wide zone where angular, oriented
brown clayey sand clasts of the Many Mb. occur within a pow-
dered dolostone matrix (Fig. 6B, C). Within the contact zone,
some faults are verticalized and display oblique striae. Based
on their tilt-test results, these striae are interpreted as pre-tilt
dip-slip structures (Fig. 6G, H).

North of the F9 fault, the Fodolomit Fm is bounded by
a moderately NNW-dipping tectonic contact (Fig. 6A), along
which brownish-green clay is smeared (Fig. 6D). The struc-
ture can be traced along the quarry floor, where it connects
with the Vértessomld thrust exposed on the eastern wall.
The clay is overlain by strongly fractured, powdered dolomite
(Fig. 6A) and grain-supported breccia composed of up to
meter-sized dolostone blocks set within a green clay matrix.
We interpret this succession as belonging to the Inota Fm.,
which contains dolostone intercalations. This relationship indi-
cates that the NNW-dipping contact between the Fodolomit
Fm. and the Inota Fm. represents the western continuation of
the Vértessomld thrust (Fig. 3). Notably, the thrust exhibits
a moderately different strike here — WSW-ENE (Fig. 6I) —
compared to the eastern wall, where it strikes E-W (Fig. 4D).
The lower contact of the Vértessomlo thrust, between the clay
and the Fédolomit Fm., is a sharp surface, whereas the upper
contact is irregular and appears to be dissected by steeply to
moderately NE-dipping faults (F26 and F27) with unknown
kinematics (Fig. 6D,I). These faults (F26, F27) detach on
the Vértessomlo thrust (Fig. 6D).

NW-SE striking individual deformation bands were
observed in the sandstone units of the Many Mb. within the
hanging wall of the F9 fault (Fig. 6B). The two samples show
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Fig. 4. Structures of the eastern quarry wall of Strazsa Hill: A — uninterpreted and B — interpreted photos of the eastern wall (for location of
the viewpoint see Fig. 3A and Fig. 4C); C —point of view of Fig. 4A, B, F and G on the simplified map of the quarry; D — oblique dextral-nor-
mal slickenlines on the Vértessoml6 thrust and their stereographic projections; E — fault-slip data of the eastern wall (for location of the
measurements see Fig.3A and Fig. 4B); F — uninterpreted and G — interpreted photos of the Vértessomlo thrust on the eastern wall (for
location of the photo see Fig. 4A, C). Note that Figs. 4A and F were taken at different stages of exploitation. The quarry floor is deeper in
Fig. 4F, while the level of the original quarry floor shown in Fig. 4A is indicated on Fig. 4F by a dashed line. H — Uninterpreted and I — inter-
preted photos of the F1 Triassic syn-sedimentary normal fault (for location of the photos see Fig. 4A); J — stereoplot of F1 fault set (for legend
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slightly different characteristics in terms of kinematics and
deformation mechanism. The host rock of sample Zsam20-14a
is a quartz-rich sandstone, cemented by calcite (Fig. 7A,B),
whereas in sample Zsam20-14b the pores of the quartz-rich
sandstone are filled by kaolinite, subordinately silica (chalce-
dony?), and ferrigenous minerals (Fig. 7C-E). In thin section,
deformation band Zsam20-14a shows oversized pores with
fine-grained calcite cement infilling between detrital grains,
indicating penecontemporaneous dilation and cementation
(Fig. 7A,B). Such microstructures are characteristic of dilation
bands (Du Bernard et al. 2002). In contrast, band Zsam20-14b
exhibits shear-induced grain reorganization, grain rotation,
and particulate flow associated with reduced porosity. This
band is therefore classified as a compactional shear band.
The pores are filled with kaolinite, which may be partly detri-
tal in origin, as kaoline is a typical detrital mineral of the base
of the Oligocene sequence (Fig. 7C-E).

Western wall, middle part

Further north, in the central part of the western quarry wall,
poorly preserved, powdered dolostone crops out and is sur-
rounded by debris (Fig. 3A, left side of Fig. 8A, B). The age of
this block is uncertain; however, based on its structural posi-
tion — between the two splays of the Vértessoml6 thrust — it is
interpreted as an intercalated dolostone unit belonging to the
Inota Fm. Red clay occurring north of the powdered dolostone
block was analysed by Gerinczy (2009) using X-Ray diffrac-
tometry. According to that study, kaolinite is the only clay
mineral present, and the red clay represents the basal forma-
tion of the Oligocene succession. The contact of the red clay
and the dolostone block is not exposed. Several redeposited
dolostone blocks, up to 2 m in size, also occur within the red
clay (Fig. 8B). A few decimetre-wide, NW-dipping thrusts
with well-developed slickenlines are observed in the surroun-
ding red clay (F10 on Fig. 8B,D). The northern boundary of
the red clay is defined by a moderately NNW-dipping fault
zone, along which the red clay is juxtaposed against greenish-
brown clay containing dolostone intercalations and Budadrs
Dolomite Fm. The mineral composition of the green clay
(Gerinczy 2009), closely resembles that of the Inota Fm.
Therefore, we correlate this fault zone with the northern splay
of the Vértessoml6 thrust (Figs. 3A, 8B), along which the
Inota Fm. is smeared between the Oligocene red clay and
the Budaors Dolomite Fm. (Fig. 8B). Bedding of the Budaors
Dolomite Fm. is poorly visible, but locally it is subvertical
(040°/85°), similar to observations from the northern part of
the eastern wall (Fig. 4B).

A 20-50 cm wide band of brownish-green clay is sheared
between two dolostone blocks along the northernmost seg-
ment of the northern splay of the Vértessomlo6 thrust (Fig. 8C).
Within this NW-dipping sheared clay zone, moderately ENE-
dipping sigmoidal shear fractures indicate normal-sense dis-
placement along the fault (Fig. 8D). Further north, the contact
between the Triassic and Miocene deposits appears as a wavy,
subhorizontal line, representing the intersection of the western
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quarry wall with the plane of the F13 and F14 faults, which
strike subparallel to the wall (Figs. 3A, 8B, E). Locally, the
west-dipping, polished fault core of the F14 fault is exposed
(banded white planes on Fig. 8B). Dip-slip slickenlines occur
on this fault surface near the top of the wall, and their orienta-
tions are shown in Fig. 8E. The southern segment of the F13
fault is hosted within the Budadrs Dolomite Fm. (Fig. 8B).
Both the F13 and the F14 faults terminate against the surface
of the NW-dipping northern splay of the Vértessomlo thrust
(Fig. 8B). Based on this geometry, the northern segment of
the Vértessomld thrust is interpreted as a connecting splay
between the two N-S trending normal faults, suggesting its
extensional reactivation (Fig. 3A). South of their intersection,
the unified normal fault continues and causes the moderate
westward tilt of the Miocene layers in the hanging wall
(Fig. 3A).

Western wall, northern part

The F15 fault cuts through the entire Miocene succession in
the northwestern corner of the quarry (Figs. 3A, 9B). Similar
to the F13 and F14 faults, the west-dipping F15 fault strikes
subparallel to the western wall (Fig. 3A). The Miocene succes-
sion in the hanging wall of the F15 fault was described by
Kercsmar et al. (2020). According to their study, the sequence
is dominated by Middle Miocene (late Badenian) beds, over-
lain by a thin layer of late Middle Miocene (Sarmatian) and
the Upper Miocene basal bed. A 3-meter-thick succession
of sandy silt with redeposited dolostone debris, overlying
the Upper Miocene basal bed (Fig. 9E), was interpreted by
Kercsmar et al. (2020) as Quaternary in age; however, an older,
Late Miocene age cannot be excluded. The Middle Miocene
beds and the Upper Miocene basal bed dip gently northward
in the hanging wall of the F15 normal fault but are dragged
into moderately west-dipping orientation near the F15-F14
fault zone (Fig. 9B, D). Within the overlying unit of uncertain
Late Miocene or Quaternary age, the uppermost strata are
subhorizontal and onlap the underlying, gently north-dipping
beds (Fig. 9E).

The position and drag of the downthrown Miocene strata
suggest normal slip along the F15 fault (Fig. 9B, D), which
is also supported by several striated fault planes (Fig. 9G).
A close-up view of the F15 fault zone (Fig. 9D) shows that
fault segments bound a lens composed of dark grey, clayey
fine-grained sand. According to Kercsmar et al. (2020), poorly
preserved Middle Miocene (Badenian and Sarmatian) micro-
fossils are present within the fault-lens material, interpreted as
redeposited bioclasts.

Numerous brittle structures were measured on the limestone
intercalations of the Middle Miocene succession and on the
overlying Upper Miocene basal bed (F17 fault set on Fig. 9B, F).
These subvertical faults strike N-S and NE-SW and exhibit
subhorizontal striac. Based on kinematic indicators, fault
striations, and en echelon calcite veins, they are interpreted
as conjugate dextral and sinistral strike-slip faults formed
during NNE-SSW contraction accompanied by perpendicular
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Fig. 5. Structures of the southern part of the eastern quarry wall of Strazsa Hill: A — interpreted 3D model of the Oligocene succession (for
location of the viewpoint see Fig. 3A, Fig. 4A and Fig. 5K); B — interpreted photo of the southern part of the eastern wall: the beds of the
Many Mb. are folded into an asymmetrical footwall syncline in the front of the Vértessomlo thrust (for location of the viewpoint see Fig. 3A,
Fig. 4A and Fig. 5K); C — tilted conjugate thrust faults (F6) on the steeply south dipping beds of the Many Mb. (for location see Fig. 5A, B);
D — south-vergent thrust (F7) on the moderately south dipping beds of the Many Mb. (for location see Fig. 5A,B); E — load casts and dewa-
tering structures in the Many Mb. (for location of the photo see Fig. 5A,B); F — photo of the already exploited lower part of the Oligocene
succession on the vertical to overturned limb of the footwall syncline; note the thinning and onlapping of the beds on the flank of the syncline
indicating syn-sedimentary folding (for location see Fig. 5B); G — present-day and H — back-tilted stereographic projection of the F6 fault
pair; I — stereoplot of F7 and F11 fault sets; J — stereoplots of folded Oligocene beds (for legend of the stereoplots see Fig. 3B); K — point
of view of Fig. 5A and B on the simplified map of the quarry.
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Fig. 6. Structures of the southern part of the western quarry wall (for location of the viewpoint see Fig. 3A, Fig. 6J): A — uninterpreted UAV
photo of the southern part of the western wall; B — interpreted photos of the F9 fault (for location see Fig. 6A); C — zoomed in photo of the
F9 fault core (for location see Fig. 6B); D — deformed Inota Fm. just above the Vértessomlo thrust (for location see Fig. 6A); E — stereo-
graphic projection of deformation bands; F — projection of Oligocene beds dragged by the F9 normal fault; G — present-day and H — back-
tilted stereographic projection of synthetic and antithetic faults measured in the F9 fault zone; the faults were back-tilted with the dip of
the dragged Oligocene strata; I — projection of the Vértessomlo thrust and F26-F27 faults (for legend of the stereoplots see Fig. 3B); J — point
of view of Fig. 6A on the simplified map of the quarry.
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100 um

Fig. 7. Deformation bands in the southern part of the western quarry wall, near the F9 fault. A, B— Dilatation band in sample Zsam20-14a:
yellow arrow indicates increased amount of fine-grained calcite in pores compared to host sandstone; B — yellow blank arrow indicates even
more oversized pores filled with fine-crystalline calcite. C — The disaggregation band in sample Zsam20-14b, marked by the green arrow,
shows granular flow without grain breakage. The pores are filled with kaolinite. Yellow inset shows the same areas in the pictures C and D.
D — SEM BSE image of disaggregation band in the sandstone. Blue inset shows a closer view of the deformation band boundary. E — Along
the band, silica (chalcedony?) and ferruginous minerals were precipitated, resulting in a dark brownish band boundary.
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Fig. 8. Structures of the middle part of the western quarry wall (for location of the viewpoint see Fig. 3A and Fig. 8F): A — uninterpreted photo
and B — interpreted drawing of the outcrop; C — detail of the northern splay of the Vértessomlo thrust core (for location see Fig. 8B);
D — stereographic projection of the F10 and the northern splay of the Vértessomlo thrust; E — projection of the F13 and F14 faults (for legend
of the stereoplots see Fig. 3B); F — point of view of Fig. 8A and B on the simplified map of the quarry.

extension (Fig. 9F). Horizontal slickolites observed on the
Upper Miocene basal bed also indicate generally NE-SW
shortening (Fig. 9F).

The NNW-SSE striking, vertical F16 fault (Fig. 9B, C) dis-
sects the Budadrs Dolomite Fm. and the lower portion of
the Middle Miocene deposits. The displacement along the fault
gradually decreases upward and is sealed by the overlying
Middle Miocene strata (Fig. 9B), as previously noted by
Kercsmar et al. (2020). The lower segment of the F16 fault is
represented by a 5-10 cm wide tensional fracture within the
dolostone, filled with dolostone clasts embedded in red clay
matrix (Fig. 9C). This feature records the initial phase of frac-
turing during the Oligocene, while fault movement occurred
during the early stage of Middle Miocene sedimentation.

Northern wall, western part

The Miocene deposits unconformably overlie the Budaors
Dolomite Fm. on the northern wall of the quarry (Figs. 9, 10).

Several minor antithetic and synthetic normal faults occur
within the footwall block of the F15 fault. On the western part
of the northern wall, the Miocene succession is cut by two
east-dipping, vertically segmented normal faults (F18 and F19
on Fig. 9B). An antithetic F20 fault is located in the hanging
wall of the F19 fault (Fig. 9B). The dip and orientation of these
faults were estimated (Fig. 9H), as the structures are exposed
high on the quarry wall. The F18 fault shows upward-increa-
sing displacement (Fig. 9B).

On the eastern part of the northern wall, several normal
faults crosscut the base-Miocene horizon (F22, F23, and F25
on Fig. 10B). These structures could not be measured directly,
as they are exposed high on the quarry wall. Based on our
estimations, the faults dip towards the SW (Fig. 9C). The F22
and F23 normal faults are clearly sealed by the Upper Miocene
basal bed, and the upper beds of the Middle Miocene succes-
sion also seal the faults (Fig. 10B). The underlying Middle
Miocene (upper Badenian) deposits are thicker in the hanging
wall of these faults than in the footwall. In the hanging wall of

GEOLOGICA CARPATHICA, 2025, 76, 6, 417-444



430 HEJA, KERCSMAR, BUDAIL PALOTAL KONYA, LANTOS, KOVER, BEKE and FODOR

@ SSW

NORTHERN WALL
(western part)

WESTERN
W,
. LL (northern part ESE

slickolites on
bedding plane

vertical beds
seen obliquely

] Upper Miocene (Pannonian)
or Quaternary??

[ Upper Miocene basal bed

=
tensional crack
filled up with [1 Middle Miocene (Upper Badenian )

Miocene normal fault
[ Budaérs Dolomite section and 3D view

Late Miocene to
Quaternary dextral
strike-slip fault

Fig. 9. Structures of the northwestern corner of the quarry (for location of the viewpoint see Fig. 3A and Fig. 91): A — uninterpreted and
B — interpreted photos of the outcrop; C — detail of the F16 tensional crack (for location see Fig. 9B); D — detail of the F15 fault core (for
location see Fig. 9B); E — silty sand with redeposited dolostone breccia with uncertain Upper Miocene or Quaternary age; note the onlap
surfaces within the succession (for location see Fig. 9A); F — stereographic projection of the F17 fault set; G — stereographic projection of
fault-slip data measured in the F14 and F15 fault-zones; H — stereographic projection of the F16, F18, F19 and F20 faults (for legend of
the stereoplots see Fig. 3B); I — point of view of Fig. 9A and B on the simplified map of the quarry.
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Fig. 10. Structures of the eastern part of the northern quarry wall (for location of the viewpoint see Fig. 3A and Fig. 10D): A — uninterpreted
photo and B — interpreted profile of the outcrop; C — projection of the F21, F22, and F23 faults (for legend of the stereoplots see Fig. 3B);

D — point of view of Fig. 10A, B on the simplified map of the quarry.

the F22 and F23 normal faults, the Middle Miocene sand
interfingers with breccia wedges composed of redeposited
Triassic dolostone clasts (Fig. 10B). The breccia bodies taper
and wedge out away from the faults. The subvertical F21 fault
crosscuts the Miocene beds. In the lower part, subhorizontal
slickenlines plunge southward, indicating a poorly constrained
dextral slip (Fig. 10B,C).

Towards the easternmost part of the northern wall, the Upper
Miocene succession is laterally replaced by Quaternary depo-
sits (Fig. 10B). The Quaternary strata display a roll-over
geometry in the hanging wall of a gently dipping surface
(F24), which is sealed by a dark paleo-soil layer (Fig. 10B).
This surface is tentatively interpreted as a Quaternary slide
plane formed by slope processes.

Discussion: Paleostress analysis and geodynamic
background of the deformation phases

D1 — Triassic NE-SW extension

The Middle Triassic represents the main period of exten-
sional tectonics within the TR (Budai & Voros 1993, 2006),

associated with the regional rifting and spreading of the
Neotethys Ocean (Csontos & Vords 2004; Gawlick et al.
2021). Late Triassic extension is well documented in the
southwestern part of the TR and is interpreted as the result of
continental rifting related to the opening of the Alpine Tethys
(Budai et al. 1999; Héja et al. 2018). Despite the contrasting
facies and depositional environments reported from different
parts of the range (Budai et al. 1999; Budai & Vords 2006;
Karadi et al. 2022), direct field evidence for Triassic normal
faulting is scarce. The few documented cases comprise Middle
Triassic faults from the central TR (Budai & Vords 2006,
Csicsek & Fodor 2016; Fodor et al. 2017) and Norian—
Rhaetian faults and grabens in the southwestern TR (Hé¢ja et
al. 2018).

In the present study, we identified Carnian normal faults
(F1 fault) and associated gravitational slide planes (D1 phase).
Although these faults lack striae, their dip direction indicates
NE-SW extension (Figs. 41, 11L), consistent with other Late
Triassic and Jurassic structural data from the TR (Fodor 2008;
Csicsek & Fodor 2016; Héja et al. 2018). This Carnian exten-
sion likely contributed to the formation of the intraplatform
basins in the northeastern TR that persisted throughout the
Late Triassic, such as the Matyashegy Basin in the Buda Hills
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Fig. 11. Fault-slip analysis of measured structures of Strazsa Hill: A — faults of the Late Miocene to Quaternary(?) strike-slip faulting (D5);
B — N-S striking Miocene normal faults (D4b sub-phase); C — back-tilted faults within the F9 fault-zone indicate NE-SW extension
(DA4a sub-phase); D — Middle Miocene syn-sedimentary normal faults (D4a sub-phase); E — transpressional structures of the quarry indicate
NNW-SSE compression and ENE-WSW extension; these structures deform the Oligocene succession, but pre-date the Middle Miocene
(D3b sub-phase); F — dextral strike-slip faults and oblique dextral thrusts measured on Oligocene formations in the front of the Vértessomlo
thrust indicate N—S compression (D3b); G — sediment-filled tension crack and deformation bands show syn-sedimentary and early diagenetic
NE-SW extension for the Oligocene (D3b); H — bedding dips of Oligocene strata outlines a footwall syncline in the front of the Vértessomlo
thrust (D3b); I — oblique dextral-normal reactivation of the Vértessomlo thrust (D3a sub-phase); J — the D2 Vértessoml6 thrust (D2);
K — folded Triassic dip data (D2); L — Late Triassic D1 syn-sedimentary normal faults indicate NE-SW extension (D1), (for legend of

the stereoplots see Fig. 3B).
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and the Csévar Basin (for location see Fig. 2A) (Haas & Budai
2014).

The broader geodynamic context of this Late Triassic exten-
sion remains uncertain. During the Carnian, the TR was
located on the passive margin of the Neotethys, where rifting
related to its opening should theoretically have already ceased
by that time on the Adriatic continental margin. Therefore,
the observed early extensional deformation may be linked to
gravitational gliding along the passive margin. Alternatively, it
could represent an early, far-field response to the continental
rifting of the Alpine Tethys, although the associated rift-rela-
ted structures in the southwestern TR are somewhat younger
— of middle Norian—Rhaetian age (H¢ja et al. 2018).

D2 — Cretaceous N-S shortening and the formation of
the Vértessomlo thrust

Style of deformation: imbrication vs. gentle folding

Structural data from Strdzsa Hill indicate that the major
tilting and folding of the Triassic beds occurred along the
Vértessomlo Thrust, which is prominently exposed in the eas-
tern wall of the quarry (Fig. 4). Both map-scale observations
(Hé¢ja et al. 2022) and fault-slip analysis suggest an overall
E-W to ENE-WSW strike of the thrust (Figs. 3, 11J). Despite
the significant variation in bedding dip directions, a N—S stri-
king best-fit great circle can be plotted through the poles of the
Triassic strata at Strazsa Hill (Fig. 11K). The observed scatter
is partly attributed to local folds with vertical axes that were
formed within shear zones. The E-W-trend of fold axes is
consistent with the orientation of the map-scale, south-vergent
Vértessomlo thrust (Fig. 11]) (Héja et al. 2022).

The main Vértessomlo thrust exhibits an intermediate
décollement within the incompetent Inota Fm., as indicated by
the exposed beds of the formation that are parallel to the thrust
surface (Fig. 4B) and define a hanging wall flat. The cut-off
angle between the main thrust and the beds of the Fédolomit
Fm. in the footwall is approximately 30°, forming a well-
developed footwall ramp. Additionally, unexposed south-
vergent thrusts are inferred south of the quarry and are
proposed to be responsible for the northward tilt of the foot-
wall of the Vértessomld thrust (Héja et al. 2022). This defor-
mation likely resulted in the steepening of both the thrust
surface itself (up to 50-60°) and its footwall, where the
Fddolomit Fm. dips northwards at 20-30° (Fig. 4B). According

to Héja et al. (2022), the Vértessomlo thrust and the adjacent
structures form a south-vergent imbricate thrust system above
a shallow detachment horizon located within the Middle
Triassic succession. This imbrication of the Triassic sequence
represents an important new interpretation of regional geo-
logy, as earlier models primarily invoked Cenozoic strike-slip
faults to explain the map-view repetition of different Mesozoic
formations (Maros 1988; Balla & Dudko 1989).

These imbricates demonstrate a deformation style that dif-
fers from that of the western neighbouring region (Gerecse
Hills) but closely resembles the eastern segment of the TR
(Buda and Pilis Hills; Figs. 2A, 12). In the Gerecse Hills, only
very gentle folds are present, characterised by large interlimb
angles of 130-150° (Fig. 12; Sasvari 2008; Fodor et al. 2018).
In contrast, E-W striking imbricates appear in the vicinity of
the study area (Héja et al. 2022). Eastward, the imbricate sys-
tem continues, as inferred from sparse structural observations
and surface geological maps (Wein 1977; Fodor et al. 1994;
Palotai et al. 2006). In the Buda and Pilis Hills, E-W- and
NW-SE-striking faults define a more complex structural pat-
tern (Fig. 12). This indicates a distinct change in structural
style within the TR. We propose that this variation reflects
differential Cretaceous shortening. The NE part of the TR
likely experienced more intense local shortening than the cen-
tral and western segments, as it was located closer to the active
Neotethyan margin (Csaszar & Argyelan 1994; Tari 1994;
Palotai et al. 2006; Schmid et al. 2008; Sasvari 2009; Fodor et
al. 2013).

The orientation of the main contractional structures becomes
even more complex when the entire TR is considered (Fig. 12).
The central part of the TR (Bakony) is dominated by a major
NE-SW-trending syncline, parallel to the thrusts of the Bala-
ton Highland (e.g., Litér thrust; Budai et al. 1999). In contrast,
the Buda and Pilis Hills, in the easternmost part of the TR, are
characterised by NW—SE-trending Cretaceous folds (Fig. 12)
(Wein 1977; Balla & Dudko 1989; Fodor et al. 1994; Palotai et
al. 2000). Early studies explained this change in structural
trend by oroclinal bending (Wein 1977; Balla & Dudko 1989),
implying that the south-vergent thrusts in the study area could
represent the hinge zone of this orocline. Later investigations,
however, largely following the pioneering work of Tari (1994),
interpreted the variable structural orientations in the central
and northeastern TR as a result of polyphase folding (Albert
2000; Kercsmar 2004; Pocsai & Csontos 2006; Sasvari 2008;
Tari & Horvath 2010; Fodor et al. 2013, 2018; Szives et al.
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2018). The Gerecse Hills are likely the only area where all
three structural orientations of folds and thrusts coexist (Fodor
et al. 2018), whereas only one shortening direction is evident
in the current study area. This implies that the northern part of
the TR underwent a spatially and/or temporally variable con-
traction. Resolving this issue critically depends on the precise
timing of these structures (see below).

Age of deformation, comparison with structural data of
the other parts of the TR

Although Oligocene beds are deformed by the Vértessomld
thrust (Fig. 5), our observations at Strazsa Hill suggest that
the amount of syn- and post-Oligocene shortening does not
exceed a few tens of meters. In contrast, thrusting of the
Budadrs and Inota fms. over the Fédolomit Fm. indicates dis-
placement exceeding one kilometre along the thrust before
Oligocene sedimentation. Borehole data from the surrounding
area reveal that Middle Eocene layers also unconformably
overlie the folded Triassic succession (Héja et al. 2022),
implying that major thrusting along the Vértessomlo thrust
occurred before the Middle Eocene. Nevertheless, this still
represents a broad time window for the contractional defor-
mation. To further constrain the timing of the local D2 phase,
we compare our structural observations with data from other
regions of the TR, where in some places a more complete
Cretaceous succession is preserved (Fig. 12).
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The earliest far-field sign of orogenic activity within the TR
is represented by the formation of the Lower Cretaceous
Gerecse foreland basin (Csaszar & Argyelan 1994; Tari 1994)
(Fig. 12). Because Early Cretaceous facies boundaries trend
NW-SE (Tari 1994; Csaszar 1995), most authors associate
the NW-SE-striking pre-Eocene folds and thrusts of the
northeastern Transdanubian Range with the development of
this foreland basin (Tari 1994). Palotai et al. (2006), however,
did not exclude the possibility that thrusting had already ini-
tiated during the Late Jurassic in the Pilis Hills. The defor-
mation prograded from NE to SW (Csontos & Voros 2004;
Sasvari 2008; Tari & Horvath 2010; Fodor et al. 2013, 2018;
Szives et al. 2018). Based on facies distribution, Tari (1994)
proposed that the orogenic front related to NE-SW shortening
reached the TR in the Aptian. Sasvari (2008, 2009) assigned
the Aptian age to some folds in the Gerecse Hills, whereas
Pocsai & Csontos (2006) suggested Barremian to Aptian
syn-sedimentary deformation along some thrusts within the
TR, including the Vértessomld thrust. Szives et al. (2018)
further constrained the timing of deformation to the late
Aptian (~116-113 Ma), assuming that thrusting postdates
sedimentation in the Lower Cretacous Gerecse foreland basin
but predates the formation of the NE-SW-trending major syn-
cline in the central TR. If the E-W and NW-SE-striking folds
and thrusts were approximately coeval, they must have deve-
loped within a heterogeneous deformation field.
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The NE-SW-trending major syncline of the central TR
(Fig. 12) began forming in the Early Albian, as evidenced by
the involvement of the Aptian to lowest Albian Tata Limestone
in folding, which is unconformably overlain by Middle Albian
deposits (Fodor et al. 2017). Tari (1994) and Tari & Horvath
(2010) also attributed an Albian age to these major fold struc-
tures. Folding of this NE-SW-trending syncline continued
during and after the deposition of Albian-Cenomanian sedi-
ments (Fig. 12) (Tari 1994; Héja 2015). In the southwestern
part of the TR, Upper Cretaceous Santonian—Campanian
Gosau-type deposits unconformably overlie folds and thrusts,
indicating the termination of contractional deformation (Haas
et al. 1984; Fodor et al. 2017). Nevertheless, the spatial distri-
bution of Upper Cretaceous basins and platforms — aligned
parallel to thrusts — suggests that compressional tectonics
persisted locally during Late Cretaceous sedimentation (Tari
1994). Kercsmar (2004) further associates the formation of
pre-Eocene red calcite dykes, in connection with Upper
Cretaceous Sukoré Lamprophyre Fm., with this deformation
phase.

Based on the pre-Cenozoic map of Haas et al. (2010),
the Vértessomlo thrust obliquely cuts the main syncline of
the central TR (Fig. 12). However, Fodor et al. (2013, 2018)
interpret these two structures as coeval. This interpretation is
based on fault-slip data indicating dextral-reverse slip on the
western segment of the Vértessoml6 thrust (Fodor 2008), and
on the observation that the thrust postdates the Lower Albian
deposits in the Vértes Hills (Csaszar 1995).

In the north-easternmost part of the TR, local evidence does
not exclude a younger age for major N-S shortening, poten-
tially extending into the Late Cretaceous or even early
Paleocene. In the Csévar area (Fig. 12), thin slices of Upper
Cretaceous deposits are tectonically intercalated between
south-vergent thrust sheets composed of Triassic carbonates.
These structures are overlain by Upper Eocene strata (Haas et
al. 1997; Benké & Fodor 2002). In conclusion, the age of
the Vértessomld thrust remains debated: it may have formed
during the Aptian or Albian, but subsequent reactivations
could have occurred later, possibly in the Late Cretaceous or
even earliest Paleogene.

Geodynamic background of the Cretaceous deformations

The TR was located at the junction of the Alpine—Carpa-
thian—Dinaridic orogenic system before the Cenozoic east-
ward extrusion of the Alcapa block (Schmid et al. 2008).
Consequently, its structural evolution can be interpreted within
the framework of the development of these three orogenic
systems. Most authors associate the Early Cretaceous Gerecse
foreland basin and the related NW-SE-trending folds and
thrusts of the northeastern TR with the subduction and obduc-
tion of the Neotethys Ocean (Csaszar & Argyelan 1994; Tari
1994). Specifically, this basin is thought to have formed at
the front of the obducted Neotethyan ophiolites, which are
widespread in the Dinarides (Pocsai & Csontos 2006; Fodor et
al. 2013; Szives et al. 2018). From this “Dinaric” perspective,
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the TR occupied a lower-plate position relative to the obduc-
ted ophiolites during the Early Cretaceous.

The formation of the major syncline in the central TR and
the SE-directed thrusts of the Balaton Highland (e.g., the Litér
Thrust) is commonly linked to the Eoalpine or Austroalpine
orogeny (Tari 1994; Fodor et al. 2017, 2018; Szives et al.
2018), which resulted from intracontinental subduction within
the Adriatic Plate (Stiiwe & Schuster 2010). From an Eastern
Alpine perspective, the TR can be correlated with the Drau-
zug—Gurktal nappe system of the Eastern Alps (Schmid et al.
2008), representing the uppermost thick-skinned nappe of this
orogenic system and occupying an upper-plate position rela-
tive to the Austroalpine HP belt (Tari 1994; Tari & Horvath
2010; Fodor et al. 2013, 2018). According to Szives et al.
(2018), the TR shifted from a lower-plate to an upper-plate
position around the Aptian—Albian boundary.

From a Western Carpathian perspective, however, a some-
what different tectonic evolution has been proposed. Plasienka
(2018) interpreted the SW—S-vergent thrusts of the northeas-
tern TR together with the SE-directed thrusts of the Balaton
Highland as forming part of a south-vergent, Late Jurassic—
mid-Cretaceous retrowedge of the Carpathian orogen. This
system was developed following the late Middle Jurassic
subduction and closure of the Meliata branch of the Neotethys.
A broadly similar interpretation was suggested by Benkd &
Fodor (2002) for the south-vergent thrusts in the Csdvar area,
although they proposed a slightly younger, Late Cretaceous
timing.

In summary, both the geodynamic setting and the timing
constraints of the Vértessomld thrust remain debated. It may
have formed either as a result of obduction-related proces-
ses or during deformation associated with the Austroalpine
orogeny.

D3 — Paleogene strike-slip faulting, oblique reactivations of
the Vértessomlo thrust

Middle Eocene dextral-normal reactivation of the Vértes-
somlo thrust (D3a sub-phase)

Although Eocene deposits are absent at Strazsa Hill, bore-
hole data from immediately north of the quarry reveal a thick
Middle Eocene succession (Héja et al. 2022). The southern
boundary fault of this Middle Eocene basin is the E-W-
striking Kornye—Zsambeék fault (Fig. 2B) (Véghné Neubrandt
et al. 1978; Balla & Dudko 1989; Kercsmar 2005; Kercsmar
et al. 2006), which runs parallel to, and partly reactivates,
the Cretaceous Vértessomlo thrust (Fig. 2B, Héja et al. 2022).
Cross-section data indicate that the Middle Eocene deposits
form a half-graben geometry in the hanging wall of the
Kornye—Zsambék fault (Héja et al. 2022). Fault-slip measure-
ments suggest that this structure accommodated a dextral-
normal fault motion during the Middle Eocene.

Dextral-normal slickenside lineations observed on the Vér-
tessomlo thrust (sub-phase D3a) indicate its reactivation
under an NNE-SSW extensional stress field (Fig. 111). This
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deformation post-dated the D2 thrusting phase, although its
exact relationship to the subsequent Oligocene—Miocene
thrusting remains uncertain. The transtensional reactivation
on the Vértessomlo thrust could be associated with the above-
described Middle Eocene transtensional tectonic regime, but
a younger, Miocene reactivation event cannot be excluded
(see below).

Structural and sedimentological evidence for Oligocene
syn-sedimentary folding (D3b sub-phase)

Oligocene beds unconformably overlie the Vértessomlo
thrust and the tilted Triassic succession. However, the distri-
bution and internal geometry of the Oligocene strata indicate
a mild reactivation of the Vértessomld thrust during their
deposition. In the southern part of the eastern quarry wall,
Oligocene beds are folded into an asymmetric footwall syn-
cline in the front of the thrust, implying, based on fault-slip
data (see below), a dextral-reverse reactivation of the structure
(Fig. 5A,B,F). The structural contact between the Triassic
and Oligocene strata in the western wall further indicates
the reactivation of the northern splay of the Vértessomlo thrust
(Fig. 8B). Middle Miocene deposits unconformably cover
both the footwall and the hanging wall of this splay, sugges-
ting that the dextral-reverse reactivation occurred before
Middle Miocene sedimentation. Several sedimentological and
structural features indicate that this folding was coeval with
Oligocene deposits. The Oligocene beds thicken towards the
core of the footwall syncline associated with the Vértessomld
thrust (Fig. SA, B), while coarse-grained Oligocene strata thin
and onlap onto its overturned limb (Fig. 5F). These relation-
ships define a growth-syncline geometry, characteristic of
syn-sedimentary folding (Fig. 13B) (Ford et al. 1997; Ortner
et al. 2016).

Sedimentary evidence also supports the reactivation of the
Vértessomlo thrust. The red clay at the Oligocene succession
occurs exclusively above the middle thrust sheet, composed
predominantly of the Inota Fm., situated between the two
splays of the Vértessomlo thrust (Figs. 3A, 4B, 8B, 13A).
We propose that the denuded surface of the middle thrust sheet
formed a shallow topographic depression relative to the lower
and upper thrust sheets, owing to the mechanically weak
lithology of the Inota Fm. This depression likely controlled the
accumulation of the red clay (Fig. 13A). According to Szabd
& Ravasz (1970), the bauxites and kaolinites of the TR origi-
nated from the surface weathering of Middle Triassic pyro-
clastic rocks under subtropical climate conditions. Because
these Middle Triassic tuffitic clays are compositionally similar
to the Inota Fm. (Budai et al. 2015), so it cannot be ruled out
that the kaolin-rich red clays exposed in the quarry formed
through subaerial weathering of the Inota Fm. itself.

The red clay is preserved only within sedimentary dykes in
the hanging wall of the northern splay of the Vértessomlo
thrust, where the Miocene succession directly overlies the
Budaérs Dolomite Fm. (F16 on Figs. 9C, 13A). In contrast,
the red clay is absent at the base of the Oligocene succession
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in the footwall of the Vértessomld thrust (lower thrust sheet,
consisting of Fédolomit Fm.). Nevertheless, Triassic clasts
and redeposited red clay horizons appear in the upper part of
the Oligocene section within the footwall of the Vértessomlo
thrust (Fig. 5B). We interpret these redeposited sediments as
derived from the hanging wall of the Vértessomlo thrust, spe-
cifically from the middle and upper thrust sheets (Fig. 13B).
The steep cross-bedding observed in the Oligocene clastics in
the southern part of the eastern quarry wall (Fig. 5B) indicates
a high-energy terrestrial sedimentary environment characteri-
sed by short transport distances and rapid sediment deposition
(Fig. 13B). The underlying coaly-clay layer was hydroplasti-
cally deformed under the load of the rapidly deposited sedi-
ments. Compaction features and dewatering structures in the
coarse-grained sediment (Figs. SE, 13B) further indicate both
sediment loading and tectonic pressure. The Oligocene tidal
channel geometry also appears to have been influenced by
the Vértessomlo thrust, to which it is aligned subparallel
(Fig. 5A). We therefore interpret all these sedimentary and
structural features as evidence of dextral-reverse reactivation
of the Vértessomlo thrust during the Oligocene (Fig. 13B).

Fault-slip data of Oligocene structures (D3b sub-phase)

The folding of the Oligocene strata immediately below
the Vértessomld thrust indicates N—S-oriented shortening
(Fig. 11H), whereas the associated striated faults are more
consistent with a strike-slip regime (Fig. 11E, F). Most of the
faults measured within the Oligocene succession record
NW-SE or N-S compression accompanied by perpendicular
extension (Fig. 11E, F). Similar strike-slip stress fields have
been reported for the Eocene to Early Miocene of the northern
TR by several authors (Fodor et al. 1992, 2018; Kercsmar
1993, 2005; Bada et al. 1996; Kercsmar et al. 2006; Fodor
2008, 2010). These studies inferred the maximum principal
stress axis (o1) oriented between WNW-ESE to NNW-SSE.

Minor thrusts and strike-slip faults (e.g., F7 on Fig. 5D)
overprint the Oligocene sequence, whereas the Miocene
deposits appear undeformed by this phase of deformation.
Tilted thrusts (F6 fault set on Fig. 5C), which crosscut
Oligocene beds in the northern limb of the footwall syncline
of the Vértessomlo thrust, indicate that NW—SE shortening
was already active during the initial folding of the Oligocene
succession (Fig. 5G, H). The sediment-filled tension crack
along the F16 fault (Fig. 9C) indicates NE-SW extension of
Oligocene age (Fig. 11G). Dilation and disaggregation defor-
mation bands in the SW corner of the quarry (Figs. 5, 6, 11G)
suggest deformation of unconsolidated sediments. Disaggre-
gation bands typically form fat depths of <200 m, whereas
dilation bands develop even shallower (Beke et al. 2019).
Host rock rheology progressively changed due to concurrent
cementation, which finally prevented non-destructive defor-
mation mechanisms. Deformation and cementation seem to be
aligned processes and are likely to have happened during
the early part of the Late Oligocene sedimentation before
the deposition of the complete 300—400 m thick succession.
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Although these syn-sedimentary and early diagenetic struc-
tures record NE-SW extension (Fig. 11G), we interpret them
as coeval with the folding of the Oligocene beds in the foot-
wall of the Vértessomlo thrust. The coexistence of extensional
and compressional structures indicates a strike-slip (transpres-
sional) stress regime during the Oligocene. Fault-slip data
(Fig. 11E,G) further confirm the Oligocene displacement
along the Vértessomld thrust was not purely dip-slip but
involved dextral-reverse reactivation.

Paleogene structures and the Hungarian Paleogene retro-
arc foreland basin

According to the model of Tari et al. (1993), Paleogene
sedimentation of the TR took place within a retroarc foreland
basin situated in the hinterland of the Carpathian orogenic
wedge, which occupied an upper plate position above the sub-
ducting European Plate (Fig. 1B). During the Middle Eocene,
the TR was located on the forebulge side of this retroarc fore-
land basin (Tari et al. 1993). The flexure response of the litho-
sphere in such settings is commonly accommodated by
hinterland-dipping normal faults developed along the outer
margin of foreland basins (Scisciani et al. 2001). We interpret
the Middle Eocene Kornye—Zsambeék fault (Fig. 2B) as repre-
senting one of these extensional to transtensional structures
(Hé¢ja et al. 2022).

The oblique dextral-reverse reactivation of the Vértessomlo
thrust, along with other transpressional structures overprinting
the Oligocene, reflects the southward propagation of the Paleo-
gene orogenic front within the Hungarian Paleogene retroarc
basin, as suggested by Tari et al. (1993). We propose that
the transition from transtension to transpression occurred
around the Middle and Late Eocene boundary in the eastern
part of the TR, consistent with deposition of Upper Eocene
beds in a transpressional piggy-back basin of the Buda Hills
(Fodor et al. 1994). The Upper Eocene succession is absent in
the immediate vicinity of the quarry, where Upper Oligocene
beds unconformably cover the denuded surface of Middle
Eocene or Triassic rocks (infra-Oligocene denudation; sensu
Telegdi-Roth 1927). The compressional or transpressional
deformation continued after Oligocene sedimentation into the
Early Miocene (Fodor 2008; Palotai & Csontos 2013; Fodor
et al. 2018). Alternatively, Fodor et al. (2018) suggested that
the Eocene transtension may have occurred locally between
different sub-basins, with some areas exhibiting transpres-
sional or compressional tectonic regimes even before the
Oligocene, implying spatially and temporary variable stress
fields during the Eocene.

D4 — Miocene extension
Miocene extensional structures of Strdazsa Hill
The Paleogene collision of Europe and Adria was followed

by the development of slab tear beneath the Eastern Alps, which
subsequently propagated laterally beneath the Carpathians
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(Handy et al. 2015). The retreat of the subducting European
slab led to subduction rollback beneath the Carpathians and
induced substantial back-arc extension within the upper plate.
This extensional regime led to the formation of the Miocene
Pannonian Basin (Fig. 1C) (Tari et al. 1999; Horvath et al.
2015; Balazs et al. 2016, 2025; Fodor et al. 2021; Csontos ¢t
al. 2025). Structures related to the formation of the Pannonian
Basin are also exposed in the quarry of Strazsa Hill.

Several normal faults cutting the basal part of the Middle
Miocene deposits were observed along the northwestern and
northern quarry walls (Figs. 9, 10). These faults strike between
NW-SE and N-S, and were formed under ENE-WSW to
E-W extension, respectively (Fig. 11D). Increased thickness
of the Middle Miocene (late Badenian) deposits in the hanging
wall of some normal faults, together with breccia wedges,
indicate syn-sedimentary faulting (F22, F23, F25 in Fig. 10B).
All these faults are sealed by younger Middle Miocene strata.
The basal part of the Middle Miocene deposits also displays
characteristic pre- or syn-diagenetic deformation. For exam-
ple, the upward increase in offset along the F18 normal fault
can be explained by differential compaction of the Middle
Miocene sand across the fault (Fig. 9B). These observations
suggest that all these structures were formed during the sedi-
mentation and early diagenesis of the Middle Miocene (Bade-
nian) sequence.

However, several normal faults also cut across the upper
Middle Miocene (Sarmatian) and Upper Miocene (Pannonian)
strata, such as the relatively large-offset F15 fault (Figs. 3A,
9A,B). The mixed microfossil assemblage within the fault
lens of F15 was interpreted by Kercsmar et al. (2020) as evi-
dence for infiltration of Upper Miocene sediments into the
fault zone. We propose an alternative explanation, whereby
the fault-bounded lens represents a mixture of unconsolidated
Middle Miocene (Badenian and Sarmatian) sediments that
were sheared between the footwall and hanging wall blocks of
the F15 fault (Fig. 9B). In either case, the displacement of
basal Upper Miocene sediments indicates that faulting conti-
nued into the Late Miocene. Onlap surfaces observed in the
hanging wall of the F15 fault (Fig. 9E) may reflect the final
tilting of the hanging wall rocks and thus mark the termination
of normal faulting. However, the uncertain Upper Miocene to
Quaternary age of the overlying succession hampers the pre-
cise determination of the fault’s final activity.

We propose that the F14, F13 faults (Fig. 8B), and farther
south the F9 fault (Fig. 6B), represent the southern continua-
tion of the F15 fault, exhibiting pronounced along-strike seg-
mentation. The map pattern (Fig. 3A) shows that fault linkages
along this W- to SW-dipping fault zone coincide with inherited
structures. This is particularly evident for the NE-SW-striking
northern splay of the Vértessoml6 thrust, interpreted as a D2
structure. The sigmoidal shear fractures within tectonically
smeared clay suggest normal-sense reactivation of this thrust
(Fig. 8C). Furthermore, the position of the thrust between the
F13 and F14 faults indicates that this segment acted as a con-
necting splay fault linking the Miocene normal faults. Similar
relationships between Miocene normal faults and pre-existing
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structures are recognizable in map-view as well (Fig. 2).
Specifically, the N-S striking normal faults of the Zsambék
and Mény Basins commonly terminate against the Vértes-
soml6 thrust, where stepovers developed along this inherited
structure (Héja et al. 2022). The significance of structural
inheritance in Miocene normal faulting has been further
emphasized by a recent study by Beke et al. (2025) in the Pilis
and Buda Hills (for location see Fig. 2A). These authors pro-
pose that an oblique rift pattern formed with normal faults
initially oriented slightly oblique to, and subsequently rotating
perpendicular to the regional extension direction, guided by
inherited E-W and NW-SE-trending Mesozoic structures.

Polyphase rifting and the role of vertical axis rotation

The structural evolution of the Pannonian Basin is traditio-
nally divided into syn-rift and post-rift phases. According to
the pioneering works of Royden et al. (1983) and Horvath &
Rumpler (1984), the transition from syn-rift to post-rift condi-
tions occurred around the Middle to Late Miocene boundary,
or possibly within the Middle Miocene (Badenian) (Tari 1994;
Tari et al. 1999). However, structural data of the TR (Fodor
2008; Fodor et al. 2018), including our observations at
Strazsa Hill, indicate that normal faulting is not confined to
the Middle Miocene but continued into the Late Miocene.
Several recent studies (Balazs et al. 2016; Fodor et al. 2021,
2025) documented a progressive migration of subsidence and
fault activity toward the central parts of the Pannonian Basin.
Our observations are consistent with this regional trend.
In the study area, subsidence and faulting began not earlier
than the Middle Miocene (late Badenian), and the observed
structures may represent the late stage of this migrating basin
formation process (Fodor et al. 2025). In addition, some of
the faults at the Strazsa Hill (e.g., F15 in Fig. 9B) appears to
extend the syn-rift deformation phase into the early part of
the Late Miocene.

The orientation of the observed Miocene normal faults
shows considerable scatter. Based on strike direction, two
main groups of faults can be distinguished: NNW—-SSE and
N-S (Fig. 11B-D). These fault orientations are consistent with
the major map-scale normal faults of the Many and Zsdmbék
Basins (Fig. 2B) (Héja et al. 2022) and with those further north
in the Gerecse Hills (Fig. 2A) (Bada et al. 1996; Fodor et al.
2018). A similarly variable strike pattern of Miocene normal
faults has been reported from other parts of the Pannonian
Basin as well (Petrik et al. 2016; Fodor et al. 2021; Beke et al.
2025; Csontos et al. 2025). This complex fault geometry is
commonly interpreted as the result of polyphase faulting
caused by gradual changes of the horizontal stress axes
(Csontos et al. 1991), related to counterclockwise rotation of
crustal blocks and associated faults (Marton & Fodor 1995;
Marton & Marton 1996).

Paleomagnetic studies by Karatson et al. (2000, 2007) pro-
vided direct evidence for variable block rotations in volcano-
clastic rocks near the study area (Visegrad and Borzsony Mts.;
Fig. 2A) constrained by K—Ar ages of 15.3-15.5+0.5 Ma.
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More recent structural and radiometric data suggest that the
main phase of rotation postdates 15.3 Ma (Beke et al. 2025).
Comparable new results east of the Danube suggest that the
rotation of stress axes occurred between 14.9 and 14.7 Ma
(Juhasz et al. 2025). In the earlier interpretation of Fodor et al.
(1999), the transition from NE-SW to E-W extension was
thought to have taken place between 15 and 14 Ma, whereas
the NE-SW-oriented main syn-rift extension remained active
during the early Middle Miocene (early Badenian) (Petrik et
al. 2016; Beke et al. 2019). These studies collectively indicate
a gradual shift between successive extensional regimes, most
likely corresponding to the period of counterclockwise block
rotations.

Based on the above considerations, we suggest that the
varying orientations of the Miocene normal faults at Strazsa
Hill reflect temporally distinct rifting sub-phases. Most syn-
sedimentary faults within the lower part of the Middle Miocene
sequence strike NNW-SSE (Fig. 11D). However, some faults
show an N-S strike, although their measurement is uncertain
due to their position in the upper quarry wall. These structures
may represent transitional deformation (D4a sub-phase,
Fig. 11D) that was contemporaneous with the rotation des-
cribed above. The F15 fault, which displaces the Upper
Miocene marker bed, together with parallel structures, may
correspond to a younger phase of faulting (D4b sub-phase)
that postdates the rotation (Figs. 11B, 13C). If these structures
have regional significance, they would extend the upper time
limit of the transitional period between rifting phases to the
late Middle Miocene (Sarmatian), around 13 Ma. This age
would be more than 1 Ma younger than previously suggested
by most recent studies (Petrik et al. 2016; Beke et al. 2019;
Juhasz et al. 2025).

D5 — Late Miocene to Quaternary (?) strike-slip faulting

Comparison of the structural data of Strazsa Hill with
neotectonic structures of the Pannonian Basin

Several N—S-striking dextral and NE-SW-striking sinistral
faults, together with a few NE-dipping minor thrusts, were
identified within the Upper Miocene deposits at Strazsa Hill.
These fault-slip data are assigned to the D5 strike-slip tectonic
phase, which represents the youngest deformation event, dated
to the Late Miocene(?)—Quaternary. The N-S striking Miocene
normal faults (D4) possibly underwent dextral reactivation
during this phase. The DS stress field is characterised by
a NE-SE oriented ol axis (Fig. 11A). Similar stress fields
were reported by Csontos et al. (1991), Fodor et al. (1999),
and Fodor (2010), who associated them with the basin-wide
deformation phase that began in the latest Middle Miocene
and persisted through the Late Miocene, with local and tempo-
ral variations (see Petrik et al. 2016). Moreover, a (N)NE—(S)
SW-oriented ol direction can be inferred from neotectonic
fault patterns (Fodor et al. 2005; Ruszkiczay-Riidiger et al.
2007; Koroknai et al. 2020; Visnovitz et al. 2021) and is con-
sistent with recent stress trajectories (Porkolab et al. 2023).
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In addition to tectonic deformation, the F24 fault is interpreted
as a gravitational slide structure (Fig. 10B). The growth strata
within Quaternary deposits in its hanging wall indicate
syn-sedimentary displacement (Fig. 10B).

Conclusions

A detailed structural analysis of Strazsa Hill, an exceptional
key outcrop of the central Pannonian Basin, was carried out,
providing new insights into the Mesozoic and Cenozoic
tectonic evolution of the Transdanubian Range.

* NW-SE striking Carnian syn-sedimentary normal faults
and slides represent the oldest structures (D1 phase), formed
during the passive-margin evolution of the Transdanubian
Range.

e Imbrication of the Triassic rock units occurred due to
pre-Paleogene, probably mid-Cretaceous, south-vergent
thrusting (D2 phase). The Vértessoml6 thrust, one of the
most important Cretaceous structures of the northeastern
Transdanubian Range, is exposed in the quarry. Along the
main splay of the Vértessomlo thrust, the Norian Fédolomit
Fm. is overthrust by the Lower Carnian Inota Fm., which is
in turn overthrust by the Ladinian Budadrs Dolomite Fm.
along the northern splay of the thrust. The exposure of such
map-view structures is unique in Hungary, considering the
generally poor outcrop conditions.

* The normal-dextral reactivation of the Vértessoml6 thrust is
likely related to Middle Eocene basin formation (D3a sub-
phase). Sedimentological and structural evidence indicate
a second, dextral-reverse reactivation of the thrust during
and after the Oligocene, but before the onset of Middle
Miocene sedimentation (D3b sub-phase). Oligocene sedi-
mentation was controlled by this reactivation, as evidenced
by an asymmetric growth syncline in the footwall.
Redeposited Triassic and Oligocene sediments in the lower-
most thrust sheet likely originated from the uplifted hanging
wall, where the Oligocene deposits are absent and the
Triassic succession is directly covered by Miocene strata.

» Several NW-SE and N-S-striking Miocene normal faults
were identified (D4). Some of these structures represent
Middle Miocene syn-sedimentary faults (D4a sub-phase),
while others suggest that extensional deformation continued
in the early Late Miocene (D4b sub-phase).

* Fault-slip data from Upper Miocene strata indicate a youn-
ger, Late Miocene to possibly recent(?) phase of strike-slip
faulting (D5), characterised by NE-SW compression and
NW-SE extension. Some of the N—S-striking normal faults
may have been reactivated as dextral strike-slip faults during
this phase.
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