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Abstract: Detailed fieldwork was carried out in the SW Bükk Mts. at six locations in order to understand the Jurassic 
pre-orogenic deformation. All localities expose Middle Jurassic oolitic limestones with grains probably derived from  
the Adriatic Carbonate Platform and therefore from the Dinaridic passive margin of the Neotethys Ocean. Results of  
the structural analysis revealed early, soft-sedimentary deformation structures. The observed small-scale normal faults 
are characterized by rounded, curved shapes without any discrete fault planes (sealed faults) and the displaced beds  
often thicken towards the faults. These faults were interpreted as syn-sedimentary/syn-diagenetic faults, meaning that  
the deformation took place in unconsolidated or semi-consolidated sediments. During the early diagenetic silica 
mobilization, the already-present early faults may have served as conduits of silica-rich fluids, which led to the formation 
of planar silica injection dykes. Sedimentary slump folds were also identified based on the presence of underlying 
detachment slip surfaces and the observed thickness changes and onlap surfaces within the folded layers. The significance 
of these early normal faults and slump folds is that they are the first direct evidence for pre-orogenic deformation in  
the Bükk Mts. The overall structural data suggest NE–SW or NNE–SSW striking early faults and SE to S verging slump 
folds in the present-day coordinates. By reconstructing the Cenozoic rotations of the Bükk Mts. this means a roughly 
NW–SE striking original margin and a south-westward facing paleoslope for the Middle Jurassic. Considering  
the paleogeographic setting of the Adriatic Platform, this paleoslope direction is possible if the deposition area was 
located above a deeply submerged tilted normal fault block or alternatively, along the landward side of a larger intra-
oceanic high. The extensional structures may indicate that the Bükk Mts. were closer to the passive margin than  
the already ongoing intra-oceanic subduction and related trench, all governed by compression.

Keywords: Neotethys, Bükk Mts., pre-orogenic deformation, paleoslope direction, syn-sedimentary deformation, early 
faults, slump folds.

Introduction

Reconstruction of former passive margins, their structural 
geometry and related sedimentary patterns is a difficult task, 
even in non-metamorphic fold-and-thrust belts (Harfi et al. 
2006; Héja et al. 2018), but particularly in orogens that have 
suffered significant shortening and metamorphism (Beltrando 
et al. 2014; Mohn et al. 2014; Manatschal & Nierrengarten 
2015). Recognition of pre-orogenic structures may permit  
the estimation of the strike of the margin and the extensional 
direction, both of which are crucial input parameters for  
the reconstructions.

These pre-orogenic structures may include syn-sedimentary 
or early extensional faults. These general terms are used for 
faults that formed during or shortly after the sedimentation but 
certainly before the cementation and consolidation. They may 
form during either active continental rifting or atectonic 
slope-related sedimentary deformation, which could be indi-
rectly induced by tectonic processes. In the latter case, early 
normal faults are often coupled with slumping, and both 

normal fault strike direction and slump fold vergency gene
rally reflect the geometry of the submarine slope, as well as 
the underlying former rift geometry. Moreover, pre-orogenic 
normal faults may form by the flexure of the lower plate 
during the subduction-related foreland basin evolution (Butler 
et al. 2006; Carminati et al. 2014).

The problem of recognizing any kind of inherited pre-oro-
genic structure is even more pronounced in the Bükk Mts.  
(NE Hungary), which was considerably displaced with respect 
to the main remnants of the Neotethys Ocean and its margins 
that are relatively well exposed in the present-day Dinarides 
(Kovács 1984; Schmid et al. 2008). Consequently, the isolated 
nature of the Bükk Mts., as well as the low-grade metamorphic 
overprint and strong folding of the Paleozoic and Mesozoic 
rocks (Árkai 1983; Csontos 1999) made the recognition of 
Triassic and Jurassic faults particularly difficult. Both in  
the Bükk Mts. and in the Dinarides rapid subsidence related to 
the break-up of the continental crust occurred in the Late 
Anisian to Early Ladinian, which was followed by the sprea
ding of the Neotethys Ocean during the Late Triassic to Middle 
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Jurassic (Gawlick et al. 2012; Sudar et al. 2013). The Triassic 
sequences of the Bükk Mts. permitted the recognition of 
tectonically controlled facies differentiation in the Middle 
Triassic when platforms and intra-platform basins came into 
existence (Csontos 2000; Velledits 2000, 2006) but the Triassic 
faults themselves have not been documented yet, neither in 
outcrops nor on the map-scale.

The present study carried out in the SW Bükk Mts. revealed 
both sedimentary slumping and early, syn-sedimentary/syn-
diagenetic normal faulting in the Middle Jurassic Bükkzsérc 
Limestone (Haas et al. 2011, 2013). In this paper, results of  
a detailed structural analysis are presented with emphasis on 
the early deformation structures. These structures are inter-
preted as indirect indicators for the contemporaneous Middle 
Jurassic deformation patterns, and for the paleoslope direc-
tion, both of which may have implications for reconstructing 
the paleoposition of the Bükk Mts.

Geological background

The basement of the Pannonian Basin consists of several 
tectonic units with different paleogeographic origins and 
various pre-Miocene deformation histories (Fig. 1, Balla 1983a, 
1986a; Kázmér & Kovács 1985; Csontos et al. 1992; Schmid 
et al. 2008). The two main tectonic units – the Adria–Apulia 
related ALCAPA Mega Unit and the Europe related Tisza–
Dacia Mega Unit – are separated by the ENE–WSW trending 
Mid-Hungarian Shear Zone that lies in the continuation of  
the Periadriatic Fault (Kázmér & Kovács 1985; Balla 1988; 
Csontos & Nagymarosy 1998; Fodor et al. 1998). Within this 
shear zone, several smaller tectonic units appear with close 
relations to the Southern Alps and the NW Dinarides (Haas & 
Kovács 2001; Kovács 1982).

The Bükk Mts. with its Dinaric affinity is one of the far-tra
velled units that were originally positioned on the south-wes
tern passive margin of the Neotethys Ocean (Kovács 1984; 
Schmid et al. 2008). The correlations between the Bükk Mts. 
and the Inner Dinaric nappe system are based on both litholo
gical correlations of the Paleozoic and Mesozoic formations, 
as well as on structural correlations (Balogh 1964; Kovács 
1982, 1984; Tollmann 1987; Csontos 1988, 2000; Filipović et 
al. 2003;  Schmid et al. 2008).

Stratigraphic settings

In the Bükk Mts., a rapid subsidence occurred during  
the Late Anisian to Early Ladinian that is reflected in the 
development of the sedimentary successions accompanied by 
syn-rift volcanism (Szentistvánhegy Metaandesite), marking 
the onset of the Neotethyan rifting (Haas et al. 2011; Szoldán 
1990). While Triassic platforms and intraplatform basins are 
present in the whole Bükk, Jurassic sequences are mostly 
found in the south-western part of the mountains. Here the 
Triassic succession terminated with the (Late Ladinian) Norian 
to Rhaetian cherty limestones of the Felsőtárkány Formation 

(Fig. 2, Velledits 2006). The deep marine Jurassic sequences 
are represented by the Middle Jurassic (Lower Bajocian) 
Bányahegy Radiolarite and typical slates with fine sandstone 
intercalations (Lökvölgy Shale and Vaskapu Sandstone, no 
direct age data available), which were deposited after an Early 
Jurassic hiatus. These siliciclastic sediments are overlain by 
the Lower Bathonian to Callovian hemipelagic and eupelagic 
formations of the Mónosbél Group (Bércziné Makk & Pelikán 
1984; Csontos et al. 1991; Csontos 2000; Pelikán et al. 2005; 
Haas et al. 2011, 2013).

The Mónosbél Group is the result of repeating debris flows 
and turbidity currents that transported shallow water materials 
into the basin (Pelikán et al. 2005; Haas 2007; Haas et al. 
2011, 2013). In its lower part, alternating black siltstones  
and dark grey cherty limestone layers and lenses form the 
Oldalvölgy Formation. In places, the Oldalvölgy Formation 
interfingers with the Csipkéstető Radiolarite. Towards the upper 
part of the Mónosbél Group, the terrigenous influx became 
dominant while episodic gravitational mass movements still 
transported carbonate material from the platform margin and/
or from the upper slope into the basin. Since probably all  
but one carbonate platform had drowned by this time along  
the north-western margin of Neotethys, the source of the car-
bonate grains should have been the Adriatic Carbonate 
Platform (Haas 2007). Turbidity currents initiating at the plat-
form margin or on the upper slope incorporated the unconso
lidated ooids and bioclastic grains while the consolidated 
limestones were transported as clasts in debris flows or as 
individual olistoliths. Therefore, oolitic limestones are present 
in the Mónosbél Group as thin calcite turbidite intercalations 
within the Oldalvölgy Formation, and as olistoliths or clasts in 
polymictic olistostrome levels called Laskóvölgy (formerly 
Mónosbél) Formation (Pelikán 2012).

Moreover, there are a number of relatively large, map-scale 
occurrences of a well-bedded normal-graded oolitic limestone 
where it appears in seemingly isolated bodies within the Mónos
bél Group. These predominantly redeposited oolitic lime-
stones also contain chert nodules and shale intercalations that 
were all together assigned to the Bükkzsérc Limestone For
mation. Similarly to the calcite turbidite intercalations in  
the Oldalvölgy Formation, the Bükkzsérc Limestone was also 
deposited from turbidity currents at a toe-of-slope or in  
a deeper basinal environment (Haas et al. 2011). However, its 
thickness and the areal extension of these occurrences made it 
possible to classify them into a separate mappable formation. 
The largest known occurrence of the Bükkzsérc Limestone 
was found in the surroundings of the Bükkzsérc Quarry. Here, 
according to the latest biostratigraphic studies of Haas et al. 
(2006) carried out from samples of the Bzs-5 well in quarry 
yard (Fig. 3, site Bzs01-11), the Bükkzsérc Limestone can be 
assigned in age to the Early to Late Bajocian (questionably 
even to the Aalenian). This means that the Bükkzsérc Lime
stone is older than the surrounding Bathonian to Callovian 
Oldalvölgy Formation, therefore this occurrence was inter-
preted as an olistolith (Haas et al. 2011, 2013). However,  
the age ranges may occasionally overlap and would permit  
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Fig. 1. Present-day position and paleogeographic setting of the study area: a — regional tectonic setting of the Bükk Mts. (modified after 
Schmid et al. 2008). The Bükk Mts. is a far-travelled structural unit that is correlated with the Inner Dinaridic nappe system; b — large-scale 
structure of the Bükk Mts. (modified after Kovács 1989); c — palinspastic reconstruction of the Western Neotethyan realm for the Late Jurassic 
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a continuous Bajocian to Bathonian succession as Pelikán & 
Dosztály (2000) suggested. In the samples collected at Eregető 
(Fig. 3, site Bzs70) Upper Bathonian foraminifers were found 
(Haas et al. 2011, 2013), suggesting that the oolitic limestones 
also occur in the upper Middle Jurassic succession either as 
olistoliths or as interfingering calcarenitic bodies.

Besides the Middle Jurassic oolitic limestones, large Triassic 
carbonate and basalt olistoliths may also be present in the 
Mónosbél Group (e.g., Kavicsos Point and Csipkés Hill on 
Fig. 3a), just as radiolarite and sandstone clasts, metamor-
phosed and neutral to acidic magmatic rock fragments (Pelikán 
et al. 2005; Haas et al. 2011; Kövér et al. 2018). The source of 
these exotic components is still an unsolved problem, although 
Haas (2007) and Haas et al. (2011, 2013) concluded that their 
presence along with the intensive mass movements may indi-
cate nappe stacking and exhumation of deeper basement units 
in the vicinity of the Mónosbél depositional area. In this sense, 
they considered the Mónosbél Group to be the accretionary 
complex of the Neotethys Ocean that developed in the fore-
land of the approaching ophiolitic nappes.

Tectonic settings

Understanding the sedimentological patterns of the Jurassic 
successions found in the SW Bükk Mts. is crucial in recon-
structing the Middle to Late Jurassic tectonic environment, 
which also includes the change from extensional tectonics 
related to the rifting and spreading of the Neotethys Ocean  
to the subduction-related Alpine shortening. Despite all the 
research in the last 30 years; however, even the large-scale 
structure of the Bükk Mts. is still the subject of ongoing 
debates.

Two fundamentally different structural models exist for  
the Bükk Mts. According to the first model, the Bükk Mts. is 
made up of a continuous succession from the Carboniferous to 
the Jurassic (Pelikán et al. 2005). The other and somewhat 
more accepted model divides the formations into at least four 
structural units: the Bükk Complex (or Bükk Para-autochto
nous Unit) comprises the Paleozoic, Triassic, and lower Middle 
Jurassic formations and it is overthrust by the Mónosbél–
Szarvaskő Nappes (Balla 1986b; Csontos 2000; Haas & 
Kovács 2001). Csontos (1988, 2000) placed the nappe 
boundary of the Bükk Complex and Mónosbél Nappe bet
ween the Middle Jurassic Lökvölgy Formation and the 
Mónosbél Group (Fig. 2). Unfortunately, this contact zone 
has no surface outcrops at all. According to this concept, 
these units were thrust upon each other during the Late 
Jurassic to Early Cretaceous nappe stacking related to the 
subduction of the Neotethys Ocean (Csontos 2000; Schmid 
et al. 2008).

The Mónosbél Unit consists of the resedimented deposits of 
the Mónosbél Group while the overlying Szarvaskő Nappe 
contains Middle Jurassic in-situ pillow basalts and gabbros 
surrounded by quartz-rich sandstones, argillaceous and sili-
ceous pelagic sediments, and olistostromes (Balla 1983b, 
1986b; Csontos 2000). Lastly, based on lithological similari-
ties and structural observations the Darnó Unit – exposed fur-
ther to the west from the Bükk Mts. and found in the highest 
tectonic position – may be correlated with the Dinaridic sub
ophiolitic mélange (Pamić et al. 2002; Kovács et al. 2010). 
Contrary to the Dinarides, no sensu-stricto ophiolite nappe is 
known from the Bükk Mts.
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Fig. 2. Schematic geological column of the Upper Triassic to Middle 
Jurassic succession in the SW Bükk Mts. around the study area  
(modified after Haas et al. 2011). Either the Bükkzsérc Limestone  
is an integral part of the sedimentary sequence or it forms separate 
bodies within the Middle Jurassic succession (e.g., large olistoliths).
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Fig. 3. Maps of the area around Bükkzsérc: a — pre-Cenozoic geological map showing the isolated lens-like occurrences of the Bükkzsérc 
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The present day structure of the Bükk Mts. is dominated by 
the structures related to the Late Jurassic (?) to Early Creta
ceous shortening (potentially including nappe stacking) on 
one hand, and to the Middle Miocene extensional deformation 
of the Pannonian Basin on the other (Csontos 2000; Petrik et 
al. 2016). Due to the strong structural and low-grade meta
morphic overprinting during the Cretaceous; however, very 
little knowledge is available about the deformations prior to 
the Late Jurassic. Considering the concepts on the paleoposi-
tion of the Dinarides (Schmid et al. 2008), approximately  
an original NE–SW extension with NE-ward dipping conti-
nental slope of the Neotethys margin is expected for the area 
of the Bükk sequence for the Triassic to Middle Jurassic time 
span but no direct field evidence has been found or measured 
so far to confirm it. The Mesozoic facies boundaries and  
the nappe-stacking related tectonic transport directions inte-
grated with general paleomagnetic data also suggest NE–SW 
extension.

Materials and methods

Detailed field work was carried out at two main localities 
and four other outcrops in the SW Bükk Mts. in order to inves-
tigate the deformational features of the Middle Jurassic oolitic 
limestones (Fig. 3, see Appendix for GPS coordinates). One of 
the main localities is the Bükkzsérc Quarry (located approxi-
mately 1 km from the village in the NW direction, Bzs01–11), 
which is the largest continuous exposure of the Bükkzsérc 
Limestone. The borehole Bzs-5 drilled in the quarry yard 
reached the bottom of the formation at 56 m, and after  
an unclear contact, it explored the Lökvölgy Shale below it 
(Pelikán & Dosztály 2000). The other main locality is  
the Patkó Cliffs located uphill above the quarry in the NW 
direction (Pt01–03), which is part of the same large rock body 
as the Bükkzsérc Quarry. The other studied sites (Bzs49 and 
Bzs53 on the Meredek-lápa; Bzs62 at the Völgyfő and Bzs70 
on the Eregető, see Fig. 3) are smaller oolitic limestone out-
crops found in the wider surrounding of Bükkzsérc village. 
These smaller sporadic outcrops serve as control points so that 
the data from the supposedly olistolith occurrences can be 
compared.

The field observations were completed by stereographic 
fault-slip analyses. The fault-slip measurements on the field 
were followed by fold axis estimations, which were done by 
using the program package of Angelier (Angelier 1984). Data 
were separated manually and a tilt-test was carried out  
using the modul ROTILT on the supposed pre-tilt structures. 
The pre-tilt nature of the structures was indicated by the geo-
metrical characteristics of the faults and folds (e.g., thickness 
changes and onlap surfaces within the deformed sedimentary 
package, the symmetry plane of normal faults being perpen-
dicular to the bedding). In the case of positive tilt-tests, stress 
field estimations were done on the back-tilted data sets. 
Finally, the results were rotated by the average Cenozoic rota-
tion values of the Bükk Mts. complied by Márton & Fodor 

(1995) and Márton & Márton (1996) in order to restore  
the original Jurassic margin geometry.

Results

Fold structures

There is evidence for small-scale folding in the oolitic lime-
stone and chert beds. The folds appear only locally, while  
the average bedding is around 220/20° in the Bükkzsérc 
Quarry (Bzs01–11) and at the lower part of the Patkó Cliffs 
(Pt01–03), 305/40° at site Völgyfő (Bzs62), 330/37° at site 
Eregető (Bzs70), and 194/18° at site Meredek-lápa (Bzs53) 
(Fig.3).

The geometries of the observed small-scale folds are very 
diverse: some folds are cylindrical and appear as monoclines 
(Fig. 4a) and gentle or open folds (Fig. 4b–d), while others are 
overturned or recumbent folds with tight to isoclinal hinge 
zones (Fig. 4a, e). The hinge lines of these overturned folds 
may be laterally curved (non-cylindrical folds). In extreme 
cases, the hinges of the folds show quite elongated shape and 
look similar to sheath folds (Fig. 4f, Alsop & Holdsworth 
2004). The observed fold amplitudes are usually around  
10–20 cm but never exceed 100 cm.

In spite of the different fold geometries, most folds show 
top-to-S or SE vergency, except for the folds at site Bzs53 
where a slight deviation toward the SW was observed, and  
at site Bzs70 where the vergency of the recumbent folds  
could not be determined. Almost all the folds are underlain by 
a detachment surface under which there is no deformation at 
all (Fig. 4b, c). The folded layers usually show lateral thick-
ness changes and in a number of cases the folds are overlain by 
undisturbed sedimentary beds onlaping the folds’ upper sur-
face (Fig. 4b–d). Moreover, on the folded bedding planes at 
Bzs02 “soft” striae without any calcite precipitation and with 
slightly oblique S-SW-vergency were encountered which 
could be interpreted as stretching lineation that formed in 
soft-sedimentary state (Ramsey 1960; Ramsey & Hubert 
1987; Ortner 2013).

Sealed faults without discrete planes

Small-scale normal faults with usually 1–5 cm or a maxi-
mum of 50 cm offset were discovered in the Bükkzsérc Quarry 
(Bzs01–11), at the Patkó Cliffs (Pt01–03), and at the sites on 
Meredek-lápa (Bzs49) and Eregető (Bzs70) (Fig. 3). In cross 
sections these normal faults flatten out quickly, their planes 
are generally curved and smooth, particularly at their inter
section with the bedding planes (Fig. 5a, b). Furthermore,  
the faults seemingly have no discrete fault planes or at least 
they were sealed (cemented) during diagenesis (Fig. 5c, d). 
The lack of discrete planes is also evident in thin sections 
where only distorted sedimentary laminae indicate the normal 
displacement (Fig. 5f). The fault planes always lack any linea-
tion and are often sealed by the subsequent undeformed layers 
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(Fig. 5a). Occasionally thickening toward the faults and dila-
tational jogs filled with the shale of the subsequent sealing 
beds was also observed (Fig. 5d, e). Although small changes in 
their strike directions always occur, the general strike of these 
normal faults is between NE–SW and E–W.

Silica dykes

Dykes filled with silica were discovered only in the Bükk
zsérc Quarry at the site Bzs02 (Fig. 6). The geometry of these 
silica dykes imply that they are related to structural elements: 
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Fig. 4. Field photos of the small-scale folds observed in the quarry of Bükkzsérc and on the Eregető (see stereoplot legend in Fig. 7):  
a — monoclines and an overturned fold in deformed chert layers; b–d — gentle cylindrical folds that formed above detachments and have 
strata onlapping on the folds’ surfaces; e — intensively folded limestone beds with sub-horizontal axial plane; f — non-cylindrical folds with 
curved hinge lines. Geometrically these folds are very similar to pillow basalts.
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they obviously appear along planar or gently undulating sur-
faces that can be traced for several metres. At the lower or 
upper terminations of the dykes, irregular chert nodules are 
usually present, and there is a gradual transition between  
the host limestone and the chert, which can be observed both 
on the field and in thin sections (Fig. 6b). The strike of these 
elements varies between ENE–WSW and SE–NW.

Discrete fractures and calcite veins

Both in the Bükkzsérc Quarry and at the Patkó Cliffs nume
rous brittle structures, which include discrete planar faults 
with kinematic indicators (calcite fiber lineations and slicko-
litic striations), joints and calcite veins could be observed. 
They are mainly concentrated around two main ENE–WSW 
striking restraining dextral strike-slip faults (Fig. 3b). Reacti
vation of faults and overprinting generation of lineation are 
common. As these brittle structural elements were already 
observed and classified by Németh (2007) they will not be 
discussed in detail here.

Discussions

Interpretation of the observed structures

Fold structures related to soft-sedimentary slumping

Most observations on geometry of the small-scale fold 
structures indicate soft-sedimentary slumping (Lewis 1971; 
Alsop & Marco 2011; Peel 2014). These observations include 
the detachments underlying the folded strata (Fig. 4c, d),  
the lateral thickness changes within the deformed layers  
(Fig. 4c), the onlapping of the thinning layers on the folds’ 
upper surface and the undeformed beds sealing the folds  
(Fig. 4c, e). Moreover, the geometrical variability of the folds 
involves a spectrum from (1) slight cylindrical monoclines to 
recumbent folds and (2) non-cylindrical sheath folds with  
laterally curved hinge lines. This variability is also typical for 
slump folds (Alsop & Marco 2011). In the case of these small-
scale slump folds, the deformation must have developed in 
semi-consolidated sediments via granular flow (i.e. combina-
tion of grain boundary sliding and grain rotation), which is  
a viable deformation mechanism both in non-consolidated 
plastic sediments and poorly cohesive rocks in brittle field as 
well (Owen 1987; Owen et al. 2011).

Syn-sedimentary normal faults and related dykes

According to our interpretation, the small-scale normal 
faults without well-defined (discrete) fault planes or with 
cemented narrow zones are early (syn-sedimentary or syn-
diagenetic) tectonic faults, which formed prior to complete 
consolidation (Fig. 5). Opposite to post-diagenetic deforma-
tion that results in discrete fault planes, the deformation is 
distributed in a wider shear zone in soft sediments. In addition, 

the normal faults are flatter than the ideal 60° and they often 
have listric geometry (Prestholm & Walderhaug 2000). This 
can be connected to the vertical shortening due to compaction. 
On the other hand, the later diagenetic processes (e.g., by 
dewatering or cementation) can overprint or completely erase 
the previous small planar structures. The lack of any striations 
on the fault planes also indicates soft-sedimentary deforma-
tion. Thus, the “healed” or “closed” faults without discrete 
planes and with relatively small displacement are the results  
of the syn-sedimentary or syn-diagenetic deformation of  
the studied rocks. A few examples of hanging wall thickening 
and the sediment-filled dykes also point to syn-sedimentary 
deformations. In several cases the structures are overprinted 
by (sub-horizontal) stylolites (Figs. 5f, 6b) showing that they 
were formed as the earliest deformation structures.

In addition to the faults, the gradual transition from silica to 
limestone proves that the silica dykes are injection dykes 
formed in an early stage of the diagenesis, immediately after 
the silica became mobilized (Fig. 6). The source of silica was 
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Fig. 6. Field photo (a) and optical microscope view (b) of a silica 
dyke. Based on their planar features these silica dykes probably 
formed along pre-existing faults. The interface between the silica and 
the host limestone is not a definite boundary but shows a gradual tran-
sition (see stereoplot legend in Fig.7).
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most probably biogenetic, meaning the tests of radiolarians 
and sponge spicules went through an early diagenetic transfor-
mation. Injection dykes are often related to early faults because 
they could serve as already present weakness zones (Tanner 
1998; Giménez-Montsant et al. 1999; Ribeiro & Terrinha 2007). 
This is also supported by the planar geometry of the silica 
dykes, they are therefore indications for an early-phase defor-
mation as well.

Estimations for the Middle Jurassic paleostress field and 
paleoslope direction

As syn-sedimentary to early tectonic deformation structures 
have implications for the earliest deformation history of  
the rocks, the paleostress field for the Bajocian to Bathonian 
may be estimated based on the measured data, and folds  
and slide surfaces related to sedimentary slumping may have 
indications for the paleoslope direction. The significance of 
this is that these early deformation structures in the oolitic 
Bükkzsérc-type limestone are the only direct structural evi-
dence so far for the pre-orogenic deformation of the area of  
the Bükk Mts.

The original idea behind paleoslope estimations was that 
slump fold axes reflect the strike of the paleoslope as being 
perpendicular to the main slope gradient (Jones 1939; 
Woodcock 1979). However, a number of studies carried out in 
the last decades suggested that estimations based on measured 
fold axes are not as straightforward as previously thought.  
The new approaches are based on the fact that slump folds 
may manifest in various geometries starting from simple 
cylindrical and monocline folds (like Fig. 4a–e) to extremely 
elongated non-cylindrical folds and sheath folds (like Fig. 4f). 
In case of non-cylindrical folds, due to the lateral bending of 
the hinge line – depending on the observed part of the fold 
structure – the axis may be oriented even parallel to the slope 
strike (Hansen 1971; Alsop & Holdsworth 2002; Strachen & 
Alsop 2006).

Considering the geometrical factor, we estimated fold axes 
separately for every slump fold. The results of these estima-
tions complemented with the fold vergencies in the Bükkzsérc 
Quarry and at the Patkó Cliffs suggest an approximately SE  
or SSE paleoslope direction in the present-day coordinate  
system (Fig. 7). A few sites show fold vergency to the SW 
(Bzs53 and Bzs70 in Fig. 7); similar directional variability  
is present in many ancient slide complexes (Alsop & Marco 
2011; Weinberger et al. 2017). The main slump direction  
correlates well with the NE–SW or NNE–SSW striking  
early normal faults and silica dykes if one assumed their  
parallelism with the strike of the slope. The sporadic data  
from the other oolitic limestone occurrences consistently  
show the same syn-sedimentary/syn-diagenetic extensional 
and paleoslope directions, suggesting that the observed oolitic 
limestone bodies are either normal parts of the succession  
(not olistoliths), or olistoliths of these large sizes did not rotate 
further around their vertical axis during gravitational 
downsliding.

Implications for the Middle Jurassic margin geometry

To reconstruct the Middle Jurassic paleodirections, know
ledge about paleomagnetic data would be necessary directly 
from the studied outcrops, as well as from the surrounding 
formations, especially if at least some part of the Bükkzsérc 
Limestone is preserved in olistoliths. We tried to determine  
the original paleodeclinations from these sites but failed to do 
so due to remagnetization caused by metamorphic overprint. 
In the absence of such specific paleomagnetic data, the general 
80° counter-clockwise rotation attributed for the Cenozoic 
deformation of the whole Bükk Mts. was used to reconstruct 
the original paleostress field and the estimated paleoslope 
direction (Márton & Fodor 1995; Márton & Márton 1996). 
This may be an acceptable approximation considering that  
the measured sedimentary and early deformation structures 
show consistent directions at every individual locality.

The back-rotated data suggest a roughly NW–SE striking 
margin and SW-directed paleoslope for the Middle Jurassic 
(Fig. 8a, b). This inferred strike directions of the margin is in 
agreement with the previous passive margin reconstructions 
that were mainly based on facies distributions (Gawlick et al. 
1999; Csontos 2000; Schmid et al. 2008) and paleomagnetic 
data from the ophiolites projected for the direction of the mar-
gins (Maffione & van Hinsbergen 2018). The coincidence 
may lead to a suggestion that the extensional deformation is 
connected to the evolution of the Adriatic margin.

The initiation of the subduction of the Neotethys Ocean 
(Maffione & van Hinsbergen 2018; Schmid et al. 2008) 
happened at approximately the same time as the deposition of 
the Bükkzsérc Limestone and the rest of the Mónosbél Group. 
This geodynamic framework led several authors to suggest  
an accretionary origin of all the mid-Jurassic successions 
(Dosztály et al. 1998; Csontos 2000; Haas 2007; Haas et al. 
2011, 2013). We will not discuss this issue in detail but  
a recent review of clasts may offer an alternative explanation 
(Fodor et al. 2018). The overwhelming majority of the clasts 
and redeposited grains were either derived from the Adriatic 
margin (the platform carbonates of this study, the Triassic 
volcanic rocks in Kövér et al. 2018) or their origin is not 
unequivocal (e.g., radiolarites, sandstones). No ultrabasic 
rocks or gabbros are known in the Mónosbél Group; therefore, 
we suggest that its depositional area was not in the imminent 
vicinity of the intraoceanic subduction zone of the Neotethys 
Ocean (Fodor et al. 2018).

Intensive mass movements and olistostromes occur in pas-
sive margin environments as well (Naylor 1981) and the exotic 
components of the polymictic olistostromes could have come 
from extensionally unroofed units of the Adriatic margin. 
Reactivation of syn-rift normal faults could happen due to  
the initial bending of the downgoing Adriatic lithosphere; in 
this scenario, local extension is directly related to subduction. 
On the other hand, in the Slovenian Basin a very similar 
resedimented succession was encountered in the Middle to 
Upper Jurassic (Rožič & Popit 2006; Rožič et al. 2018).  
The sequence was connected either to renewed normal 
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faulting of the Triassic rifted margin or to the formation of 
new Jurassic faults (Fig. 8b). The reason for this normal 
faulting is somewhat speculative but could be connected to  
the coeval opening of the Alpine Tethys (Piemont–Ligurian 
Ocean) west from the study area (Schmid et al. 2008).  
These data from the surroundings of the depositional area of 
the Bükk sequences may suggest that the observed extensional 
structures could be connected to renewed extension on the 
northern Adriatic margin, and this deformation was spatially 
distinct from the ongoing subduction.

On the Adriatic margin the SW-directed paleoslope seems to 
be controversial at first glance: the area of the Bükk Mts., 
along with the Dinaridic domain, was located on the south-
western margin of the Neotethys Ocean, therefore an oppo
site NE-directed continental slope direction was expected 
(Fig. 8c). Furthermore, the Bükk Unit along with the Julian 
Alps was tectonically separated from the Adriatic Platform by 
the Slovenian Basin since the Ladinian. This currently E–W 
directed basin, located on the attenuated continental margin 
preserved its deeper marine character throughout the Mesozoic 
up to the Maastrichtian while the Bükk and Julian Alps 
remained somewhat uplifted areas in the Triassic and subsided 
in the Jurassic (Buser 1989; Haas 2007; Haas et al. 2011, 
2013; Goričan et al. 2013).

Considering all this, if the platform-derived carbonate 
grains and clasts truly came from the Dinaridic Platform,  
the turbidity currents had to first cross the Slovenian Basin  

and then “climb” up to the depositional area. As turbidity cur-
rents are able to flow upslope and cross intra-oceanic highs 
(Damuth & Embley 1979; Dolan et al. 1989; Tőkés & Sztanó 
2015), this could be a viable scenario. For the south-westward 
facing slump folds to form, the deposition of the Bükkzsérc 
Limestone and the Mónosbél Group had to happen on the top 
of a submerged tilted normal fault block tilted backward 
toward the platform. Alternatively, deposition on the landward 
side of a larger intra-oceanic high (for example, an extensional 
allochthon block, Péron-Pinvidič et al. 2013) is a viable 
hypothesis (Fig. 8c). In the latter case, however, it cannot be 
completely excluded that a yet-unknown isolated platform 
might have survived locally and still have existed during  
the Middle Jurassic somewhere NE of the depositional area 
that could have provided bioclasts for gravity mass flows.

Conclusions

As a result of our field work in the SW Bükk Mts., early 
syn-sedimentary or syn-diagenetic normal faults, silica dykes, 
and sedimentary slump folds were identified and used for 
reconstructing the Middle Jurassic margin geometry. These 
early structures are the first direct structural evidence for  
the pre-orogenic deformation in the Bükk Mts. 

The observed early faults presented NE–SW or NNE–SSW 
strike directions and the slump faults had an average SE to S 

Fig. 8. Reconstructions of the Mónosbél deposition area for the Middle Jurassic: a — summarized stereoplots for the sedimentary slump folds 
and early faults. The stereoplots are rotated by 80° in clockwise direction to restore the general Cenozoic 80° counter-clockwise rotation of  
the Bükk Mts. (Márton & Fodor 1995; Márton & Márton 1996) in order to restore the original Middle Jurassic directions (see stereoplot legend 
in Fig. 7); b — reconstructed Middle Jurassic paleogeographic map of the Mónosbél depositional area based on the estimated WNW–ESE and 
NW–SE striking early normal faults and south-westward facing paleoslope direction. The geometry of the intraoceanic subduction zone was 
drawn according to the results of Maffione & van Hinsbergen (2018); c — schematic cross-section through an idealized continental margin, 
presenting the possible deposition areas of the oolitic Bükkzsérc-type limestones within the passive margin. The source of the platform-derived 
grains could be either the Adriatic Carbonate Platform or a yet-unknown isolated platform within the basin.
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vergency in the present-day coordinates. After reconstructing 
the Cenozoic rotations, our estimations suggest a roughly 
NW–SE striking Middle Jurassic margin with a south-west-
ward facing paleoslope for the depositional area of the Middle 
Jurassic oolitic calci-turbidites and resedimented platform 
material or upper slope derived carbonate clasts and olisto-
liths. As the source of the carbonate grains and clasts should 
be the Adriatic Platform located to the SW, the deposition area 
might have been located above a deeply submerged tilted 
normal fault block or alternatively, along the landward side of 
an intra-oceanic high. Based on the structural data, however, 
the local existence of a still unknown intra-basin platform  
NE of the depositional area cannot be completely excluded.  
In all models, the extensional deformation is in contrast with 
the coeval onset of intra-oceanic subduction. However, this is 
not a real controversy but a spatial difference of deformational 
style; renewed extension close to the Adriatic margin and con-
traction in a still distally located subduction zone. 
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Appendix

Sample localities

Locality Latitude* Longitude* Number of data
Bzs01 47°58.125’N 20°29.180’E 25
Bzs02 47°58.132’N 20°29.155’E 54
Bzs03 47°58.124’N 20°29.186’E 15
Bzs04 47°58.129’N 20°29.190’E 11
Bzs05 47°58.129’N 20°29.161’E 41
Bzs06 47°58.127’N 20°29.145’E 42
Bzs07 47°58.120’N 20°29.143’E 20
Bzs08 47°58.130’N 20°29.169’E 32
Bzs09 47°58.129’N 20°29.184’E 15
Bzs10 47°58.129’N 20°29.150’E 4
Bzs11 47°58.131’N 20°29.134’E 4
Bzs49 47°58.125’N 20°30.234’E 4
Bzs53 47°58.260’N 20°30.218’E 7
Bzs62 47°59.543’N 20°30.375’E 11
Bzs70 47°59.004’N 20°29.230’E 33
Pt01 47°58.215’N 20°29.299’E 14
Pt02 47°58.217’N 20°29.306’E 6
Pt03 47°58.219’N 20°29.329’E 27

*GPS coordinates are referenced in geographical coordinate system WGS84. 
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