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Abstract

A displaced segment of the Late Triassic—Late Jurassic Greater Adriatic margin of the Neotethy Ocean was investigated
in NE Hungary. In this area, the Mesozoic basement is largely covered by the Palaeogene—Miocene infill of the North
Hungarian Palaesogene Basin and the Pannonian Basin. Micropaleontological, sedimentological and structural inves-
tigation of more than thirty wells resulted in the detailed characterisation and 3D depositional model of the area,
which may have formed in the eastern continuation of the Slovenian Basin or in a similar sub-basin. The sedimenta-
tion in its Bajocian—early Callovian extensional half-grabens was characterised by pelagic limestones followed by dark
shales with sandstone intercalations. Mass-flow deposits derived from both the footwalls of graben-bounding normal
faults and the Adriatic Carbonate Platform were frequent. The most basin-ward segment of the latter one was pen-
etrated by the south-westernmost well of the area. Both the Middle Jurassic extension of the formerly extended
continental crust and the lower plate source of the sediments have great importance, while they change the tectonic
interpretation of the basins. In the overlying Tarna olistostrome sedimentation lasted at least until the Tithonian,

as indicated by nannofossils. This is the oldest possible age for the overthrusting of the ophiolite nappe over this
segment of the Greater Adriatic continental margin. The now eroded ophiolite nappe is underlain by the Darnéhegy
Mélange, a typical sub-ophiolitic mélange, which was formed further to the south-east during the Callovian-Oxford-
ian, at an earlier, intraoceanic stage of the Neotethyan subduction.
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1 Introduction

The two most interesting moments in the life-cycle of
oceanic margins are the end of rifting (the onset of break-
up), thus the first moment of becoming a passive mar-
gin, and then the transformation into an active margin
due to the closure of the oceanic basin. This latter cru-
cial event is the target of our investigation regarding the
Greater Adriatic margin facing the Neotethys Ocean dur-
ing the Middle Triassic—Late Jurassic interval. Greater
Adria is a relatively large continental lithosphere frag-
ment of Gondwanian (African) origin, which is separated
from Precambrian Africa by the oceanic lithosphere of
the southeast Mediterranean basin (Gaina et al., 2013).
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It collided with the Eurasian Plate during the Alpine
orogeny.

Reconstructing the exact time steps between the
subduction initiation and the final collision is a great
challenge, and a lot of contributions are needed start-
ing from e.g. the analysis of the possible weakness
zones for subduction initiation (Maffione et al., 2015)
through the age of the metamorphic sole (Bortolotti
et al., 2013), the direction of the intra-oceanic subduc-
tion (Robertson, 2012; Bortolotti et al., 2013), the obliq-
uity of the margin (Schmid et al., 2008; Tremblay et al.,
2015), the first moment of obduction (Saccani et al.,
2004; Bortolotti et al., 2013; Tremblay et al., 2015), the
spatiotemporal evolution of the overthrusting ophi-
olite nappe, the evolution of the connected foreland
basins (Scherreiks et al., 2014), the timing, kinemat-
ics, deformation style of the imbricated continental
margin (Schefer et al., 2010; Porkoléb et al., 2019), and
finally the timing, kinematics and magmatic events
of the final collision (Ustaszewski et al., 2009, 2010).
The reconstruction of this complex history is difficult
at straight subduction zones and even more challeng-
ing at curved ones or at the termination/transfer zones
of oceanic systems. This is the case with suture zones
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in the northernmost part of the Dinarides and its dis-
placed segment in NE Hungary. The relationships of the
thrust sheets with Greater Adriatic origin and the over-
riding sub-ophiolitic mélange and ophiolite nappe are
well described in the mountainous areas of the Dinar-
ides, Albanides and Hellenides (Karamata et al., 2005;
Schmid et al., 2008, 2020; Placer, 2008; Handy et al.,
2010; Gawlick & Missoni, 2019; Stojadinovi¢ et al.,
2022). However, it is much more problematic to define
different successions and the overriding sub-ophiolitic
mélange nappe in Northern Hungary, because the origi-
nal contact zones have been displaced ca 300 km north-
eastward by the Mid-Hungarian Fault Zone (Tari, 1994;
Csontos & Nagymarosy, 1998; Fodor et al., 1998) dur-
ing Cenozoic strike-slip movements (Fig. 1a). In addi-
tion to this large-scale deformation, the poor outcrop
conditions, and the overprinting Miocene extensional
tectonics and sedimentary basin formation hamper the
recognition of any pre-Eocene boundaries. However,
this area is composed both of continental margin suc-
cessions originating from different segments of Greater
Adria, and obduction-related units, so it may provide
a lot of information regarding the imbrication of the
continental margin, the migration of foreland basins
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and the obduction of the ophiolite nappe. The study in the repository of the Mining and Geological Survey
investigates the Recsk and Darné areas, where the Mes-  of Hungary (now Supervisory Authority of Regulatory

ozoic basement is covered by thick Paleogene to Mio-  Affairs).
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area. Sedimentological and structural observations and
interpretation of the data resulted in a three dimensional
reconstruction of the depositional area in the Middle
Jurassic as an extensional graben system, perpendicular
cross-sections showing the present-day relationships and
geometries of the defined structural units, and enabled us
to draw conclusions regarding the change from extension
to subduction-related shortening between the Callovian
and Tithonian.

2 Geological setting

2.1 Darné area

2.1.1 Darnéhegy Mélange Formation (DM)

The Darné Hill and its surroundings (Fig. 2), east of the
Darn¢ Fault is an area of critical importance for the anal-
ysis of the relationship of several units. The surface expo-
sures and the upper parts of exploratory wells (Rm-131,
-135, -136) are composed mostly of redeposited clasts
and large blocks of basalts with minor amount of gab-
bros (Harangi et al., 1996; J6zsa et al., 1996) surrounded
by shale and radiolarite matrix (J6zsa, 1999; Dosztély
et al., 1998, Haas et al,, 2024) that can be assigned to
the Darnéhegy Mélange Formation (Kovacs et al., 2008,
2011a; Jozsa et al., 2024). The age of the basalt blocks is
latest Anisian—Ladinian on the basis of conodonts and
radiolarians dissolved from those sedimentary rocks,
which were closely associated with one group of the
basalt blocks (Kozur & Krahl, 1984; De Wever, 1984;
Haas et al.,, 2011, 2024). On the other hand, the radiolar-
ian assemblage associated with either the matrix of the
mélange or with basalt blocks of different geochemi-
cal characteristics (Kiss et al., 2012) showed Bajocian—
Callovian (Kozur, 1991), Callovian (Gawlick et al., 2012)
or Callovian—Oxfordian age (Haas et al., 2024). These
age intervals can be interpreted as minimum ages for
the mélange formation. Previous researches considered
this mélange as a true ophiolite-derived mélange nappe
(Schmid et al., 2008; Haas et al., 2024) and correlated
it with the Dinaric counterparts (Haas & Kovdcs, 2001;
Dimitrijevi¢ et al., 2003; Kovacs et al., 2011b).

2.1.2 Tarna olistostrome (Taro)

Below the DM, the exploratory wells exposed dominantly
sedimentary rocks which were previously assigned to the
Mboénosbél succession (Haas et al., 2006, 2011; Kovdics
et al,, 2008). However, recent analyses of Haas et al
(2024) defined a new unit, the Tarna olistostrome (Taro).
The Taro is intersected by wells Rm-131, Rm-135(?) and
Rm-136 (Figs. 2, 3, 4) in a remarkable thickness (200 m to
900 m, respectively), comprises dark grey and red shale,
siliceous shale, sandstone, radiolarite, pelagic, occasion-
ally cherty limestone, with gravitational mass deposits
including large blocks (olistoliths).
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The identified large blocks include Upper Permian,
Carnian (Kovécs et al., 2013) and Lower Jurassic lime-
stones (Haas et al., 2024) and Ladinian radiolarite (Dosz-
taly & Jozsa, 1992, Haas et al., 2024). Late Tithonian age
of the Taro has recently been determined on the basis
of nannofossils (Haas et al., 2024). A deep marine basin
was suggested for the depositional environment, where
carbonates and fine siliciclastic mud were deposited as
“background” sediments and were also supplied by mass
flows. The upper part of the series is truncated by the
basal thrust of the overriding DM nappe (Figs. 2, 3).

2.2 Recsk area and northern foreland of the Mdtra Mts.
The Mesozoic basement of the area west of the Darné
Fault is the second sub-area of our work (Fig. 2). It incor-
porates the northern foreland of Miocene volcanites of
the Matra Mountains and the hilly area around the Oligo-
cene Recsk Andesite Complex (Fig. 2, Araté et al., 2024).
There are no surface exposures of the pre-Cenozoic
rocks in this region, but numerous continuously cored
ore exploratory wells reached the Mesozoic rocks below
Oligocene volcanic and sedimentary formations provid-
ing data on the geological characteristics of the base-
ment. A number of very detailed publications prepared
a thorough lithological, microfacies and micropalaeonto-
logical characterization of the penetrated basement rocks
(Dosztély & Jozsa, 1992; Koviacs et al., 2008, 2013; Haas
etal., 2013, 2024).

Upper Carnian—lower Norian, grey cherty limestone
with marl interlayers (Fels6tarkany Limestone Fm.) is
the oldest penetrated formation (Figs. 3, 4). The same
lithology continues upwards for ~150 m with lack of
conodonts, which may refer to Early Jurassic age (Kovacs
et al, 2013). In some successions lower Norian grey,
cherty dolomite (i.e. pervasively dolomitized pelagic
carbonate) was encountered, which shows similarities
towards the Baca Dolomite Fm. of the Slovenian Basin
both in lithofacies and in age (Buser, 1986, 1989; Rozi¢
et al., 2009; Gale, 2010; Gorican et al., 2012). Both the
limestone and the dolomite is overlain by grey, occasion-
ally cherty limestone, with claystone and marl intercala-
tions. The majority of the observed microfacies types are
mudstones with sponge spicules and radiolarian molds,
however, wackestones with thin-shelled bivalves and
radiolarian packstone are also present (Haas et al., 2024).
These microfacies types are indicative for pelagic depo-
sitional environments. The age of this lithofacies unit is
Lower Jurassic (lower Sinemurian—lower Toarcian) to
lower Bathonian (Haas et al., 2024).

There is a gradual lithological transition from the grey
micritic limestone to grey marl and shale, which pass
upward to grey shale with sandstone intercalations. The
sandstone intercalations are fine- to coarse-grained; the
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dominant minerals are quartz, muscovite, plagioclase
and chlorite (Haas et al., 2024). The age of this lithofa-
cies unit was determined to be upper Bathonian—lower
Callovian thus the cessation of carbonate deposition, and
gradual change into the siliciclastic sedimentation may
have taken place during the Bathonian (Haas et al., 2024).
Intensive silicification of both the limestone and shale is
quite common, especially at the upper part of the succes-
sion, where radiolarite also occurs locally.

Within this pelagic limestone and shale succession two
types of redeposited bed intercalations are present (Haas
et al., 2024). Microfacies and microfossil content for the
first type indicated shallow-marine environment, most
probably a coeval carbonate platform as source of the
clasts. The other type of redeposited layers are breccias
containing cm-sized to mm-sized un-rounded to sub-
rounded lithoclasts (micro-breccia) (Haas et al., 2024).

Based on lithological and age similarities the whole
Lower—Middle Jurassic succession was suggested to be in
close relationship with the Oldalvélgy Formation of the
Biikk Mts. (Pelikdn et al., 2005; Haas et al., 2013, 2024
Pelikan, 2024).

The above described succession built up by Upper
Triassic cherty limestone/dolomite, lower Sinemurian
to lower Bathonian pelagic limestone and upper Batho-
nian to Callovian shale with sandstone intercalations was
named Recsk succession (Rs) (Haas et al., 2024), and will
be referred accordingly through this paper.

A unique succession was explored in borehole Rm-109
in the south-westernmost part of the area (Fig. 2). Here,
in contrast with all the other boreholes, a lower Bajocian
platform carbonate succession was found directly below
the upper Bathonian to lower Callovian dark grey shale.
(Haas et al.,, 2006, 2024). The microfossil assemblage and
microfacies analysis suggested platform margin as site of
deposition.

3 Observations
3.1 Breccia layers within the Middle-Upper Jurassic
sedimentary successions

The penetrated successions at the Recsk and Darné area
contain two basic types of gravitation mass deposits: car-
bonate turbidites and breccias, micro-breccias. The lat-
ter ones occur in three stratigraphic levels: (a) within the
Bajocian—lower Bathonian part of the pelagic limestone
succession, (b) in the upper Bathonian-Callovian shale
and (c) in the upper Tithonian Taro (Figs. 3, 4). The gravi-
tation mass deposits of (a) and (b) are usually dm to few
m thick breccia and micro-breccia layers. They are clast-
supported breccias with mm to cm sized, angular to sub-
rounded lithoclasts and calcite or silica cement. The main
clast types are pelagic to hemipelagic limestones, shale,
silicified shale, fine-grained sandstone, radiolarite and
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occasionally ooidic limestone. Detailed description of the
redeposited layers and their composition is found in Haas
et al. (2024). Angular geometry of the lithoclasts suggest
short transportation. All the identified clasts can be cor-
related with members of the local Upper Triassic—Middle
Jurassic succession (Fig. 3), thus the simplest solution is
to suppose an intrabasinal source for the clasts. However,
submarine exposure of the deeper stratigraphic levels is
essential for clast supply. The kinematics of the exposure
will be discussed in the next chapter.

The upper Tithonian gravitation mass deposits (c)
usually have different characteristics. They either form
coarse-grained breccias (olistostromes) of various lime-
stones and radiolarite or m to tens of metres scale indi-
vidual limestone blocks. However, finer-grained breccias
are also present with similar clast-composition within
the shale, sandstone and pelagic limestone “background”
sedimentary rocks. In core Rm-135 (Figs. 2, 4) only this
finer part was penetrated in ~70 m thickness. In the lack
of age data, the classification of this part of the section
is questionable. It may belong to the upper Bathonian—
Callovian shale succession or to the upper Tithonian
Taro. The other difficulty of having only well data, is
the question of intercalations/large olistoliths. It is not
always straightforward, if a penetrated pelagic limestone
section is a few metre-thick limestone intercalation or
represents an olistolith. At some occasions microfossils
proved the olistholitic nature of Upper Permian, Middle
Triassic, Upper Triassic, Lower Jurassic intervals (Dosz-
taly & Jozsa, 1992; Koviacs et al., 2013; Haas et al., 2024).
The clasts of the olistostromes and individual olistoliths
derived from that part of the exposed passive margin,
which contained shallow marine Late Permian, pelagic
Ladinian to Norian cherty limestones with radiolarite
intercalations and Lower Jurassic pelagic limestone. The
upper part of this source succession is present locally in
the Recsk area, while both pelagic Ladinian limestone
and Late Permian shallow marine sedimentary rocks can
be supposed in the underlying strata or in the surround-
ing areas of the former Greater Adriatic margin.

3.2 Origin of the Middle Jurassic and late Tithonian basins

3.2.1 Middle Jurassic structures of the Recsk area

While we have only sporadic one dimensional informa-
tion, exact location, geometry and kinematics of the
supposed structures are rather speculative. However,
arguments supporting the existence of active Middle
Jurassic faults will be presented. A general northward
thickening trend can be recognised within the penetrated
Recsk succession (Figs. 4, 5b, c). This northward tilting of
the Triassic basement is interpreted to be the effect of a
southerly facing normal fault, which can be the bound-
ary fault of the Recsk half-graben containing the Recsk
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succession. The fault should be located further north of
well Rm-118 (Figs. 2, 5b, c).

The only exception from the northward thickening
trend is in the vicinity of well Rm-58, Rm-51 and Rm-
XXIV (Figs. 2, 4, 5). The first one penetrated the repeti-
tion of Upper Triassic pelagic limestone/dolomite and
the upper Bathonian—Callovian shale (Figs. 4, 5b). The
lower Sinemurian—lower Bathonian pelagic limestone
succession is missing; however, it is rather thick in the
neighbouring wells Rm-34, -61, -62, -63, -87 both on the

northern and southern side (Figs. 4, 5a, b). The missing
of more than 1000 m of pelagic limestone cannot be the
result of Cenozoic normal faulting while the base of the
Recsk Andesite is not dissected. It is rather suggested
that the incomplete succession represents a mid-Juras-
sic horst with reduced sedimentation. Similar, reduced
succession was penetrated in well Rm-51 east of Rm-58
(Figs. 2, 4, 5a). The eastern continuation of the horst can
be in the vicinity of Rm-XXV and XXIV while the lat-
ter one also has an anomaly in the expected sequence:
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~130 m lower pelagic limestone is present above the
shale (Figs. 4, 5c). This extra element is interpreted as a
repetition by a hanging wall by-pass thrust, connected to
the Cretaceous shortening (Fig. 5¢). In a map view, two
highs can be interpreted from the three parallel cross-
sections: Rm-51, Rm-58 and between Rm-XXV and
Rm-XXIV or north of this latter (Figs. 2, 6). From these
point-like observations, the orientation of the horst is
postulated to have a trend of WSW-ENE (Figs. 2, 6). We
tentatively used the same orientation for the northern
edge of the northern half-graben.

These structural arguments are strengthened by sedi-
mentological data. Those successions, which are in the
vicinity of the supposed horst, have numerous brec-
cia intercalations (Figs. 4, 5, 6), which are interpreted
as talus breccias, connected to the movement of coeval
faults. Soft-sediment deformation features like slumps
are also common in these cores (Haas et al., 2024), indi-
cating the existing slopes. More intensive silicification of
the breccia bodies and connected sediments may refer
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to elevated fluid circulation in the vicinity of the faults.
The frequency of the platform-derived intercalations
shows an interesting spatial distribution: it is generally
present south to the horst in the immediate southern
hanging wall of the horst, while only a few intercalations
are detected on the north (Figs. 5, 6). Thus the suspected
mid-Jurassic horsts have another important effect on the
sedimentation: they formed a barrier or confinement for
the platform-derived turbiditic currents coming from the
S- or SW, from the direction of Rm-109, representing the
edge of the carbonate platform (Figs. 4, 6). A small part
of the platform-derived material got through the horst,
potentially along stepovers of the horst-bounding normal
faults (Figs. 2, 6).

3.2.2 Kinematics of the late Tithonian basin

In the lack of direct or indirect structural data, the only
observation to determine the character of the original
basin would be the coarsening or fining upward trend of
the sedimentary record (Einsele, 1992). The upper part
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Fig. 6 3D model for the Middle Jurassic paleogeography of the Recsk area. Note that the gravity mass flow deposits occur on different surfaces
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of the Taro is truncated by the basal thrust of the DM.
The lower contact was penetrated in wells Rm-131 and
Rm-135; it is separated from the underlying pelagic lime-
stone succession by a thick brecciated and sheared zone
(Fig. 4). There is a considerable age gap at the bound-
ary (lower Toarcian vs. Tithonian and lower Bathonian
vs. upper Tithonian, respectively, Haas et al., 2024). The
upper Bathonian—Callovian shale succession, which is
the general stratigraphic cover of the pelagic limestone,
is missing. The presence of the brittle shear zones and the
age gap suggest a tectonic origin of the contact. Accord-
ingly, the Taro most probably forms a thin thrust-sheet
between the sub-ophiolitic DM and the lower passive
margin sequence. While the Taro is truncated at both the
upper and lower contact, the coarsening trend cannot be
observed.

4 Discussion
4.1 Connections towards the Biikk, the Slovenian Basin
and the Dinarides
4.1.1 Relationships of the Recsk succession
4.1.1.1 Mdnosbél succession (Biikk Mts.) Close relation-
ship between the Recsk succession (Rs) and the Moénos-
bél succession (Ms) of the neighbouring Biikkk Mts. was
pointed out on the basis of lithological and age similari-
ties (Haas et al., 2013, 2024). However, the Ms is truncated
from the bottom at the Bajocian stratigraphic level, thus
has no preserved Triassic part, and in contrast with the
Rs, the well defined separation of the limestone-rich and
shale + sandstone-rich part of the succession has not been
detected (Fig. 7); the two main lithologies alternate within
the whole Ms complex. The Ms olistostromes contain
more variable clast composition than in the Rs, e.g., Trias-
sic acidic to neutral igneous rocks (Csontos, 1988; Kovér
et al.,, 2018), and low-grade metamorphic clasts (Pelikdn
et al., 2005). Despite the lithological similarities, tempo-
rarily we keep these two successions separate; a potential
future unification is not excluded but needs further stud-
ies.

4.1.1.2 Bdnkiit succession  The Bankuat succession (Bs,
Biikk Mt.) is characterised by a long period of non-depo-
sition/submarine erosion from the uppermost Triassic till
the Bajocian (Haas et al.,, 2013) or the Callovian (Cson-

(See figure on next page.)
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tos et al., 1991, Dosztély, 1994) (Fig. 7). This very reduced
succession may refer to the elevated position (submarine
high/horst) of the whole Bs area (Fig. 7). Incomplete or
very condensed Jurassic successions are known in dif-
ferent Dinaric units with gaps of variable length. In east-
ern Slovenia, the so-called “transitional unit” between
the Inner and Outer Dinarides shows a complete gap
from the Upper Triassic to the Tithonian Biancone Fm.
(Placer, 2008; Scherman et al., 2023). Similarly to the
shallow-marine regions within the Bs, in the Julian Alps
carbonatic shallow marine condition was present in the
Rhaetian, which was prolonged in the Early Jurassic. Plat-
form drowning happened before the Toarcian, which led
to deposition of condensed pelagic Ammonitico Rosso
limestone sequences (Buser, 1986; Jurkovsek et al., 1990;
Smuc, 2005; Gori¢an et al, 2012) and Biancone-type
limestone in the late Tithonian and Berriasian. Despite
the similarities, there is a significant difference between
the Julian Platform and the Bs in the Middle—Late Juras-
sic evolution. While the condensed carbonate sedimen-
tation continued during the whole period in the Julian
Platform, several hundred metres of dark shale with silici-
clastic sandstone turbidites deposited in extensional half-
grabens in the Bs (Fig. 7; Balla et al., 1987, Csontos, 1999,
Pelikén et al., 2005).

4.1.1.3 Slovenian Basin The Upper Triassic to Middle
Jurassic Rs is dominated by grey cherty carbonate rocks
deposited in pelagic basins, although pelagic shale and
radiolarite beds also occur usually in the upper part of
the successions. Similar pelagic lithofacies characterise
the coeval sequences in the Slovenian Basin (Bled Basin,
Tolmin Basin). This basin existed from the Middle Trias-
sic between the Adriatic Carbonate Platform to the south
(also known as Dinaric or Adriatic—Dinaric Carbonate
Platform—see discussion in Vlahovi¢ et al., 2005 and ref-
erences therein) and the Julian Carbonate Platform to the
north (Buser, 1989; Rozic et al., 2009). In the western part
of this basin grey cherty limestone was deposited first
(Buser et al., 2008), which is overlain by a succession of
alternating fine siliciclastic and limestone beds containing
late Carnian to early Norian conodonts (Kolar-Jurkovsek,
1991; Ramovs, 1998). During the Norian to Rhaetian
deep-sea conditions became prevailing all over the basin

Fig. 7 Simplified lithostratigraphic columns of the Recsk succession (Rs), Ménosbél succession (Ms.), Bankut succession (Bs) and selected

areas of the Slovenian Basin from the uppermost Triassic to the upper Tithonian. While there is a remarkable thickness variation of the Middle
Jurassic formations within the Rs, Ms and Bs, the detected maximum thicknesses are drawn for these formations. Note the thickness differences

of the Middle Jurassic formations between the different areas. Data of the Ms is modified after Haas et al. (2024), those of Bs is after Balla et al. (1987),
Csontos (2000), those of the Slovenian Basin are after RoZi¢ and Popit (2006), Gori¢an et al. (2012), Rozi¢ et al. (2014, 2019, 2022), Scherman et al.

(2023). Radi. Radiolarite, Dol. Dolomite, Fm. Formation
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where cherty limestones were deposited (Ogorelec &
Dozet, 1997; Rozi¢ et al., 2009; Kolar-Jurkovsek, 2011),
which shows a great similarity to the Fels6tarkany Fm. of
the Bs and the coeval part of the Rs. The upper part of the
cherty limestone was usually subject to pervasive dolo-
mitization subsequently (Baca Dolomite). This dolomite
can be correlated with the cherty dolomite of well Rm-58
of the Rs (Fig. 4). In contrast, the northern part of the Slo-
venian Basin (SB) cherty limestone with redeposited cal-
carenite and limestone conglomerate interbeds is present
(Rozi¢ et al., 2009, 2014). In the whole Slovenian Basin,
the deposition of the pelagic to hemipelagic carbonates
continued during the Lower Jurassic (Krikov Fm.) with a
significant amount of Julian Platform-derived intercala-
tions in the northern basin parts (Fig. 7). The southern
areas of the Tolmin Basin, similarly to the Rs lacks these
shallow-marine-originated mass deposits. In contrast to
the Lower Jurassic, in the Middle Jurassic thick limestone
breccias (debris-flow deposits; Ponikve Breccia Member
of the Tolmin Formation) and graded oolite beds were
deposited in the southern areas during the early Bajocian
to early Bathonian (Rozi¢ & Popit, 2006; Rozic et al., 2019;
Scherman et al.,, 2023), which seems to be a wide-spread
event being present also in the Rs and Ms (Fig. 7). Exten-
sional down-faulting of the platform margin induced
the formation of gravity mass flow deposits in the form
of limestone breccias, and resulted in the exposure of all
platform units down to the Upper Triassic (Rozi¢ et al,,
2019, 2022). Thus differential subsidence and normal fault
activity were present in the southern areas of the SB dur-
ing the early Middle Jurassic, which may indicate a link
between the Middle Jurassic structural evolution of the Rs
and this area.

In the Slovenian Basin the upper Bathonian to lower
Tithonian comprises shale with intercalation of cherty
limestone and radiolarite layers (Tolmin Fm.; Ogorelec &
Dozet, 1997). Despite the similarities between the Mid-
dle Jurassic part of the Rs, Ms and southern SB, there are
two major differences. The first is the thickness of the
formations: while the maximal thickness of the whole
Middle Jurassic to lower Tithonian sequence is around
100-120 m in the SB, only the Bajocian to Callovian suc-
cession can reach more than 1000 m in the Rs and 500 m
in the Ms. This striking difference is may be caused by
faster subsidence and more pronounced normal fault
activity in the Rs and Ms. The other important difference
is the upper Bathonian—Callovian deposits. It is con-
densed and very-fine grained in the SB (radiolarite, chert,
shale, pelagic limestone beds) showing limited clastic
input or a more distal sediment source or, alternatively,
an elevated block position. In contrast, the Rs containing
talus breccias and siliciclastic sandstone intercalations
refer to half-graben position (Figs. 3, 4, 7). This is this
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clastic lithology where both the Rs and Ms are truncated
so further comparision is hampered. In the SB this radio-
larite and shale-dominated lithology is overlain by cherty
calpionella limestone (biancone facies) of upper Titho-
nian to Berriasian age (Haas et al., 2011; Scherman et al.,
2023; Rozi¢ & Rehdkovd, 2024).

The Aalenian(?)—Bajocian shallow marine carbonate
succession found in core Rm-109 may have formed in the
marginal belt of the Adriatic Carbonate Platform which
faced the deep-water SB (Fig. 8). The same extensional
faulting that created the mid-Jurassic breccias in the SB,
Bs, Ms, Rs, could cause the drowning and the related
abrupt significant facies change in the late Bathonian.

4.1.1.4 Mt. Ivanscica Existing correlations and palin-
spastic reconstructions along the Mid-Hungarian Fault
Zone suggest that the closest relatives to the Recsk-
Darné6-Biikk area may be found in the Medvednica and
Ivans$cica Mts. (Haas & Kovécs, 2001; Csontos & Voros,
2004, Ustaszewski et al., 2008, Tomljenovi¢ et al., 2008).
Both areas are built up by Greater Adriatic margin suc-
cessions, which are juxtaposed by the sub-ophiolitic
mélange nappe. However, only the successions of Mt.
Ivanscica contains Jurassic strata below this contact zone.
Here, the subsidence of the Upper Triassic platform hap-
pened either at the Triassic/Jurassic boundary or in the
Pliensbachian marked by the deposition of Lower Juras-
sic pelagic limestones, shales and marls or by formation
of neptunian dykes (Vukovski et al.,, 2023). Radiolarian
cherts and shales are the most characteristic deposits for
the late Middle to Late Jurassic time (late Bathonian to
early Tithonian). The detected successions are thin, finer-
grained and condensed compared to the Rs.

4.1.2 Darnéhegy Mélange

This mélange shows great similarities towards the sub-
ophiolitic mélange nappes of the Dinarides both in
clast composition (predominantly basalt, gabbro, radio-
larite, pelagic mudstone and grey siliceous shale) and
its Callovian—Oxfordian age. The connection towards
the ophiolites of the Dinarides and Hellenides was
suggested by several authors in the last decades (Balla
et al., 1980; Harangi et al., 1996; J6zsa, 1999; Csontos,
1999; Dimitrijevi¢ et al., 2003; Kiss et al., 2011, 2012),
but its sub-ophiolitic mélange nature was recognise
only by Kovacs et al., (2008, 2011a). However, the con-
cept and definition for mélange nappes and the overrid-
ing ophiolite nappe have had a long evolution both in
the Dinarides and in the Biikkk-Darné area (Dimitrijevi¢
et al., 2003, Karamata et al., 2005, Gawlick et al., 2009,
2017, 2018; Gawlick & Missoni, 2019; Schmid et al.,
2008, 2020; Djeri¢ et al., 2024). In the following, in
line with the concept of Schmid et al. (2008, 2020), we
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use the name Western Vardar Ophiolite nappe to all  include the similar clast composition deriving from both
the ophiolite thrust sheets obducted onto the Greater the upper and lower plate, their similar matrix/young-
Adriatic continental margin in the Late Jurassic. We est clasts ages (Callovian—Oxfordian), and their tectonic
classify those block-in-matrix style complexes as real  position over continental margin units
sub-ophiolitic mélange, which contain blocks/tectonic
slices both from the lower plate (Middle to Upper Tri-
assic basalts and their cover, slices of the distal pas-
sive margin) and from the upper plate ophiolite nappe = mélange, the youngest sedimentary age within the under-
(Middle to Upper Jurassic gabbro, basalt, and its sedi- thrust continental margin successions show a clear trend
mentary cover) and is mostly of Callovian—Oxford-  within the different thrust sheets of the Dinarides. In
ian age (except for the younger Fruska Gora Mélange, those thrust sheets, which derives from the more distal
Stojadinovi¢ et al., 2022). parts of the Greater Adriatic margin [Jadar—Kopaonik
In our view, the following complexes shows great simi- (JK) and Drina—Ivanjica Thrust Sheets (DI)] (Fig. 8),
larities in age, block composition and tectonic position to  continental margin sedimentation terminated within
the Darndhegy Mélange: sub-ophiolitic mélanges of the the Middle Jurassic, usually in the Callovian (Vishnevs-
Western Vardar Ophiolite nappe (Diabase-Radiolarite kaya et al., 2009; Gawlick et al., 2017, Gawlick & Missoni,
Formation of former Yugoslavia), including the Repno  2019). However, in the more proximal East-Bosnian-Dur-
Complex of the Medvednica Mt. (Halami¢ et al., 1998, mitor Thrust sheet Tithonian or even Berriasian—Val-
1999; Babi¢ et al., 2002; Slovenec & Pamic¢, 2002), in the  anginian continental margin deposits are present (Djeri¢
Ivanscica Mt. (Babic et al., 2002) and Kalnik Mt. (Halami¢ & Vishnevskaya, 2006; Gawlick et al., 2017, 2018, 2020;
& Goric¢an, 1995; Pami¢, 1997) and the Fruska Gora  Stojadinovic¢ et al., 2022; Djeri¢ et al., 2012, 2024). These
Mélange (Stojadinovi¢ et al., 2022). (see Fig. 1 for the pre-  Tithonian ages for the youngest sedimentary rocks under
sent geographic locations of the units). The similarities the sub-ophiolitc mélange show a possible connection

4.1.3 Analogy for the Tarna olistostrome

In contrast with the uniform age of the sub-ophiolitic
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towards the described Tarna olistostrome. The best stud-
ied locality among these Late Jurassic continental margin
successions is the Kr§ Gradac locality and its neighbour-
hood (East-Bosnian—Durmitor Thrust Sheet). Here,
directly underlying the sub-ophiolitic mélange and the
Western Vardar Ophiolite nappes the uppermost part
of the continental margin succession contains Batho-
nian to Tithonian radiolarite-rich formation (Gonje Fm.)
which contains mass transport deposits and turbidites
in the upper part (Gawlick et al., 2017, 2020, Djeri¢ &
Vuleti¢, 2023). In the upper(?) Kimmeridgian—upper(?)
Tithonian part polymict carbonate breccias/olistos-
tromes are present with Upper Jurassic shallow-water
carbonates, Upper Triassic pelagic limestones, Norian
reef limestones and radiolarite clasts derived partly from
the platform, partly from slices detached from the top of
the continental margin units and/or the mélange nappe
(Gawlick et al., 2020). Highest part of the section lacks
any limestone clasts and contains more and more fine-
grained sandstone layers, which consist of quartz grains,
heavy minerals and ophiolitic detritus. The Cr-spinells in
the heavy mineral assemblage are derived clearly from
the approaching ophiolite nappe. The whole Jurassic is
condensed, only ~30 m thick, and can be interpreted as a
part of a foreland basin on top of the passive margin suc-
cession. However, the small clast-size of the redeposited
beds along with the condensed nature of the succession
indicate that the obducted ophiolite nappe was still far
away.

Despite the similarities in the age and style of sedi-
mentation with the Tarna olistostrome, the two succes-
sions show differences. Regarding the distance from the
advancing upper plate during the Late Jurassic, the Taro
could have been in a similar paleogeographical position
as the easternmost part of the East-Bosnian—Durmitor
Thrust sheet (Fig. 8). However, the whole succession has
significantly greater thickness (few tens of metres vs. sev-
eral hundred metres) and coarser-grained components
(Fig. 4; Haas et al., 2024), indicating closer position to the
source.

However, the source area and the kinematics of
the basins are still debated. Clast composition would
rather refer to lower plate source, thus exhumation of
the deeper part of the crust within the lower plate is
needed. A basin system with a bit older formation age,
but equally debated formation mechanism is present in
the Outer Dinarides: the Leme$ and the Gorski Kotar
Basins (Vitzhum et al., 2022). The specialities of these
late Oxfordian to Kimmeridgian basins are their forma-
tion within the AdCP, the lack of coarse-grain gravitation
mass flow deposits and the relationship of their fauna
towards the Alpine—Atlantic Ocean.
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4.2 Tectonic implication of Middle Jurassic extension
4.2.1 Orientation of the Bajocian—-early Callovian normal
faults
The supposed WSW-ENE orientation is in good agree-
ment with the measured syn-sedimentary faults, silica
dykes and slump folds in the Middle Jurassic carbonate
turbidite beds of the Ms in the south-western Biikk Mts.
(Oravecz et al., 2020). The original strike of the Middle
Jurassic normal faults is difficult to decipher. Oravecz
et al. (2020) used 80° clockwise (CW) back-rotation,
compensating the well documented Miocene counter-
clockwise (CCW) rotation of the entire Bitkk—Recsk—
Darné area (Mérton & Marton, 1996; Madrton et al.,
2007). However, only a few Cretaceous(?) paleomagnetic
directions are known from remagnetised samples (Mér-
ton, 2004, and unpublished data), and no original Jurassic
or Triassic magnetisation has been documented, so far.
The closest well-characterised units, the Transdanubian
Range and Rudabdnya Hills all show net post-Triassic
and/or post-Jurassic rotation of 45-80°CCW (Mairton
et al,, 2025 and references therein). The other unit which
can be related to the Biikk—Recsk nappe piles (Schmid
et al.,, 2008), the Medvednica Mt. in Croatia behaved dif-
ferently, and is marked by net CW rotation (Tomljenovi¢
et al., 2008). On the other hand, van Hinsbergen et al.
(2020) used CW rotations to restore the position of the
Biikk Mts.

All these data are not sufficient to draw a firm conclu-
sion of the original orientation of Jurassic grabens and
bounding normal faults. We used the most generally
accepted Miocene 80° CW back-rotation, and postulate
NW-SE orientations (Fig. 8), which would correspond to
the paleogeography of the Greater Adriatic margin of the
Neotethys Ocean and that of the Slovenian Basin, having
been oriented ~N-S and ~E-W, respectively (Maffione
et al., 2015; Gorican et al., 2018).

4.2.2 Bajocian-early Callovian extension in other
Neotethyan marginal units of Greater Adria
The small-scale extensional features in the Ms, the recon-
structed depositional environment, the cross sections
and the stratigraphic and tectonic similarities to the SB
suggest that the Middle Jurassic Rs and the Ms were
formed in an extensional basin. This interpretation would
modify earlier assumptions, which considered the Ms
as part of the accretionary units. The geodynamic back-
ground for this extension can be the result of two rein-
forcing effects: (1) changing from rifting to spreading in
the Alpine Atlantic Ocean (Handy et al., 2010, Le Breton
et al.,, 2021), and the transfer of this deformation to the
Neotethyan margin (Frasca et al., 2024), (2) downbend-
ing-related extension of the upper crustal region in the
lower plate (Bradley & Kidd, 1991). In the first case, three
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times speed-up of the rifting-spreading velocities in the
Alpine Atlantic region is estimated at 165 Ma (Le Breton
et al.,, 2021). This accelerated extension could be trans-
ferred to the Neotethyan domain via transfer faults sug-
gested by a number of maps (Schmid et al., 2008; Handy
et al., 2010; van Hinsbergen et al., 2020; Le Breton et al.,
2021; Frasca et al., 2024). In such a scenario the SB would
have separated two platforms (Adriatic and Julian) and
opened along a transform fault, while the Rs and the Ms
were located at its transition to the Neotethys (Fig. 8). In
the second scenario, an extension on the down-bending
plate was described from the Transdanubian Range,
which was situated on the more proximal part of the
Greater Adriatic margin (Fig. 1b). This deformation is a
bit younger, late Oxfordian—-Kimmeridgian there (Fodor
& Foézy, 2013). Late Jurassic normal faulting appeared in
the Adriatic Carbonate platform (Buckovi¢ et al., 2004,
Vitzhum et al, 2022) may have a similar explanation.
These latter two cases may indicate the propagation of
extensional deformation into the more proximal shelf
area within the down-bending lower plate due to the
forelandward movement of the ophiolite nappe.

4.2.3 Changing from extension to shortening

The change from extensional to contractional plate tec-
tonic setting is a key question in the Neotethyan geody-
namics. Several lines of arguments can be raised for the
onset of contraction from theoretical plate tectonic infer-
ences to the age of the metamorphic sole, which is related
to intra-oceanic subduction, the age of mélange forma-
tion, obduction and continental margin imbrication, or
the age of the overstep sequences. There are two main
competing models concerning the way of obduction and
lower plate imbrication. The first one suggests, that the
Western Vardar Ophiolite nappe juxtaposed the Greater
Adriatic margin during the Late Jurassic to earliest Creta-
ceous (Berriasian) with WNW- to NW-vergency, which
predates the SW-ward nappe-stacking of the Greater
Adriatic crust (Schmid et al., 2008, 2020; Djeri¢ et al,,
2012; Schefer et al., 2010; Porkolab et al., 2019).

The second model suggests synchronous ophiolite
obduction and continental margin imbrication in the
Bajocian—Bathonian interval, then propagation of the
deformation both in the upper plate (internal thrusting
within the ophiolite nappe), and in the lower plate dur-
ing the late Bathonian—Oxfordian (Gawlick & Missoni,
2019 and references therein). During the first step the
nappe-stacking deformation penetrates the continental
margin till the edge of the Upper Triassic platform areas
(Drina-Ivanica unit), then propagates further towards
the western foreland (East-Bosnian—Durmitor unit). The
obduction of the ophiolite nappe is out-of-sequence,
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post-dating the imbrication of the continental margin.
The very early imbrication of the continental margin
comes from the age data of the basins with redeposited
clasts, which are thought to be foreland basins, although
no direct structural proof on their contractional origin is
provided (Gawlick et al., 2017, 2018, 2020).

Our observations and age data from the Rs, the Taro
and the Darnéhegy Mélange provide additional infor-
mation in this question. The Middle Jurassic deposition
occurred in extensional settings from the Bajocian to
early Callovian. This model can be extended to the Bs and
Ms in the Biikkk Mts. on the basis of small-scale struc-
tures (Oravecz et al., 2020) and detailed cross-sections
(Balla et al., 1987). The lack of contractional structures
or ophiolite-derived material in the gravity mass flow
deposits of the Ms and Rs exclude their attribution to
any mélange units related directly or indirectly to the
Neotethyan subduction front. It cannot be excluded that
the upper Tithonian Taro (Haas et al., 2024) already indi-
cates a compressional setting. The obtained stratigraphic
age gives constraints on the earliest possible time for
the overthrusting of the ophiolite nappe, which is late
Tithonian in this sector of the continental margin. This
suggests that the change from extension to shortening
occurred between Callovian and Tithonian in the Taro,
Ms and probably in the Rs, too.

On the other hand, the Callovian—Oxfordian DM (Haas
et al.,, 2024), as a true sub-ophiolitic mélange could have
formed in the front of the advancing ophiolite nappe in
the early stage of subduction, incorporating material only
from the upper plate and very distal lower plate. This
means that the transition from extension to compression
was gradual across the Neotethyan margin, as expressed
by the model of Djeri¢ et al. (2024).

4.2.4 Proposed paleogeographic position of the investigated
units

The following paleogeographic position can be suggested

for the described units during the Middle—Late Jurassic

(Fig. 8).

The deposition areas of the Bankat succession and the
Moénosbél succession (Ms) of the Bitkk Mts, the Recsk
succession (Rs) and the Tarna olistostrome (Taro) were
most probably located at the north-western termination
of the Neotethys Ocean. The Rs and the Ms most proba-
bly deposited in a separate sub-basin close to the eastern
continuation of the Slovenian Basin. The Bankut succes-
sion (Bs) may have formed the eastern continuation of
the elevated Julian High.

The DM formed during the earlier phase of the ophi-
olite obduction, during the Callovian—Oxfordian far
to the SE from the SB and its surroundings, but in the
vicinity of the advancing and overriding Western Vardar
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ophiolitic nappe (Fig. 8). Later, this unit approached the
continental margin successions, namely the Taro, Ms,
Rs then Bs. However, the lack of ophiolite-derived clasts
in the Taro (Haas et al., 2024) indicate a certain distance
from the overriding ophiolite nappe. The Taro reflects
a sort of foreland basin, which could have an imbricate
stack on its oceanward side. The Taro (already carrying
the DM and the WV ophiolite nappe) thrust upon the Rs
and Ms during the latest Tithonian—earliest Berriasian.
This could be the timing when the Ms was sheared off its
pre-Bajocian formations and thrust onto the Bs. Because
the Rs still has its Triassic part, this unit could avoid
such displacement or the basal detachment is deeper.
The SB, located farther to the west of the nappe stack
avoided contractional deformation during the Mesozoic,
and is characterised by a continuous succession until
the Maastrichtian. In such very proximal margin parts,
the Neotethyan nappe stacking is indirectly reflected by
ophiolite-derived detritus, deposited in foreland basin
successions (Gorican et al., 2018).

The nappe packages suffered anchizonal metamor-
phism and folding during the Early Cretaceous, most
probably due to the overburden of the ophiolite nappe
(Arkai, 1983; Arkai et al., 1995; Csontos, 1988, 1999).
After the nappe emplacement the units underwent fur-
ther reorganisations, partly along the paleo-Darné fault.
The present-day configuration was achieved by the lat-
est Cretaceous and Cenozoic thrusting and strike-slip
faulting (Csontos, 1988, Csontos and Nagymarosy,
1998, Oravecz et al., 2024).

5 Conclusion

The examined core material from a displaced segment
of the Greater Adriatic margin resulted in the following
conclusions. The pre-Cenozoic basement of the area is
characterised by three juxtaposed units: the lowermost
Recsk succession (Rs), the Tarna olistostrome (Taro)
and the topmost Darnéhegy Mélange nappe (DM). The
Bajocian—early Callovian part of the Rs was deposited
in an extensional graben-half-graben system. The sub-
basins were bounded by WNW-ESE oriented horsts,
and they get coarser-grained sedimentary supply from
two sources: from the footwall of the normal faults and
from a coeval carbonate platform, which was located
towards the SSW. The platform was active until the late
Bathonian, when it drowned and a pelagic dark shale
covered it. This drowning was most probably connected
to the propagation of the normal fault activity towards
the platform area. Among the coeval successions of the
Dinarides, the Rs shows some similarities with the Upper
Triassic to Middle Jurassic sedimentary succession of the
southern areas of the Slovenian Basin (SB). The major
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differences are the thickness of the Middle Jurassic for-
mations (Rs can be even ten times thicker) and the pres-
ence of sandstone turbidites, which are characteristic for
the upper Bathonian—Callovian part of the Rs, but com-
pletely missing from the SB.

The Rs is juxtaposed by the upper Tithonian Taro,
with clasts derived from the Upper Permian-Lower
Jurassic succession of a distal Greater Adriatic margin.
It shows some similarities with coeval pelagic succes-
sions from the East-Bosnian—Durmitor Thrust sheet,
once being also part of the Greater Adriatic margin.
The main differences are the thickness of the succes-
sion (the Taro is even ten times thicker) and the size of
the clasts within the gravitation mass flows (mm to cm
vs. blocks up to 100 m in Taro).

The uppermost unit, the DM is a typical sub-ophi-
olitic mélange nappe which can be correlated with the
sub-ophiolite nappes under the Western Vardar Ophi-
olite in the Internal Dinarides.

The following tectonic contributions can be drawn up
regarding the Middle to Late Jurassic evolution of the
northern part of the Greater Adriatic margin:

1. During the Bajocian—early Callovian the investigated
Greater Adriatic margin segment was the subject of
extensional basin formation and pelagic sedimenta-
tion with mass-flow deposits deriving from the coe-
val platform and from the older passive margin for-
mations, exposed in the footwall of basin-bounding
normal faults. The extension may have been triggered
by the opening in the Alpine-Atlantic realm and the
down-bending of the Greater Adriatic plate due to
the initial stage of the intra-oceanic subduction fur-
ther in the east, near the axial part of the Neotethys
Ocean.

2. As the obduction started and the Western Vardar
Ophiolite nappe reached the attenuated distal con-
tinental margin of Greater Adria during the Callo-
vian—Oxfordian, the sub-ophiolitic mélange (DM)
was formed in its basal thrust zone far to the SE of
the studied area. The obduction reached the area of
the later Jadar—Kopaonik and Drina—Ivanjica thrust
sheets in the Oxfordian, while continental margin
sedimentation continued on the more proximal parts
of the margin, like in the later East-Bosnian—Durmi-
tor Thrust Sheet, in the Fruska Gora, in the Slovenian
Basin and the depositional area of the Taro. These
areas received fine- to coarse-grained material from
the approaching ophiolite nappe and its underlying
sub-ophiolitic mélange.

3. The eastern part of the East-Bosnian—Durmi-
tor Thrust Sheet, the Fruska Gora and the Taro is
reached by the obducting ophiolite nappe and its
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underlying sub-ophiolitic mélange nappe not earlier
than the latest Tithonian. Foreland basin type sedi-
mentation continued until the Valanginian on the
more proximal parts of the Greater Adriatic margin,
like in the western part of later EBD. In the Valangin-
ian, the overthrusting ophiolite juxtaposed this area,
too. The emplacement of the Taro over the Recsk
succession could happen in the earliest Cretaceous.
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