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Flexural basin reworked by salt-related pull-apart
structures: the Adony Basin
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Several main tectonic lineaments originating in the Alps and Dinarides merge in Central Hungary
to form the Mid-Hungarian Shear Zone. As these structures are hidden beneath sub-basins of the
Neogene Pannonian Basin, it has long been debated whether the tectonic style of the shear zone is
mainly contractional or strike-slip. New 3D seismic data allowed a detailed analysis of one of these
sub-basins, the Adony Basin, located south of Budapest. Its evolution is linked to the tectonics between
the southern Tisza unit of European passive margin affinity, the northern ALCAPA block with Alpine
affinity, and sheared remnants of Dinaric units in between. During the Oligocene and Early to Middle
Miocene, a flexural basin related to the convergent thrusting of Dinaric- and ALCAPA-derived units
was developed. On the southern side, N-NW verging thrust sheets were observed. On the opposite
front, Triassic carbonates of ALCAPA were thrust several kilometres above Palaeogene formations to
the SW. Dextral transpression is assumed for the Middle Miocene. Local deposition of Middle Miocene
salt in the basin formed a detachment surface. Late Miocene sinistral strike-slip faulting resulted in a
pull-apart basin above that part of the earlier flexural basin that has not been overthrust. The margins
of the basin coincided with the fronts of earlier thrusts. Faults on the basin margins partly detached
on the salt, decoupling the supra-salt basin fill from the underlying formations. Within the pull-apart
basin, gravity sliding on the steep margins resulted in salt welds, detachment and roll-over folds.
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Introduction

The continuation of the major Alpine tectonic lineaments towards and beneath
the Pannonian basin, Hungary (Fig. 1), has been in the focus of interest since
modern subsurface data became available (Wein 1969, 1978; Kérossy 1981; Fulop
and Dank 1987; Schmid et al. 2008; Haas et al. 2010). The question is important
indeed, since there is only quite limited direct information from the basement of
the Neogene Pannonian basin in the form of isolated inselbergs (Fig. 2A). Based
on lithostratigraphic correlation of these inselbergs as well as borehole material,
many authors have delineated the possible tracks of these important tectonic
lineaments. However, one of the most important features, the Mid-Hungarian
Line, has still many uncertainties.

Both the Periadriatic Line (or its proposed continuation, the Balaton Line) and
the Mid-Hungarian Line are key elements in the tectonics of the Intra-Carpathian
area. As defined by Wein (1969), Balla and Dudko (1989) and Fodor et al. (1999),
the Balaton Line separates the Transdanubian Range of South Alpine origin in the
northwest from the Mid-Hungarian Unit in the southeast (Fig. 2C). Entering the
Pannonian Basin from the west, the Balaton Line (Fig. 2C) disappears somewhere
west of Adony Basin, only to apparently continue in the eastern Téalmés Line
(Tari et al. 1992; Csontos and Nagymarosy 1998; Fodor et al. 2005; Palotai and
Csontos 2010, Fig. 2C). This continuation and the link, or eventual relay of these
lineaments remains uncertain because of limited information in intermittent
zones and/or thick volcanic cover.

All these structures have a linear aspect on the subsurface maps of the
Pannonian basin (Fiillop and Dank 1987, Haas et al. 2010; Fig. 2) and they
subdivide the basement of the Pannonian basin into three parts along a WSW-
ENE direction. Their intermittent zone is characterised by a series of deep
rhomboidal sub-basins (Fig. 2B, C), which hint to their strike-slip origin (Royden
et al. 1983; Kazmér and Kovacs 1985; Fodor et al. 1999). However, based on other
data, some authors proposed a compressional origin for these basins (Balla 1987;
Csontos and Nagymarosy 1998; Csontos et al. 2005). The aim of this paper is to
contribute to this debate by showing the complex origin of the Adony Basin,
which serves as a case study in this important tectonic zone.

We demonstrate that a peculiar salt horizon also takes part of the structural
development. Salt tectonics in extensional and contractional settings has been
extensively studied, but relatively few studies (e.g. Smit et al. 2008) have dealt
with salt-related features in strike-slip regimes. Acting as a décollement layer,
evaporites decouple the supra-salt basin infill from basement structures. The
focus of our study is a unique salt-related pull-apart basin, and we argue that the
strike-slip basin is partly detached from the sub-salt layers.

Fig. 1 —

A) Major terranes of the Alpine and Carpathian region (after Csontos and Voros 2004). B-E,
Palaeogeographic and tectonic reconstructions for the Eocene (B), Late Oligocene (C), Middle Miocene
(D) and Late Miocene-Pliocene (E) (after Csontos and Vords 2004). See explanation in the text
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Fig. 2

Location and geological setting of the study area. A, Simplified geological map of the Pannonian
region. Red polygon shows the location of map B. MHSZ: Mid-Hungarian Shear Zone. B, Bouguer
gravity anomaly map of central Hungary (Gulyas 2005). C, Tectonic interpretation of central Hungary.
Fault lines modified from Haas et al. (2010), kinematics taken from Csontos et al. (2005), Palotai and
Csontos (2010), Fodor (2010) and own unpublished data. D, Location map of the study area with wells
(orange dots), 2D seismic lines (black lines) and the 3D cube. Blue lines indicate sections shown in this
study

Tectonic setting

To characterise the geology of Hungary, three different terranes, the ALCAPA
(Alpine—West Carpathian-Pannonian; Faupl et al. 1997) the Tisza-Dacia and the
Mid-Hungarian Units were defined mainly on lithostratigraphic grounds and
regional correlation with the surrounding mountain belts (Fig. 1A; Wein 1969,
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1978; Géczy 1973; Balla 1984, 1999; Kazmér and Kovécs 1985; Csontos et al. 1992;
Channel and Horvath 1976; Kazmér and Kovacs 1985; Haas et al. 1995; Csontos
and Voros 2004; Kovacs L. et al. 2007; Kovacs S. et al. 2010). The Mid-Hungarian
Unit has been considered as part of ALCAPA by several authors (e.g. Balla 1984;
Csontos and Voros 2004). However, we suggest to retain a tripartite subdivision,
because of the markedly different deformation history of the three units.
Synchronous with lithostratigraphic work, important paleomagnetic (Marton
1985; Marton and Marton 1989) and palaeontologic (e.g. Géczy 1973, 1984; Voros
1993) studies were published. These suggested (1) major, opposite rotation of the
Intra-Carpathian terranes (Fig. 1B-E), and (2) a tectonic change-over of Mesozoic
faunas of southern, Apulian affinity now found in the north, with northern,
European affinity faunas now in the south (for a summary see Csontos and V6ros
2004).

The contact zone of the northern and southern terranes (i.e. the Mid-
Hungarian Shear Zone, or more precisely, the Mid-Hungarian Line) was
suggested to be a major strike-slip fault, along which ALCAPA and Tisza-Dacia
were juxtaposed (e.g. Géczy 1973, 1984; Fliigel 1975; Kovacs S. 1982; Csontos et al.
1992). The time of activity of this supposed strike-slip fault was proposed as Late
Eocene (Kazmér and Kovécs 1985; Fodor et al. 1992) or Late Oligocene-Early
Miocene (Csontos et al. 1992) or even Middle to Late Miocene (Balla 1984; Balla et
al. 1987).

Based on the Marton couple’s palaeomagnetic work, Mészaros (1984), Balla
(1984) and Csontos (1995) proposed that the major units underwent large en bloc
rotation (Fig. 1B-E), which led to their final juxtaposition. In that model, the Mid-
Hungarian Shear Zone functioned as a subduction scar or a major compressional
belt during the Early to Middle Miocene (see also Balla et al. 1987). Since no major
mountain belt, but a set of deep basins is located along this zone, Csontos and
Nagymarosy (1998) and Csontos et al. (2005) suggested that significant along-
strike extension took place simultaneously to along-dip shortening (see also
Tomljenovi¢ and Csontos 2001).

Stratigraphy of the broader study area

The stratigraphy of the immediate surroundings of the Mid-Hungarian Shear
Zone is summarized as follows (Fig. 3). The northern unit, ALCAPA, comprises
Palaeozoic to Mesozoic sequences. Their best exposures are in the Transdanubian
Range, north of Lake Balaton (Fig. 2B). The succession has high similarity to that
of the Southern Alps, and hence to the Apulian indenter. Mesozoic rocks are non-
metamorphosed and are gently deformed by mid-Late Cretaceous deformation
events. Crystalline basement rocks are rare; some Late Variscan granites and
Palaeogene tonalites are found along the Balaton Line, the supposed continuation
of the Periadriatic Line (Fiilop and Dank 1987).
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Fig. 3

A, Simplified diagram of the main nappe units and structural phases of the internal parts of the
Carpathian Basin (after Csontos and Voros 2004). Dotted rectangle shows the location of B. B,
Simplified lithostratigrahic column of the North Hungarian Palaeogene and Neogene basins (modified
after Csontos and Nagymarosy 1998)

In the Mid-Hungarian Unit, boreholes penetrated a basement very similar to
the NE Hungarian inselbergs (Biikk, Szendr6-Uppony) (Juhdsz 1964; Bérczi-Makk
1978; Balla et al. 1987; Haas et al. 2010; Kovacs and Haas 2010). This unit consists
of gently metamorphosed (anchi-zone) Palaeozoic-Mesozoic rocks (Arkai et al.
1995), highly deformed into several nappes, and includes ophiolite remains.
Strong similarities to Internal Dinaric units have been noted (Wein 1978; Kovacs 1.
et al. 2007; Kovécs S. et al. 2010). However, the distinction from the formations in
the Transdanubian Range is doubtful in a number of boreholes (Kovacs and Haas
2010).

On the southern side of the Mid-Hungarian Line, in the Tisza terrane, at least
five major Cretaceous nappe complexes have been defined. High-grade
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crystalline basement rocks are abundant (Cserepes-Meszéna 1986) in the
northern nappe units (Mecsek, Villiny-Bihor). Coupled with Upper Variscan
granites (Buda 1992) they form the substratum of a non-metamorphosed
Mesozoic sequence. This has clear European, Germanic affinities, at least in the
Permian-Early Jurassic period (Géczy 1973, 1984; Kovacs S. 1982; Voros 1993).

Upper Cretaceous strata are exposed in the Transdanubian Range (Haas 1999),
where they form a post-orogenic molasse sequence. This local basin is quite
similar in stratigraphy and type to the Austrian Kainach basin (Neubauer et al.
1995). Upper Cretaceous rocks are practically absent from the Mid-Hungarian
Shear Zone. To the south of the Mid-Hungarian Line, Upper Cretaceous deep
marine red marl occurs, laterally grading into conglomerates and deep marine
clastics (Szentgyorgyi 1989). All these formations cover the nappes of the Tisza-
Dacia terrane in several roughly E-W oriented troughs, the northernmost of
which is called Szolnok trough (Szepeshazy 1973; Szentgyorgyi 1989).

Palaeogene to Early Miocene sequences strongly differ on the two sides of the
Mid-Hungarian Line. To the north a uniform, but locally variable, non-
metamorphic sequence is developed in both the ALCAPA and Mid-Hungarian
Units. Basal Upper Eocene clastic units are overlain by limestones, followed by
deep marine marls. In the Oligocene, after a widespread anoxic event, deep
marine clays were deposited. Lower Miocene sandstones, siltstones and shales
developed in shallower and deeper parts of the basin, respectively (Baldi and
Béldi-Beke 1985; Nagymarosy 1989; Tari et al. 1993). The local sequences are very
different, however: some parts have thin, coarse clastic deposits (on possible
ridges), whereas others have thick deep marine sediments (in possible local
depocentres; Lakatos et al. 1992). Lower Miocene shallow marine, upwards fining
sandstone or deeper marine silt covers the Oligocene (Sztané and Tari 1993). This
series is similar to equivalent beds in northern Croatia and NE Slovenia (Drobne
1977, Csontos and Nagymarosy 1998). It seems that the Periadriatic—Balaton
lineament cuts the original Palaeogene basin in half.

Ongoing volcanic activity is indicated by many tuff horizons in the Palaeogene
deposits of the Mid-Hungarian Unit. Strong local differences exist however: thick
tuffs and lava flows were observed in some boreholes, while in nearby boreholes
such tuffs are practically absent. This indicates that in addition to the original
topography, later tectonic events are at least partly responsible for the variability
of the stratigraphy.

On the southern side of the Mid-Hungarian Line, Palaeogene rocks are
restricted to the Szolnok trough. Here the Palaeogene deposits are mostly marine
clastics (some turbiditic sandy layers in the Eocene), while the Oligocene is
represented mainly by shales (Nagymarosy and Béldi-Beke 1993). The Lower
Miocene is missing,.

Middle and Upper Miocene deposits cannot be differentiated in the ALCAPA,
Mid-Hungarian and Tisza terranes. These rocks form the infill of the Pannonian
Basin, which rests unconformably on older formations (Fig. 3). The Middle
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Miocene package is considered the syn-rift (Royden et al. 1983; Horvath 2007) fill
of the basin, with local grabens and half-grabens. The deposits strongly differ
according to local facies and include shallow water limestones and deep marine
clays. Except for a single locality west of Budapest (Zsambék basin; Jambor 1969;
Fig. 2B), no salt deposits have been described from the Middle Miocene. This is
quite surprising as there are thick contemporaneous salt deposits in the
Carpathian foredeep and in the central Transylvanian Basin (Krézsek and
Filipescu 2005; Fig. 2A). In the Middle Miocene, the vicinity of the lineaments is
also marked by the abundance of thick calc-alkaline volcanic rocks (Balla 1984;
Balla et al. 1987; Tari 1994; Kovacs 1. et al. 2007). Upper Miocene deposits are
members of a prograding delta fill with pronounced thickness variations.
Generally, the Late Miocene (Pannonian stage in regional stratigraphic
terminology; Fig. 3) is considered to be a non-tectonic, post-rift sag phase (Royden
et al. 1983), but this is subject to debate (see later).

Local geologic setting

The Bouguer anomaly map of central Hungary (Gulyés 2005; Fig. 2B, C) shows
a significant depression in the study area (Adony Basin), which has been known
for a long time. However, no clear formation mechanism has been proposed so
far, despite the large number of regional studies that at least marginally overlap
with the current study area (Pogéacsas et al. 1989; Balla 1999; Csontos and
Nagymarosy 1998; Fodor et al. 1999; Csontos et al. 2005; Horvath 2007;
Ruszkiczay-Riidiger et al. 2007; Horvath and Dombradi 2010; Palotai and Csontos
2010; Pogéacsas et al. 2011). 2D seismic sections revealed the basic geometry of the
basin, but, quite surprisingly, no detailed interpretation has been published so far.
Based upon analogies with the area of Lake Velence (Fig. 2B), Dudko (2004)
suggested an Early Miocene age for the basin, but stated that ‘its formation
mechanism is unknown’. Mérton and Fodor (2003) suggested an early Late
Miocene (Pannonian) extensional origin. Fodor (2010) also argued for an
extensional origin of the basin, but the time interval was rather unconstrained,
ranging probably from the Ottnangian to late Pannonian (18-5 Ma). More
detailed studies in the area have been possible after the recent acquisition of 3D
seismic data by MOL.

Being part of the Central Paratethys, regional stages are used in the Oligocene
and Miocene (Béldi T. 1983; Piller et al. 2007; Fig. 3). Pannonian (Late Miocene)
ages are inferred from the regional study of Magyar (2009). In this sense (Figs 3
and 4), the interpreted horizon Pa3 is right between time horizons of 80 Ma and
86 Ma Pa2 is slightly younger than 1065 Ma, while Pal lies above the base of
Pannonian formations, i.e. between 11.6 Ma (Piller et al. 2007) and 10.65 Ma.

The most interesting peculiarity of the Adony Basin is the occurrence of salt
deposits. Located at the northwestern margin of the basin, well A (Figs 2D and 8)
drilled almost 200 metres of halite in the pre-Pannonian sequence (Fig. 3B).
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Although the drilling report of the parent company argues for its Badenian age,
the 32 m-thick marl/claystone sequence immediately below the base of Pannonian
might be Sarmatian, as a mixed flora of Sarmatian and Badenian taxa was
described from this section. Below this, 197 m of evaporites (mostly halite, with
some intercalated shale) were penetrated. The succession below the salt yielded
Lower Badenian sporomorphs. Apart from this well, no salt is known in any
borehole nearby.

siistral stnne-shp fauls

Fig, 4

Uninterpreted (A) and interpreted (B) seismic section across the basin. For location see Fig. 2D.
Oligocene and Lower/Middle Miocene formations are overthrust from both sides. Pannonian age
faults detach near BPLE the detachment being continued into the basin as a salt weld. The antiform
in the Oligocene is at least partly an artifact related to velocity pull-up
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Materials and methods

Our study is based upon the interpretation of a 3D seismic survey (190 km?)
and adjacent 2D lines, covering an area of 480 km? (Fig. 2D). The study area was
chosen to include the whole Adony Basin and its margins. Unfortunately, the 3D
cube does not extend over the whole basin, leaving its southern termination less
constrained than the northern parts. A 3D model of the area has been built to
improve visualization and reveal spatial relationships. In the study area only one
borehole reached the pre-Pannonian units, but a few wells further away could
also be used for correlation (Fig. 2D). Grids of horizons were created from 3D and
2D data together. In order to avoid losing details gained from 3D, grids were only
slightly smoothed, occasionally resulting in local errors in the 2D domain. No
depth conversion has been undertaken since this is still an ongoing project at the
parent company and reliable velocity data are not yet available. This means that
distortions from velocity effects are to be dealt with.

The formations were defined in the calibrating wells (Fig. 2D) and carried to the
3D volume. The seismic definition of some older horizons (especially the
Palaeogene ones) is less satisfactory, because of wedge-outs or fault offsets.
However, the characteristic Neogene stratigraphic formation tops could be
defined in the seismic (Fig. 4).

Structural restoration was attempted for a couple of sections. This work carries
some errors, because an important part of the motions took place possibly
parallel, rather than perpendicular to dip line orientations. However, the method
was used to get an idea about the amount of shortening and the successive paleo-
topographies.

The pull-apart basin of Pannonian age
The strike-slip fault zone

The well resolved Pannonian-age sinistral Téalmds Zone (Fodor et al. 2005;
Ruszkiczay-Riidiger et al. 2007; Palotai and Csontos 2010) can be traced from the
NE on 2D lines. When entering the 3D cube, a strong, nearly planar fault and
related seismic damage zone (lacopini and Butler 2011) with significant normal
offset is observed. It cuts through even uppermost Pannonian reflections,
although the majority of offset is in the Early Pannonian. It can be traced from the
NE in 3D for ca. 5 km, then the deep seated master fault disappears, and only
faults within the Pannonian sequence are observed. This coincides with the
northern margin of the basin.

En echelon faults along the northwestern basin margin are characteristic for the
Pannonian sequence. 3D mapping revealed their geometry (Fig. 5). Relay patterns
are clearly right-stepping, while in section view, faults generally have normal
offset. Fault geometries are best observed on the Pal surface TWT (two-way travel
time) depth map (Fig. 6C). All these faults detach at or around the base of
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Fig. 5

Oblique view of strike-slip faults on the northwestern basin margin coloured for TWT (two-way travel
time) depth, above the Pal surface. Note the sinistral character of the zone, with relay structures
between individual faults. Pal depth is shown in TWT (msec). Scale varies in this perspective

Pannonian lake formations (BPLF), generally at the very margin of the basin itself
(Fig. 4).

Young faulting on the other, southeastern side of the basin is much less
constrained as the basin margin is close to the 3D cube boundary. A number of
normal faults offsetting even the uppermost reflections seem to detach around
BPLF at the steep slope of the eastern high (Fig. 7). We assume that they were
formed at least partly by strike-slip movements.

Pannonian basin architecture

The Pannonian-age basin fits the lazy-S-shaped pull-apart basin category of
Mann et al. (1983) and Mann (2007), indicating an early intermediate stage of
basin evolution.

Thickness variations can be used as a simple tool for detecting synsedimentary
deformation. Although compaction might modify local thicknesses, the general
characteristics are thus revealed. Pannonian thickness maps (Fig. 6) show the
evolution of the pull-apart basin.
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The most intense subsidence took place in the earliest Pannonian (Fig. 6D and
H), approximately before the deposition of the Pal horizon (Figs 4, 7 8). The
deepest part of the basin is segmented by two synsedimentary anticlines, creating
three minor sub-basins. The NE-SW oriented northwestern margin is the most
pronounced one, hosting only thin Early Pannonian deposits and having a rift
shoulder aspect. This is due to the detaching faults that cut off the hanging wall.
At these times, this margin largely behaved as a strike-slip fault zone, with
probable normal components.

Being outside the 3D cube, the other margins of the basin are less clearly cut.
Although the NE-SW oriented SE margin was earlier defined by two large south-
dipping thrust sheets (see later), we infer left lateral offsets along this fault zone.

The eastern and western basin edges (Fig. 6) are also quite linear, though
appear somewhat more diffuse due to 2D seismic limitations. These sidewall
faults are mainly normal ones (Fig. 7) as expected in pull-apart settings. On the
eastern, NNE-SSW striking border, two main normal faults were mapped. At the
southwestern tip of the basin, passive listric normal faulting (Fig. 7) deepened the
basin. Both eastern and western margin normal faults detach on a strong reflector
package with disturbed upper and relatively flat lower horizons.

A similar scenario is seen between Pal and Pa2 ages as in the earliest Pannonian
(Fig. 6B, C, G), with some important differences. Detachment folding continued in
these times. The same applies to local (strike-slip related) thrusting on both the
southern margin of larger, and the northern one of smaller lateral extent. Strike-
slip faulting on the northwestern margin became dominant at these times. This is
reflected in the en echelon array of thinner and thicker zones on the thickness
map. The southwestern tip of the basin became sharper than before, most likely
because faults were more active here at this time interval.

Between Pa2 and Pa3 (Fig. 6A, B, F), i.e. in the later Pannonian, the general
subsidence of the basin continued in a much more gentle way. Instead of intense
faulting, a gentle syncline (possibly a sag) was formed above the earlier trough.
Fault segments propagating as high as Pa3 had only minimal dip-slip offset. We
assume the amount of strike-slip also decreased at these times, although we lack
direct evidence for this. The previously elongated southern tip of the basin ceased
to take part in intensive subsidence, resulting in a more rounded basin shape.
Although two sub-basins within the strike-slip basin can still be observed on the
thickness map, the relative importance of detachment folding decreased.

« Fig. 6

Top view of Pannonian TWT (two-way travel time) depth surfaces (A-D), TWT thickness maps with
structural interpretation (F-H) and the present day topography (E). Yellow rectangles indicate the 3D
seismic volume. More details in the text

Central European Geology 55, 2012



160 M. Palotai, L. Csontos

. e

r’r._-n —; . =
= i. = 5
e s

w3 o7

Fig. 7

Uninterpreted (A) and interpreted (B) seismic section along the basin. For location see Fig. 2D.
Pannonian faults on both basin margins detach at the horizon also forming the detachment folds in
the basin. Note the deep-seated normal fault in the NE

Salt tectonics

The central part of the basin infill forms a detachment fold train. The main
detachment horizon is quite well constrained in the area of 3D seismic, but can
also be followed on 2D lines in the axis of the basin (Fig. 7). Two detached
anticlines were mapped. Both are four-way closed domes, although the southern
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one is less well constrained due to 2D seismic data limitations. The arrangement
of folds does not show an en echelon manner.

The southwestern tip of the basin is a set of listric normal faults detaching at a
specific level that can be followed below the detachment fold (Fig. 7). This level
can also be regarded as a multiply listric fault surface, as the southwestern roll-
over anticline in the basin lies over a deeper ramp. No ramp is found below the
other anticline, but small scale thrust ramps detaching mainly at the same level
were mapped (Fig. 7), coring the anticline. Reflections below the detachment are
continuous in the basin area on 3D seismic, and are bent into a gentle syncline
(Figs 4, 7). The detachment horizon ends at the eastern margin of the basin,
indicating that sub-salt strata were involved in faulting here. At the northwestern
basin margin, however, the detachment horizon seems to continue below the
Triassic (Figs 4, 11). At the current resolution, no clear seismic basement can be
detected.

Salt is offset to be found at much shallower depth in well A (Fig. 2D). The salt
drilled here (Fig. 8) is not well imaged on seismic data, and cannot be traced as a
continuous zone farther away. Being in the heavily fractured marginal fault zone,
repetitions of salt and/or halokinetic movements are likely.

With salt drilled at the northwestern margin, and a detachment horizon in the
basin, we assume an originally continuous salt layer in the basin and at its very
margins that has been offset. Although we cannot exclude shale tectonics, it is
much more likely that salt, once present, would act as the detachment layer,
rather than assuming a separate shale décollement at another stratigraphic level.

Figures 4, 7 and 8 show that the supra-detachment layers are extremely variable
in thickness. We attribute this to salt movement, even welding. There is a
pronounced asymmetry of welding: the northwestern portion of supra-salt
deposits is generally thicker above the weld, while salt thickness increases to the
east-southeast (Fig. 4).

Thrusts of Pannonian age

A small E-W striking segment separates the deepest part of the basin from the
little triangular zone in the front of the ridge on the northern side of the basin
(Fig. 6). This is caused by a north dipping thrust active in early Pannonian times
(Figs 6H and 8) that created a pronounced subsiding area in its foreland. We
assume north verging thrusts on the southern edge of the basin being active in
the early Pannonian, but these structures mainly acted as blind faults.

All these features (as well as extensional structures described above) are in
accordance with a strike-slip tectonic regime in a stress field with north-south
compression and perpendicular extension.
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Continuation of strike-slip

As mentioned before, the Téalmas Zone (mapped in detail by Palotai and
Csontos 2010) appears in the area from the northeast as a well-developed
ARERs

5 __,_l.';":‘:i‘_-"s'-.-'

g e

ower to Middle Miocene

Fig. 8
Uninterpreted (A) and interpreted (B) seismic section along the basin axis through well A. For location

see Fig. 2D. Thrust sheets displace the salt. Note the detachment fold cored by minor thrusts in the
basin
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Pannonian age left-lateral strike-slip zone. Southwest of the studied basin,
however, it can hardly be traced on 2D lines. Cross-sections through the Adony
Basin (Figs 2, 4, 7 8, 10) reveal that Pannonian age strike-slip faults detach at or just
below the base of Pannonian formations on both sides of the basin. We assume
that the gross amount of shallow slip of the zone is taken up by the studied basin
— more specifically by the salty detachment horizon. This may result in the loss of
continued strike-slip motion immediately to the southwest of the study area.

WT (msec) depth
245 00 & 1051

Fig. 9

TWT (two-way travel time) depth map of main thrust surfaces. The three thrusts in the SE were
generally mapped on 2D seismic, and show a simple S/SE dipping trend. In the NW, thrust geometry
is more complex. For more details see text
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However, as developed on an elevated basement high (Fig. 2B), Pannonian
formations are very thin there. Also, the 2D seismic coverage and quality is less
than perfect. Thus, we assume that the Adony Basin detachment zone acted as a
buffer zone for shallow strike-slip deformation, but the fault zone continues to the
SW, even though its continuity is lost for technical/geophysical reasons.

Deep continuation of faults

Strike-slip shear should have affected deeper crustal levels. So, the question
arises whether shallow faults can be directly continued at depth. It seems that the
fault zones traced near the basin margins do not continue on trend towards
depth. In the 3D covered northern margin it is quite clear that the shallower faults
do not continue beneath the detachment. In the east, Fig. 7 shows a more deeply
propagating master fault, but other sections (Figs 4, 10 and also the southwestern
margin in Fig. 7) show shallower faults detaching at the level of the salt, and no
direct connection is seen with the suspected deep structures. We suggest that
strike-slip shear in the Pannonian was accommodated by a set of reactivated
earlier faults (often thrusts) and not by through-going steep and deep faults.
Shallow and deep fault systems are coupled at the detachment horizon.

Pre-Pannonian flexural basin

When the effects of Pannonian pull-apart basin formation are restored (Fig. 10),
a different basin geometry emerges. This pre-Pannonian basin was possibly
generated by thrusts, rather than by strike-slip or normal faults. In this sense, it
can be regarded as a flexural basin.

Master thrusts

Thrusts and reverse faults have a very important role in the early tectonic
evolution of the basin. The southern margin of the Pannonian-age basin is formed
by two (or possibly three) major thrust ramps mapped in 2D seismic (Figs 4 and
9). Seismic resolution did not allow to adequately interpret their hinterland flats.
On most sections continuous reflectors of pre-Pannonian Miocene and most
likely also Oligocene strata can be followed below these thrusts. The offset is at
least 1600-1700 m along the lower thrust, and equal, or probably even larger on
the upper one. A third, deepest ramp is assumed below these, although it is not
adequately imaged.

No well has reached the pre-Cenozoic basement on the southern high yet. The
nearest deep well to the south is at Dunaajvaros (Fig. 2B, C), which reached Tisza-
type basement rocks. This well, however, is in another structural position (Fig. 2)
on a high south of the investigated basin. So, it is not clear if the Pannonian basin’s
southern shoulder consists of rocks derived from the Tisza Unit or the Mid-
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Hungarian Unit, however, the latter option is more likely (see also Haas et al.
2010).

On the northern side of the basin (within 3D seismic coverage) a large thrust
flat and its NW dipping ramp was mapped in more detail. The Triassic
Hauptdolomit of the Transdanubian Range (encountered in well A) is thrust
upon a continuous package of reflections of likely Lower Miocene and/or Upper
Palaeogene age. By tracing the bright and continuous reflections below the
reflection-poor Triassic, at least 7-8 km sub-horizontal displacement was
determined. The interpretation of the lower ramp is somewhat uncertain (Figs 4
and 8), as the seismic signal/noise ratio becomes rather low in that depth.

Another thrust ramp was mapped below the one mentioned above (Figs 4, 8
and 9), but its displacement can only be estimated to be in the range of 500-1000
m.

Age of thrusting

The fronts of thrusts on the northwestern side culminate just below the bottom
of well A, significantly elevating and thinning pre-Pannonian formations (Fig. 6).
The age of this frontal thrusting is not totally clear. This is mainly due to the lack
of wells. On the northwestern side, on the basis of correlation with wells B and C
(Fig. 2D), reflections that onlap on the high at well A (Fig. 8) are between
Karpatian and Sarmatian, thus also constraining the age of the high between 17
Ma and 12 Ma. Heavy faulting around these wells precluded more detailed
evaluation. However, as non-salt-bearing Sarmatian deposits are thin, we argue
for a Karpatian—Badenian age. This, however, is just the age of the upper,
relatively steep thrust ramp. Taking ramp dip as a rough estimate for tectonic
transport direction, southeastern vergence is assumed on the northwestern side.

The timing of the main thrust event is less clear. Excluding the possibility of
Cretaceous nappe stacking (see later), the age of thrusting is determined by the
age of footwall deposits to the main thrust flat. These formations have not yet
been drilled in the deep basin, so their age remains unconstrained, but younger
than Eocene. It is possible that the whole basin sequence is Miocene in age, but it
is very likely that at least the lowermost formations are Oligocene. This age
assignment is corroborated by the almost total lack of Oligocene deposits at the
frontal part of the hanging wall (Figs 4, 8) and also by studies in the continuation
of the Mid-Hungarian Shear Zone in both directions: Csontos et al. (2005) in
Somogy to the SE, and Palotai and Csontos (2010) at Téalmés to the NE (Fig. 2B).

Because the dip of the lower thrust ramp is rather uncertain, we can only
suspect an eastern transport direction from its western dip (Fig. 9) during the first
thrusting phase. Exact time constraints are also lacking for the southern side of
the basin. However, we can assume that the main thrust activity time span was
similar to that in the northwest.
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Backthrusting and transpression

A number of backthrust surfaces (mainly at the southwestern part of the main
thrust front on the northwestern side of the basin) call for a deep-seated strike-
slip pop-up interpretation of the structure. However, the similar reflection
characteristics, and mainly the continuity of reflections in the basin and below the
empty zone of Triassic reflection on its northwestern side, indicate the existence
of flat allochthonous sheets. It is likely that the rise of this structure (Fig. 10)
involved transpressional movements, as the front of the main thrust is relatively
steep (Figs 8, 9) and a number of backthrust surfaces were observed (Fig. 10). The
age for this event is Middle Miocene, most likely Karpatian—Badenian (see above).

Section restoration

In order to review the structural evolution, we restored a section across the
basin using the Move2011.2 software. Attempts to fully restore a 3D model of the
area failed due to the complexity of the basin and the incompleteness of the
model in the area with 2D seismic coverage. Restoration was completed at a NW-
SE oriented section (Fig. 10). Although we also tried to restore other, parallel
sections across the basin, and yet others along the basin axis, the validation of
these failed because of trying to balance strike-slip movements being out of the
plane of restoration. This also means that the presented restoration workflow (Fig.
10) has to be used with caution, and it should be regarded as only a lower estimate
on deformation. Nevertheless, it presents a useful overview of the tectonic
evolution of the basin.

Restoration involved the sequential retro-deformation of the youngest
formation in each step to its depositional (horizontal or sub-horizontal)
palaeogeometry by un-faulting and unfolding, and the decompaction of this
restored surface to rebounce its substrata. Fault movements were modelled
mostly by the fault parallel flow algorithm (Kane et al. 1997; Egan et al. 1999), but
occasionally also by trishear (Erslev 1991) and simple shear. Decompaction
(Sclater and Christie 1980) parameters were as follows: initial porosity of 04 for all
horizons; depth coefficient of 04 for the basin infill, 0 for the basement units,
taken as uncompressible. Without actual porosity-depth data in the study area
wells, these admittedly rough parameters were taken from other MOL studies in
the Pannonian Basin, but yielded appropriate results. Airy-type isostasy was also
taken into account during decompaction.

The basin evolution along the chosen section can be summarized as follows
(Fig. 10). In a pre-deformation state, the ALCAPA and Mid-Hungarian Unit
basement blocks were juxtaposed to each other, with the lowermost continuous
reflection in the basin taken as the basement formation in between. Without
direct age constraints, the first shortening phase — resulting in a nappe on the
northwestern side and probably two thrusts in the SW — occurred in the Late
Oligocene or Early Miocene. Convergent thrusting continued throughout the
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Fig. 10
Restored section across the basin. For location
see Fig. 2D, Detailed interpretation in the text
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Early and Middle Miocene, with the majority of shortening occurring in the
earlier times. On the southeastern side, three thrusts could be distinguished, with
at least one stage of out of sequence thrusting. Between advancing thrusts on
both sides, the syn-tectonic basin infill reached a significant thickness. Probably in
the Badenian, a passive normal fault was initiated, as precursor of salt tectonics,
along the front of the advancing southeastern thrusts. This fault detached on the
suspected salt layer.

Backthrusting of probably Badenian age occurred at the front of the ALCAPA
nappe, creating the elevated bulge along the basin margin. Shortening continued
in the Sarmatian, with gravity-driven (passive) normal faults on both basin
margins detaching on the salt. This resulted in the onset of detachment folding.

The change from convergent thrust-related tectonics to strike-slip happened
around the very beginning of Pannonian. In the earliest Pannonian, the most
pronounced subsidence of the pull-apart basin occurred, with its sidewall faults
detaching on the salt, thus creating a roll-over anticline along the section.
Regional subsidence and strike-slip movement continued throughout the
Pannonian, with the depocenter remaining at a constant location all the time.

Discussion
Thrusts and alternatives

Triassic dolomites reached by well A show a reflection-poor character. Below
them, relatively continuous, medium to high amplitude reflections are seen (Figs
4, 8, 11). They were initially interpreted as Lower to Middle Triassic or Permian
deposits. However, our analysis of seismic sections throughout ALCAPA has not
revealed the seismic character of these formations, probably due to the shading
effect of Upper Triassic dolomites and/or limestones. The appearance of clear
reflections below them and the discordant geometry of the two reflection-units
(Fig. 11) suggests a most likely tectonic contact.

A possible explanation would be that these reflections are from Cretaceous
strata. This would mean that the Triassic above them forms a Cretaceous (or
slightly younger) thrust sheet. This model is supported by a well near Csévar to
the NE of Budapest, where different age Cretaceous strata (including Senonian)
were sandwiched between Triassic carbonates (Haas et al. 1997; Benk6 and Fodor
2002).

A major question regarding the allochthonous thrust sheet(s) on the
northwestern side of the basin is if the footwall reflections are indeed continuous
or not. Unfortunately, no depth converted seismic based upon our interpretation
exists yet. Dolomites have a much higher seismic velocity than younger
siliciclastic deposits. This results in the velocity pull-up and apparent thinning of
reflectors below the dolomites. Thus, the real thickness of strata below the
dolomite might not be significantly lower than of those in the basin proper as seen
on time sections. There is a pronounced tepee-like structure at the northwestern
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basin margin (Figs 4 and 8) that, at a superficial view, calls for interpretation as a
deep-seated and steep fault zone that totally separates the reflections on its sides.
In most cases, however, reflections can be traced across this structure (Figs 4 and
8). Even vertical amplitude variation patterns captured on correlation polygons
suggest that — apart from apparent thinning of reflectors on the northwestern
side — strata can be correlated through this zone. The tepee structure might be

Fig. 11

Uninterpreted (A) and interpreted (B) seismic section on the northwestern side of the pull-apart basin.
For location see Fig. 2D. Continuous high amplitude reflections in the lower part are regarded as
Oligo-Miocene sediments being overthrust by Triassic dolomites with a reflection-poor character.
Normal faults in the Triassic do not reach below the nappe boundary
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partly due to velocity distortion effects at the contact zone between rocks of
greatly different seismic velocities.

Due to the lack of wells reaching this level, we cannot totally exclude
alternatives, but we argue that these sub-Triassic reflections come from young, i.e.
Oligocene and Miocene sediments (Fig. 11). This means that the northwestern
margin of the pull-apart basin is in fact the front of a nappe composed of Triassic
dolomites.

The detachment depth of the described thrusts (especially the ones on the
southern side of the basin, within 2D seismic coverage) is not totally clear. Seismic
interpretation (Figs 4, 8) and section restoration (Fig. 11) nevertheless show a
generally thin-skinned tectonic style. No clear data exist on the stratigraphic level
of detachment, Triassic marls of the Transdanubian Range being a preferred
candidate.

Origin and deformation of salt

Apart from well A (Figs 2D, 8), no salt is known in any borehole nearby, so,
further studies will be needed to define the spatial and temporal extents and
sedimentary environment of the salt basin. We prefer a sedimentary origin of the
salt, with tectonically induced thickness variations. If this is the case, then the age
of salt is Badenian (if we accept conclusion of the report), or Badenian and/or
Sarmatian (if sporomorph ages are taken into account). In this sense, the salt unit
of the Adony Basin cannot be regarded as allochtonous, despite the described
deformation of this unit.

A likely analogue of evaporite formations is the Sarmatian Zsdmbék basin
(Jambor 1967 1969; Boda 1974; Gorog 1992; Cornée et al. 2009; Fig. 2B) hosting
some thin gypsum and anhydrite layers. Its extents to the SE are not clear, and the
observed thickness is far less than in well A.

The Badenian of the central part of the Pannonian Basin is generally not
evaporitic, however, thick salt deposits of this age are known in the Transylvanian
Basin (Krézsek and Filipescu 2005; Krézsek et al. 2010, Fig. 2A). These formations
— and other, similar age evaporites common in the Central Paratethys — are of
deep marine origin (Baldi 2006).

Another potential source of evaporites could be the Carnian of the
Transdanubian Range (Fig. 2B, C), where salty layers locally interfinger with
shales at some localities (Haas and Budai 1999). This would mean that the almost
200 m thick halite sequence at the northwestern basin margin would form an
allochthonous salt sheet. Without further seismic evidence of this type of salt
tectonics, this solution seems unlikely:

The detachment horizons in the basin are all within the well reflecting suite,
easily distinguished from the seismic (pre-Tertiary) basement. No salt necks,
subvertical welds etc. seem to connect the basement and the ductile units within
the basin. This also excludes the halokinetic importance of Triassic evaporites.
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The salt-cored, non-cylindrical folds (domes and basins) are not arranged in an
en echelon manner (Fig. 6E G, H), precluding the possibility of them being wrench
folds as described by Smit et al. (2008). With the overburden of the salt being
thickest in the central part of the basin (Fig. 6E G, H, Fig. 7), we do not see any
evidence for differential loading or passive downbuilding.

The geometry of detached domes and synclines is related to the shape of the
pull-apart basin, i.e. its sidewall faults. Ductile rocks on a steep, faulted margin
induce gravity-driven sliding of the supra-salt units into the basin. With both the
northwestern and eastern basin margins being steep, convergent sliding from
both sides would create detached anticlines in the centre of the basin (Fig. 10). A
similar, gravity-driven process is suggested for the southwestern part of the basin
(Fig. 7), although this margin, with a ramp-flat geometry of the salt unit, is less
steep.

Pull-apart basin characteristics and analogues

On the base Pannonian level, the length of the lazy-S-shaped (Mann et al. 1983)
pull-apart basin at its longest diagonal is 124 km, its (perpendicular) maximal
width being 4.8 km. Thus, the length/width ratio of the basin is 2.58. This value is
somewhat below the average of pull-apart basins (Aydin and Nur 1982). Lacking
depth-converted seismic data, the depth of the basin can only be approximated.
The majority of strike-slip deformation occurred from the earliest Pannonian until
the Pa3 level (see above). Taking the salt detachment horizon as the basin floor,
the thickness up to the basin margin Pa3 level is around 2.5 km.

The basin shows a pronounced asymmetry. The infill near the southeastern
margin (immediately above the detachment zone) is thinner than at the
northwestern margin (placing the depocentre closer to the northwestern margin),
whereas salt is extruded below towards the southeast (Fig. 4). We attribute this to
the following: the northwestern margin accommodated the majority of
displacement, resulting in more active marginal gravity sliding than on the
opposite side. Welding and extrusion of the salt sequence towards the
southeastern side of the basin resulted in the asymmetrical structure of the basin
in cross-sections. Somewhat similar asymmetric pull-apart basins related to
differing slip rates on basin margins were modelled by Rahe et al. (1998).

As the southern termination and the whole southeastern margin of the Adony
Basin lies outside the 3D seismic coverage (Fig. 6), the exact geometry here cannot
be determined. The overall map view shape of the basin, however, is not very
much different from the 30° releasing sidestep pull-apart model of Dooley and
McClay (1997).

Similar lazy-S-shaped pull-apart basins are quite widespread (for a summary
see Mann 2007) and indicate an early intermediate stage of basin development.
Details of fault geometry, however, differ significantly from the more common
pull-apart basin style of deep seated, steep basin sidewall faults. We attribute
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these differences to the local occurrence of salt in the study area. However, as the
thickness of the Adony salt sequence is much less than that in the Dead Sea Basin
(Smit et al. 2008), salt-related deformation is much less intense: the Adony Basin
lacks diapirs, salt ridges and other high mobility salt features. A significant
difference to other strike-slip basins in a similar evolutionary stage (e.g. Reijs and
McClay 2003; Cembrano et al. 2005), as well as analogue models on pull-aparts
(e.g. Dooley and McClay 1997; Wu et al. 2009) is the lack of cross-basin shortcut
faults. In our view, this peculiarity comes from the presence of salt in the Adony
area, at least partially decoupling the basin infill and concentrating brittle
deformation to the basin margins.

Being a reactivated thrust zone largely influenced by earlier structures, at first
it is not clear whether the Adony pull-apart basin developed in a pure strike-slip
or in a transtensional regime. The lack of pull-aparts along the long linear
segment of the Téalmas Zone NE of the study area (Palotai and Csontos 2010)
suggests a pure strike-slip regime. Also, the mapped basin geometry is closer to
the pure strike-slip model of Wu et al. (2009) than their transtensional version.
This idea is corroborated by the Early Pannonian activity of east-west striking
thrust segments on basin margins (see above, Fig. 6H) indicating ongoing
shortening within a strike-slip regime.

Regional correlation

The Mid-Hungarian Shear Zone experienced large scale strike-slip (Fodor 2010)
and thrust (Csontos and Nagymarosy 1998) movements. While Fodor (2010)
emphasized the importance of strike-slip, we suggest another scenario. Our
results are in accordance with the concepts of Csontos et al. (2005) and Palotai and
Csontos (2010) in Somogy and at Téalmas, respectively (Fig. 2B). These studies
show that in the central part of the Mid-Hungarian Shear Zone, shortening
features were more important in the Oligocene to Early Miocene structural
evolution. The large scale thrust structures mapped in the 3D seismic volume
support the idea of significant shortening in this time interval. Although we
cannot totally exclude the strike-slip alternative, the nappe interpretation is much
more likely here (see above).

Our novel distinction between the Oligocene to Lower/Middle Miocene thrust
basin and the Pannonian pull-apart basin also means that a simple continuous
pre-Pannonian Tertiary strike-slip model cannot be applied to the Adony Basin
area and its surroundings in the Oligocene and Early Miocene.

Demonstrating both NW and SE verging thrusts in the Oligocene/Early
Miocene, our interpretation is significantly different from that of Csontos and
Nagymarosy (1998). Their SE verging Palaeogene thrusts appeared all within the
Mid-Hungarian Unit, while in our view the tectonic transport direction in this
unit near the Adony Basin is opposite to this.
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Convergent thrusts in the Mid-Hungarian Shear Zone have been known from
Somogy (Fig. 2B), to the south of Lake Balaton (Balla et al. 1987; Csontos et al.
2005). Thus, the basin type described in our study is not completely new for the
Pannonian Basin, despite the lack of major proven imbricates in Somogy. Due to
the small areal coverage of 3D seismic, the extent of the Adony thrust basin is
unknown so far, but might be significantly larger than mapped in our study:.

With the largest thrust offset in the Bugyi High area (Csontos and Nagymarosy
1998, Fig. 2B, C), and also northeast of it (Fodor et al. 2005; Palotai and Csontos
2010) occurring in the Late Oligocene, we suspect that at least the deepest footwall
deposits in the Adony Basin are Oligocene in age, inferring a similar age for the
main thrusting event. Drilling exploration would be needed to precisely
determine the depth of the Oligocene/Miocene boundary within the basin. The
steep frontal part of the SE verging thrust (Fig. 9) and related backthrusts were
active in the Middle Miocene (see section restoration results, Fig. 10). This means
that transpression might have become more important at this time interval. The
strike-slip duplex concept on the map of Haas et al. (2010), and also that of Fodor
(2010) may thus be valid mainly for the (Early to?) Middle Miocene.

Transpressional orogens host the combination of thrusts and strike slip faults
(Cunningham 2005, 2007). Having described both thrusts (Csontos and
Nagymarosy 1998; Csontos et al. 2005; Palotai and Csontos 2010; and this study)
and strike-slip faults (Balla and Dudko 1989; Fodor et al. 1999; Ruszkiczay-Riidiger
et al. 2007; Fodor 2010; Haas et al. 2010), the Oligocene to Middle Miocene Mid-
Hungarian Shear Zone can be regarded as a transpressional orogen, with varying
significance of shortening and strike-slip in time. Whereas in the Oligocene and
Early Miocene thrusting is regarded as dominant, in the Middle Miocene the
strike-slip component of the deformation might have become more important.
Limited age data should be kept in mind when describing timing of events.

The relative importance of strike-slip and thrust faults in a transpressional
orogen is determined by the orientation of structures to the regional SHmax,
resulting in complex strain partitioning patterns (Jamison 1991; Teyssier et al.
1995; Fossen and Tikoff 1998; Cunningham 2007). The evolution from a strike-slip
dominated orogen to a thrust dominated one arises from vertical axis rotations
(Cunningham 2007). In contrast to the Mongolian mountain belts (Cunningham
2005, 2007), which seem to rotate in regionally consistent blocks, we argue that the
Mid-Hungarian Shear Zone behaved in a more complex manner. Palaeomagnetic
studies suggested the rotational disintegration of ALCAPA during the Miocene
(Mérton and Fodor 2003) into more or less separate subunits. Vertical axis
rotations within the late Palaecogene Mid-Hungarian Shear Zone between the
Bugyi High and the Zagyva River (Fig. 2C) have already been proposed by Palotai
and Csontos (2010). The small size of rotating blocks may reflect a relatively
shallow detachment depth. Indeed, seismic interpretation (Figs 4, 8) and
restoration (Fig. 10) results show that the Oligo-Miocene tectonic style was thin-
skinned. If relatively thin and small blocks rotate more or less independently in a
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shear zone, significant local variations in strain patterns develop. We think that
the Oligocene to Early Miocene thrusts of Adony Basin were part of a purely
compressional zone of this regionally transpressional orogen. In this sense, the
studied flexural basin could be regarded as a ramp basin sensu Cunningham
(2005), although this terminology has generally been applied to basins related to
transpressional, i.e. strike-slip thrust ramps. It is to be noted, however, that the
Oligo-Miocene thrusts NE of the Bugyi High also show significant offsets (Palotai
and Csontos 2010). The same can be applied to the Somogy area (Csontos et al.
2005). This means that shortening across the Mid-Hungarian Shear Zone was
more important than strike-slip, putting it into the pure shear dominated type of
transpression (Teyssier et al. 1995).

The sinistral character, as well as the neotectonic activity of the Téalmas Zone
has been clarified by Fodor et al. (2005) and Ruszkiczay-Riidiger et al. (2007). This
phase is related to the ongoing eastward subduction at the outer, Carpathian
front of the Tisza unit, with ALCAPA already being stabilized (Horvath 2007;
Fodor 2010). Although the amount of Pannonian sinistral strike-slip has yet to be
determined, only a precursor of this well defined strike-slip fault zone, probably
with much different kinematics, can be regarded as a Balaton-type facies
boundary fault. This means that although the Téalmas Zone, as a Pannonian age
feature, lies in the apparent continuation of the Balaton Line, no direct geometric
link needs to be assumed between them. The apparent lack of continuation of
Pannonian age strike-slip faults on the 2D seismic dataset SW of the Adony pull-
apart basin means that strain might be partitioned between the formations above
and below the salt. Although we cannot exclude that the shallow strike-slip zone
ends at Adony, deep structures necessarily continue to the SW (Fig. 2B, C). Fodor
(2010) suggested that the Téalmas Zone initiated as part of the Mid-Hungarian
Shear Zone as a large scale dextral strike-slip fault, that was reactivated as a
sinistral, mainly transtensional fault in the Pannonian, or slightly earlier. While
we agree on the sinistral phase, the thrusts described in this study show that the
Oligocene to Early/Middle Miocene kinematics of the Mid-Hungarian Shear Zone
was mostly compressional, with some likely transpressional episodes in the
Middle Miocene (Fig. 10). The Adony Basin could be interpreted as a restraining
stepover of a dextral strike-slip zone (see Fig. 2C), reactivated in the Pannonian as
a pull-apart once slip reversed on the shear zone. However, the studies of Csontos
et al. (2005) in Somogy to the SE, and of Palotai and Csontos (2010) at Téalmés to
the NE (Fig. 2B) both show that even on the straight segments of the Oligocene to
Early Miocene Mid-Hungarian Shear Zone, compressional thrusting and folding
was the primary style of deformation.

Based upon palaeomagnetic data (Mérton 1985; Marton and Marton 1989), the
opposite rotation of the ALCAPA and Tisza units can be inferred (Balla 1984;
Csontos and Voros 2004). Two vertical axis rotation events were identified by
Maérton and Fodor (2003): a major one between 18-17 Ma, later refined by Marton
et al. (2007) and Fodor (2010) as 18.5-175 Ma, i.e. in the Ottnangian and Karpatian
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(Fig. 3), and a second, smaller one between 16-14.5 Ma (Marton and Fodor 2003)
or 15-14 Ma (Fodor 2010), i.e. in the Badenian. Linking rotation to the convergence
between ALCAPA and Tisza, and the intermittent deformation zone,
compressional tectonics is inferred within the Mid-Hungarian Shear Zone in
these time intervals.

Conclusions

The characteristics and formation mechanism of the Adony Basin within the
Mid-Hungarian Shear Zone were clarified. Although at a superficial view, this
basin could have been regarded as a simple pull-apart, the detailed analysis of 3D
seismic data enabled us to provide a more complex genetic model.

During the Late Oligocene and Early Miocene, a flexural basin was formed
between a SE verging ALCAPA nappe in the NW and NW verging Dinaric thrusts
in the SE in the central part of the Mid-Hungarian Shear Zone. The total rate of
NW-SE oriented shortening was in the range of 13 km until the Sarmatian.
Although we argue for the existence of the ALCAPA nappe, the lack of wells
reaching the suspected autochthonous units allows for alternative interpretations.
Compression, with an increasing transpressional component, continued in the
Middle Miocene.

The deposition of salt in the region during the Badenian (and/or Sarmatian?)
acted as a detachment surface for later tectonic processes. The extent of the salt
basin is unknown, but is assumed to be a local feature.

In the earliest Pannonian, a sinistral pull-apart basin was created above the
earlier flexural basin. Strike-slip faults in the Upper Miocene strata were partly
detached from the basement. Gravity-driven sliding on the steep flanks of the
basin margin resulted in detachment folding in the basin. The most intense
strike-slip deformation of this basin occurred in the early Pannonian, but the
tectonic activity along at least the northwestern fault zone continued throughout
the Late Miocene.
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