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1 Introduction 

Large scale tectonic features in the Pannonian Basin are hidden beneath thick Neogene 

sediments and volcanics in many areas, so direct information from the basement is 

limited to isolated mountains. Because of this, borehole and seismic exploration plays a 

primary role in geological studies in the region. The continuation of the major Alpine 

tectonic lineaments (Fig. 1.1) towards and beneath the Neogene Pannonian basin has 

been in the focus of interest since modern subsurface data became available (Wein 1969, 

1978; Fülöp and Dank 1987; Kőrössy 2004; Schmid et al. 2008; Haas et al. 2010). Based on 

lithostratigraphic correlation of inselbergs and borehole materials, many authors have 

delineated the possible tracks of the most important tectonic lineaments. However, the 

exact position and structural style of one of these, the Mid-Hungarian Line, has still many 

uncertainties.  

 

Figure 1.1. Major terranes of the Alpine and Carpathian region (after Csontos and Vörös 
2004).Yellow rectangle marks the approximate location of the study area. Relevant structures for 
this study in yellow. 

The Mid-Hungarian Line, and the better delineated Balaton Line subdivide the basement 

of the Pannonian basin into three tectonostratigraphic units in the WSW-ENE direction 

(Wein 1978; Fülöp and Dank 1987; Haas et al. 2010; Fig. 1.1): the ALCAPA and Tisza 
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microplates or terranes, and the Mid-Hungarian Unit in between. This intermittent zone 

(according to a deformation-oriented definition: the Mid-Hungarian Shear Zone) is 

characterised by a series of deep rhomboidal basins and elongated highs (Fig. 1.2), and is 

the location of very intense rotational, thrust and strike-slip tectonics.  

Reviewing and extending earlier tectonic studies made essentially on 2D seismic networks 

(Csontos and Nagymarosy 1998, Fodor et al. 2005a and others), the current industrial 

seismic based study aims at the structural interpretation of the central part of the Mid-

Hungarian Shear Zone, located between Adony and Jászberény (Fig. 1.2). The renewal of 

interest in this region is explained by the acquisition of four, almost continuous, partly 

overlapping 3D surveys in the key area by MOL. 3D seismic volumes and the numerous 

wells drilled since the last works in the late nineties and early 2000’s largely increased the 

level of our knowledge on the geology of the region.  

In order to evaluate the tectonic evolution of the deformation zone approximately 

between the rivers Danube and Zagyva, systematic seismic interpretation was undertaken 

on these 3D seismic surveys. Only a relatively smaller gap had to be filled by a loose 

interconnecting 2D line set (Fig. 1.2). The Palaeogene and Neogene tectonic evolution 

was addressed, omitting the Mesozoic evolution, with neotectonics being only marginally 

mentioned. In order to decipher the deformation history of the area, the restoration and 

backstripping of selected sections was undertaken at key parts of the interpreted area. 

Beside pure scientific interest on the deformation history of probably the most important 

structural belt in the Carpathian region, the tectonic evaluation of the area shall also 

provide new concepts for the emerging hydrocarbon (Kőrössy 2004, Bada and Tari 2012) 

and geothermal (Mádl-Szőnyi 2006, Lenkey et al. 2008) exploration in Hungary.  
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Figure 1.2. Location and geological setting of the study area. A, Bouguer gravity anomaly map of 
central Hungary (Gulyás 2005). 3D seismic surveys as red rectangles, 2D seismic lines outside the 
3D cubes as black lines, wells as green bubbles. Note the general SW-NE trend. B, Simplified pre-
Cenozoic basement map of the study area. Fault lines and unit definitions modified after Haas et 
al. (2010), kinematics taken from Palotai and Csontos (2010), Fodor (2010), Palotai and Csontos 
(2013) and this study.  
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2 Geological setting 

2.1 Definition of tectonic elements 

Because of the complexity of the geology of the Carpathian region, as well as the 

bewildering amount of contradicting names in the literature, the most important tectonic 

units and elements dealt with in this study are defined below.  

To characterise the geology of Hungary, three different terranes were defined mainly on 

lithostratigraphic grounds and regional correlation with the surrounding mountain belts (Fig. 

1.1; Wein 1969, 1978, Géczy 1973, Channel and Horváth 1976, Balla 1984, 1999, Kázmér and 

Kovács 1985, Csontos et al. 1992, Tari 1994, Csontos 1995, Haas et al. 1995, Csontos and 

Vörös 2004, Kovács et al. 2007, Schmid et al. 2008, Kovács et al. 2010). In the north-

northwest, the ALCAPA (Faupl et al. 1987) terrane or mega-unit is found, consisting of the 

Eastern Alps, the Western Carpathians and the Transdanubian Range, whereas the Tisza 

terrane/mega-unit, made up by the Mecsek, Villány-Bihar and Codru units, lies in the south-

southeast (Fig. 1.1). (In the following, the terms 'terrane' and 'mega-unit' will be used 

synonymously.) Nappes in both units were amalgamated in the Cretaceous. According to 

paleomagnetic studies (Márton 1985) this event happened in different directions from 

present, in distant areas external from the Carpathian embayment (Csontos and Vörös 

2004).  

An intermittent tectonostratigraphic unit with Internal Dinaric affinity (Schréter 1943; Balogh 

1964, Wein 1978, Koroknai 2004, Haas et al. 2010) is referred to as the Mid-Hungarian Unit 

(MHU) (Figs. 1.1, 1.2). The Mid-Hungarian Unit has been considered as part of ALCAPA by 

several authors (e.g. Balla 1984, Csontos and Vörös 2004) on a lithostratigraphical basis. 

However, a tripartite subdivision is suggested here, because of the markedly different 

deformation history of the three units (see also Schmid et al. 2008, Haas et al. 2010). 

The Mid-Hungarian Shear Zone (MHSZ) is usually defined as the deformation zone between 

the ALCAPA and Tisza mega-units, bounded by the Mid-Hungarian Line to the south and the 

Balaton Line to the north (see below), thus having a Dinaric-type basement, and coalescing 

with the definition of the Mid-Hungarian Unit (Figs. 1.1, 1.2). Here, the Mid-Hungarian Shear 

Zone, as a tectonic term for the deformational belt, is regarded in a somewhat broader 

sense, by including sheared Transdanubian Range- and Mecsek-type basement units (lying to 
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either side of the mentioned lineaments) into the deformation zone. The justification of this 

lies in the facts that (1) the distinction between Mesozoic units of Dinaric and Transdanubian 

Range origin (both largely composed of Triassic platform carbonates) is not unequivocally 

solved (Kovács and Haas 2010), and (2) units adjacent to the main tectonic lineaments are in 

many cases involved in the deformation processes. 

The Mid-Hungarian Line is regarded as the boundary fault between Tisza and the Mid-

Hungarian Unit; or, even more unequivocally, as the northern boundary of the Tisza Unit 

(Figs. 1.1, 1.2). The approximate location of the line has been known from borehole data 

(summarised by Fülöp and Dank 1987, Dank and Fülöp 1990; Haas et al. 2010) and 

geophysical anomaly maps (e.g. Haáz and Komáromy 1966, Szabó and Sárhidai 1989), but 

only a few studies have tried to actually locate the boundary fault on seismic sections 

(Csontos and Nagymarosy 1998 around the current study area, Csontos et al. 2005 south of 

lake Balaton in the west). Technical difficulties arouse from the optimalisation of industrial 

seismic processing for the uppermost sedimentary infill, not for basement structures below, 

as well as from imaging problems under thick volcanic sequences. Due to the lack of 

exposures in the majority of the Pannonian basin, the exact surface position and structural 

style of the Mid-Hungarian Line still raises questions. Only at the Poiana Botizii area, the 

assumed eastern termination of the Mid-Hungarian Line (Balla 1984, Győrfi et al 1999, 

Csontos et al. 1992, Tischler et al. 2007) could the contact be directly observed: here ALCAPA 

is basically thrusted over Tisza-Dacia. The affiliation of the zone near its assumed western 

end, close to Zagreb, is also debated (Tari and Pamić 1998, Tomljenović and Csontos 2001, 

Tomljenović 2002, Tomljenović et al. 2008).  

The boundary of ALCAPA and the Mid-Hungarian Unit is somewhat better delineated: the 

Balaton Line (Figs. 1.1, 1.2) was recognised long ago. Considering paleomagnetic rotations 

(Márton 1985, Márton and Fodor 1995, 2003), paleogeographic (Kázmér and Kovács 1985; 

Csontos and Vörös 2004) and geodynamic implications (Kovács et al. 2007; Schmid et al. 

2008, Kovács and Szabó 2008, Ustaszewski et al. 2008), the Balaton Line is the continuation 

of the Periadriatic Line (Fodor et al. 1998) separating the Eastern and Southern Alps (Fig. 

1.1). Thus, it separates the Transdanubian Range (as part of ALCAPA) from the Mid-

Hungarian Unit in central Hungary. In this sense, the Balaton Line is a Paleogene to Early-

Middle Miocene feature. Because the name comes from Lake Balaton, this is a valid name in 

the western part of the country, and is clearly defined from borehole data west of the 
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Danube. A problem regarding the exact location of the Balaton Line east of the Danube (i.e. 

in the current study area) arises though: there, Triassic platform carbonates are juxtaposed 

to each other along the Balaton Line, rendering a precise definition of the fault trace difficult 

(Kovács and Haas 2010).  

The continuation of the Balaton Line from Tóalmás (Fig. 1.2 ) towards the east is also 

problematic, and partly depends on the definition of the line. According to a 

paleogeographic definition, the Balaton Line separates ALCAPA from the Bükk Unit, and in 

that sense, it turns into a N-S trending thrust north of Tóalmás (Haas et al. 2010, Fig. 1.2). In 

a tectonic definition, being the continuation of the dextral Periadriatic Line, it merges into 

the Darnó Line (Tari et al. 1992, Fodor et al. 2005b). Although the distinction between the 

two ideas is crucial in large scale reconstructions of the Carpathian region, this questionable 

zone lies outside the study area itself. Thus, from the available dataset it was not possible to 

enter into debate on this issue. 

Although both the Mid-Hungarian Line and the Balaton Line are named as 'lines', due to the 

most likely distributed manner of deformation, they actually have to be regarded as 

narrower or wider belts of deformed rocks. 

In neotectonic studies in the Gödöllő Hills (Fodor et al. 2005a, Ruszkiczay-Rüdiger et al., 

2007, 2009), partly overlapping with the current study area, a SW-NE trending sinistral 

strike-slip fault was called the Tóalmás Line (or Tóalmás Zone, depending on the scale of 

observation) (Fig. 1.2). Although Tari et al. (1992) did not denominate this fault, its definition 

as a Middle Miocene transfer fault (Fig. 1.9) is attributed to the mentioned authors. As the 

fault seems to separate Transdanubian and Bükk-type basement rocks in the study area, it 

might be the reactivation of the older, “Balaton” Line at the same trace (Chapter 2.1, Palotai 

and Csontos 2010). Because the structural style and tectonic significance of the Balaton Line 

and the Tóalmás Zone is markedly different, the two phases of the probably same narrow 

deformation belt are treated and named separately. 

2.2 Stratigraphy of the study area 

This study focuses on the Mid-Hungarian Shear Zone. To overview the evolution of the area, 

a short description about the general stratigraphic buildup in, and to both sides of the Mid-

Hungarian Unit is given below. The stratigraphic and facies subdivision of the larger area was 
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given by Lakatos et al. (1992). Being part of the Central Paratethys, regional stages are used 

in the Oligocene and Miocene (Báldi 1983, Piller et al. 2007, Fig. 2.1).  

 

Figure 2.1. A, Simplified diagram of the main nappe units and structural phases of the internal parts 
of the Carpathian Basin (after Csontos and Vörös 2004). Dotted rectangle shows the location of B. B, 
Simplified lithostratigraphic column of the North Hungarian Paleogene and Neogene basins (after 
Csontos and Nagymarosy 1998).  

The basement of the Mid-Hungarian Unit greatly differs from the basement at either sides. 

On ALCAPA, Paleozoic to Mesozoic sequences with Alpine affinities are found (Vörös et al. 

1990, Haas et al. 1995). 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 Paleogene tonalites are found along the Balaton Line (Fülöp and Dank 

1987). 
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Bükk-type, i.e. Internal Dinaric basement rocks characterise the Mid-Hungarian Unit 

between the Mid-Hungarian and Balaton-Tóalmás lines (Wein 1969, Balla 1984, Csontos et 

al. 1992) with a weak Cretaceous regional metamorphism (Árkai et al. 1995). These rocks are 

deformed into several nappes, and include ophiolite remains. Strong similarities to Internal 

Dinaric units were noted (Wein 1978; Tomljenović and Csontos 2001, Tomljenović 2002, 

Judik et al. 2004, Kovács et al. 2007, Tomljenović et al. 2008, Kovács et al. 2010). In the Bugyi 

and Sári wells, characteristic Upper Permian marine sediments were drilled that were 

related to Bükk Mts exposures (Juhász 1964, Bérczi-Makk 1978). However, the distinction of 

Mesozoic carbonate rocks from the Transdanubian Range formations is doubtful in a number 

of boreholes (Kovács and Haas 2010).  

On the southern side of the Mid-Hungarian Line, in the Tisza terrane, the main lithologies are 

exposed in some isolated hills like the Mecsek, Villány and Apuseni Hills. These exposures 

can be linked in the subsurface by numerous well data. At least five major Cretaceous nappe 

complexes (Mecsek; Villány-Bihor; Codru, Biharia; Southern Apuseni ophiolites) can be 

defined. The highest, ophiolite nappe is present only in the area of the Apuseni. High grade 

crystalline basement rocks are abundant (Cserepes-Meszéna 1986) in the northern nappe 

units (Mecsek, Villány-Bihor). Coupled with Late 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, Kovács 

1982, Vörös 1993).  

Upper Cretaceous strata are exposed in the Transdanubian Range (Haas 1999), where they 

form a Gosau-type basin (Csontos and Vörös 2004), quite similar to the Austrian Kainach 

basin (Neubauer et al. 1995). Upper Cretaceous rocks are almost absent in the Mid-

Hungarian Unit. In some boreholes a minor patch of non-dated, possibly Upper Cretaceous 

continental clastic sequence is found (Rálisch-Felgenhauer 1993). To the south of the Mid-

Hungarian Line, Upper Cretaceous deep marine red marl occurs, laterally replaced by 

conglomerates and deep marine clastics (Szentgyörgyi 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 the Szolnok trough (Szepesházy 1973; Szentgyörgyi 1989).  

The juxtaposed Paleogene sequences also strongly differ on the two sides of the Mid-

Hungarian Line. The variable sequences north of the line, in the North Hungarian Paleogene 

Basin (Báldi and Báldi-Beke 1985; Fodor et al. 1992; Tari et al. 1993) comprise Upper Eocene 
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clastics, limestones (Szépvölgy Limestone), and deep marine marls (Buda Marl), followed by 

anoxic deposits (Tard Clay) and deep marine clays (Kiscell Clay) in the Oligocene. In the Late 

Oligocene to Early Miocene sandstones and shales, siltstones were developed in shallower 

and deeper water environments, respectively (Báldi and Báldi-Beke 1985; Nagymarosy 1989; 

Tari et al. 1993, Sztanó and Tari 1993). The Egerian of the study area is mainly composed of 

the Szécsény Schlier, while in the Eggenburgian, the Pétervására Sandstone was 

characteristic (Sztanó and Tari 1993). The sedimentary sequence until the Kiscell Clay is 

similar to equivalent beds in northern Croatia and NE Slovenia (Drobne 1977, Báldi 1983, 

Báldi and Báldi-Beke 1985). It seems that the Periadriatic–Balaton lineament cuts the original 

Paleogene basin in half by offsetting an originally continuous basin.  

South of the Mid-Hungarian Line, on the Tisza Unit, Paleogene rocks are restricted to the 

Szolnok trough (Nagymarosy and Báldi-Beke 1993). Here the Paleogene deposits are mostly 

marine clastics (some turbiditic sandy layers in the Eocene), while the Oligocene is 

represented mainly by shales (Nagymarosy and Báldi-Beke 1993). The Lower Miocene is 

missing. 

Ongoing volcanic activity of mainly Oligocene age (Benedek 2002, Kovács et al. 2007, Kovács 

and Szabó 2008) is indicated by magmatic rock units in Zala, the Velence Hills and the Recsk 

area (Less et al. 2009), as well as many tuff horizons in the Paleogene 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. 

Middle and Upper Miocene deposits cannot be differentiated on the ALCAPA, Mid-

Hungarian and Tisza terranes. These rocks form the infill of the Pannonian Basin, which rests 

unconformably on older formations (Fig. 2.1). Middle Miocene is considered the syn-rift 

(Horváth and Royden 1981, Royden et al. 1983, Horváth 2007) fill of the basin, with local 

grabens, half-grabens. The deposits strongly differ according to local environment and 

include shallow water limestones and deep marine clays (Hámor et al. 1987, Báldi 2006). 

Massive andesites occur in the Bugyi-4 well. Except for one limited locality west of Budapest 

(Zsámbék basin; Jámbor 1968) no salt deposits were described from the Middle Miocene. 

This is quite surprising as there are thick synchronous salt deposits in the Carpathian 

foredeep and in the central Transylvanian Basin (Krézsek and Filipescu 2005; Fig. 1.1). In the 
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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, Kovács et al. 2007).  

After a brief inversion and emersion period in the late Sarmatian (~12 Ma, Rumpler and 

Horváth 1988, Fodor et al. 1999, Sacchi et al. 1999), the Late Miocene was characterized by 

the calm deposition of brackish and lacustrine, fluvial deposits, that are known as Pannonian 

strata (Magyar 2009). These deposits were formed by shelf progradation due to a large influx 

of sediments with strong thickness variations (Magyar et al. 1999, 2013). The Pannonian 

succession consists of clays, sands and marls, with occasional lignite bands in the Upper 

Pannonian. The Late Miocene was also the time of almost total basin infill (Magyar 2009), 

resulting in smaller remaining lakes by the Pliocene in Serbia (Magyar et al. 2013).  

Note that (according to Central Paratethys terminology) the Pannonian stage includes the 

complete Upper Miocene and the Pliocene (Piller et al. 2007, Magyar et al. 1999). This 

convention is justified in the Pannonian Basin, as the distinction between Miocene and 

Pliocene formations is often impossible. 

2.3 Tectonic evolution of the Mid-Hungarian Shear Zone in the light of 
conflicting models of the Pannonian Basin 

The idea that the Mid-Hungarian Line would be a mega-unit boundary was proposed already 

decades ago. The NE-SW trending narrow ‘Paleogene Structural Belt’ between the ‘Zagreb-

Kulcs Main Structural Line’ and the Balaton Line was regarded the Igal-Bükk geosyncline (Fig. 

2.2) by Wein (1969), without assuming significant deformation. 
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Figure 2.2. Main structural units of Hungary (Wein 1969). 

Based upon the correlation of Mesozoic faunas in the Transdanubian Range and the Mecsek-

Villány Zone, Géczy (1973) was the first to suggest that these units had had an inverse 

position relatively to their present day one. Although he did not give a detailed explanation, 

considered two options to be likely. (1) The Transdanubian Range would be a nappe over the 

autochtonous Mecsek-Villány Zone cropping out in tectonic windows. To prove this, the 

Mecsek units should be found below the Transdanubian Range Mesozoic units. (2) Although 

writing of an overthrust, in his second, more likely solution the author clearly argued for 

strike-slip tectonics with large scale horizontal displacements explaining the current 

situation. 

As early as 1943, Schréter noted the similarity of special Paleozoic-Mesozoic facies of Bükk 

Mts, NE Hungary to similar rocks in Slovenia, Northern Croatia and the Southern Alps. His 

work was taken over by Balogh (1964), who reinforced this similarity. Hence the Igal-Bükk 

geosyncline of Wein (1969), which suggested a depositional link between the two distant 

areas. 

With the publication of Géczy’s paleontological work (1973, 1984), strike-slip tectonic 

solutions became more popular. Such a solution was given by Kázmér (1984) and Kázmér 

and Kovács (1985) by fitting the Permian–Paleogene facies zones. Using the recent Anatolian 

analogue as a model, they suggested that the Bakony-Drauzug unit, lying between the 
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Defereggental-Anterselva-Valles (DAV) – Rába Line and the Gailtal – Balaton Line, escaped 

from between the Eastern and Southern Alps during the Eocene-Oligocene by approx. 450-

500 km dextral strike-slip along the Balaton Line (Fig. 2.3). These authors also suggested a 

35° counterclockwise rotation of the Transdanubian Range during the Miocene (proven by 

paleomagnetics; Márton 1985). This model proved to be very fruitful for further studies and 

concepts. 

 

Figure 2.3. Escape model of the Bakony-Drazug unit, and its Turkish analogue (Kázmér 1984). 

A brilliant idea was proposed by Mészáros (1984), but was received rather suspiciously by 

the geological mainstream of that time. The author viewed the whole Carpathian region as a 

“single, gigantic nappe being significantly larger than the nappe systems of the Alps, with a 

tectogenesis even much more complex”. The elements of this system would be the 

northwestern and southeastern “mega-nappes” of the Carpathian Basin, as well as the 

structural unit between them, called the “scissors-like closure belt” (Fig. 2.4). The most 

interesting aspect of this daring work is the following. The horizontal movement of the 

mega-nappes also implied their rotation: a 30-40° counterclockwise rotation was assumed 

for the northwestern, and a 130-140° clockwise rotation for the southeastern mega-nappe 

between the Late Cretaceous and Quaternary. These opposite rotations involved 

compressional tectonics: subduction in the Paleogene (involving magmatites of the Balaton-

Darnó zone) and folding, thrusting and strike-slip faulting in the Neogene. Although the 
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author did not deal with a great amount of details – making his discussion not totally 

plausible – the idea was surprisingly similar to the one generally accepted today. 

 

Figure 2.4. The tectonic sketch of the Carpathian region (Mészáros 1984). 

Interpreting paleomagnetic data collected by the Márton couple (and published somewhat 

later; Márton 1985, Márton and Márton 1989), the opposite rotation of the ALCAPA and 

Tisza units was proposed by Balla (1984) (Fig. 2.5). His model was based on (1) the measured 

opposite paleomagnetic rotations of the two terranes, (2) the “pull-back” of Carpathian 

nappes from the Carpathian embayment and (3) the correlation of different facies zones of 

the Intra-Carpathian area. In his model, the southeastern unit experienced 100° clockwise 

rotation, while also being stretched by internal strike-slip movements. The northwestern 

unit rotated 30° counterclockwise. Rotation was mainly Early Miocene in age, but was 

assumed to have continued into the Middle Miocene.  
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Figure 2.5. Rotation history of the Carpathian-Pannonian region (Balla 1984).  

Three vertical axis rotation events of ALCAPA were identified by Márton and Fodor (2003): a 

major one between 18-17 Ma, later refined by Márton et al. (2007a) and Fodor (2010) as 

18.5-17.5 Ma, i.e. in the Ottnangian and Karpatian, a second, smaller one between 16-14.5 

Ma (Márton and Fodor 2003) or 15-14 Ma (Fodor 2010), i.e. in the Badenian, and a third one 

in the Pliocene (5 Ma). These rotations resulted in the disintegration of ALCAPA (Márton and 

Fodor 2003) into more or less separate subunits. 

The rotational model was basically accepted by Csontos and Nagymarosy (1998) with the 

introduction of along-strike stretching and dip-directed strong compressional tectonics in 

the contact zone, i.e. in the Mid-Hungarian Shear Zone (Fig. 2.6).  
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Figure 2.6. Late Tertiary tectonic evolution model of the Carpathian-Pannonian region (Csontos and 
Nagymarosy 1998). Block diagram dissected and pulled apart by the Mid-Hungarian Shear Zone. 
Cartoon shows sphenochasm-like basins and thinned crust/lithosphere at the external hinges of both 
units. Rotation poles are marked with stars. 

The North Hungarian Paleogene Basin was interpreted by Tari et al. (1993) as a retroarc 

flexural basin related to the Carpathian subduction (Fig. 2.7). 

 

Figure 2.7. The Hungarian Paleogene Basin as a flexural basin in the back of the compressional 
Western Carpathians (Tari et al. 1993). 

Fodor et al. (1999) and Fodor (2010) summarised the rotational and strike-slip tectonics 

related to the extrusion of ALCAPA according to a strike-slip dominated scenario.  

Reviewing the Alpine-Carpathian-Dinaridic orogen system, Schmid et al. (2008) argued for 

significant Miocene dextral shear along the Mid-Hungarian Shear Zone being linked to the 

lateral extrusion of ALCAPA into the Carpathian embayment. They also argued that ALCAPA 

(with the intermittent Mid-Hungarian Unit) was thrust over Tisza-Dacia, an idea also 

corroborated by the studies of Csontos et al. (1992), Tischler et al. (2007) and Márton et al. 

(2007b) in Maramures, the eastern termination of the Mid-Hungarian Shear Zone. This work 

was continued by Ustaszewski et al. (2008), who accomplished a semiquantitative map view 
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restoration of the Alpine-Carpathian-Dinaridic system for the Early Miocene, being a 

preferred date preceding the main rotations (Fig. 2.8). However, the basic concept of this 

restoration does not differ from the earlier ones (Balla 1984, Fodor et al. 1999, Csontos and 

Vörös 2004, Fodor 2010). 

 

Figure 2.8. Restoration of tectonic units in the Alps, Carpathians and Dinarides domains for the Early 
Miocene (Ustaszewski et al. 2008). 

As summarised by Tari (1994), the amount of lateral extrusion of ALCAPA varied between 0 

and 1040 km in the different studies of the last decades. So, the relative amount of 

shortening and dextral strike-slip along the Mid-Hungarian Shear Zone has been, and is still 

debated. Whereas Csontos and Nagymarosy (1998) and Csontos et al. (2005) emphasized 

the importance of compression, Fodor et al. (1998, 1999), Schmid et al. (2008) and Fodor 

(2010) preferred the dominance of strike-slip, and Tari et al. (1992) and Tari (1994) proposed 

differential stretching. A limitation of many reconstructions was the assumption of rigid 

blocks, although the lateral extension of the orogenic wedge related to the extensional 

collapse also has to be taken into account (Horváth 2007).  

Following the opposite rotations of ALCAPA and Tisza in the Early Miocene (Fodor et al. 

1999) and the amalgamation of the main units, the back-arc rifting of the Pannonian Basin 
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started (Royden et al. 1983, Horváth and Rumpler 1984, Royden and Horváth 1988), being 

related to the subduction roll-back along the Carpathian arc (Fodor et al. 1999, Horváth 

2007). Rifting was driven by the exhumation of metamorphic core complexes (Tari and Bally 

1990, Tari et al. 1992, Tari 1994, Fodor et al. 2003) and involved significant movements along 

transfer faults (Fig. 2.9, Tari et al. 1992, Horváth 2007). Although rifting was diachronous 

within the Pannonian Basin, the peak age for this process was the Karpatian and Badenian 

(Royden et al. 1983, Horváth 2007).  

 

Figure 2.9. Block diagram of base Middle Miocene around Tóalmás (Tari et al. 1992). Normal faults on 
either side terminate against the transfer fault (i.e. the Tóalmás Line). 

Following late Sarmatian (Fodor et al. 1999, Fodor 2010) or earliest Pannonian (Csontos and 

Nagymarosy 1998, Horváth 2007) inversion related to the soft collision along the Carpathian 

front (Sperner et al. 2004), the post-rift thermal subsidence of the Pannonian Basin initiated 

(Horváth and Royden 1981, Royden et al. 1982). Growing evidence suggests, however, that 

the Pannonian, initially regarded as a phase without significant tectonic movements (Royden 

et al. 1983), was influenced by intense deformation in many areas (Uhrin et al. 2009, Fodor 

2010, Törő et al. 2012 and references therein). Sinistral strike-slip occurred in wide belts 

(Tari 1988, Lőrincz and Szabó 1992, 1993, Pogácsás et al. 2011), and was concentrated 

between the earlier Balaton Line and the Paks-Kisújszállás zone, thus including the Mid-

Hungarian Shear Zone. The probably most significant strike-slip belt was the Tóalmás Zone 

(Tari et al. 1992), which might be superposed on the Balaton Line. 

The neotectonic inversion of the Pannonian Basin was initiated by the termination of 

subduction along the Carpathian front and by the gradual increase of compression related to 

the counterclockwise rotation of the Adriatic microplate in the Pliocene (Bada et al. 2007, 

Sztanó et al. 2007, Uhrin et al. 2009, Törő et al. 2012). Within the area of the Mid-Hungarian 



21 
 

Shear Zone, the inversion of earlier structures as (partly en échelon) folds, reverse faults and 

transpressional strike-slip faults are characteristic for the neotectonic phase (Magyari et al. 

2005, Fodor et al. 2005a, Ruszkiczay-Rüdiger et al. 2007, 2009), but normal faults also occur. 

2.4 Problems to be assessed regarding the tectonic evolution of the Mid-
Hungarian Shear Zone 

All the above suggests that a new study with modern, new data base is prone to shed light 

on the different models, timing and nature of structural processes in this complicated zone 

of the Intra-Carpathian area. Beside the general aim of an improved knowledge on the 

structural buildup and tectonic evolution of the Mid-Hungarian Shear Zone, a number of 

specific questions arose: 

 The relative importance of strike-slip versus shortening in the Mid-Hungarian Shear 

Zone during the various deformation phases had to be defined and refined.  

 If there was tectonic stacking at all in the intermittent zone between the ALCAPA and 

Tisza terranes, the overriding position of the main units was to be determined.  

 The timing for the main deformation events in the Mid-Hungarian Shear Zone 

needed to be clarified. 

 Since rotation of larger blocks or smaller compartments was earlier brought up by 

several studies, this question was specially treated.  

 The distribution, offset, lateral extent and timing of Pannonian age strike-slip was to 

be determined. 

 The definition and evaluation of the geometry of strike-slip related basins and fault 

zones was needed. 

 The precise mapping of important horizons and structures in the 3D seismic dataset 

was needed to improve the precision of available structural interpretations. 

Based on the recently aquired seismic dataset, an attempt is made in this study to answer 

the questions above, by providing a new structural model that integrates and refines earlier 

concepts on the tectonic evolution of the Mid-Hungarian Shear Zone.  
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3 Data and methods 

3.1 Data 

3.1.1 Seismic dataset 

A separate, and three overlapping 3D reflection seismic surveys were provided by MOL and 

serve as the base of this study. From NE to SW, these are the surveys Jászberény, Tóalmás, 

Monor and Ercsi (Fig. 1.2). The area covered by 3D seismic is as follows: Jászberény 113 km2, 

Tóalmás 799 km2, Monor 484 km2 (a total of 1396 km2) and Ercsi 190 km2. 

These seismic surveys were all aquired after 2001, with 25×25 m inline/crossline spacing, 

and focused on the Miocene basin fill. 8 bit amplitude surveys were used for the 

interpretation process.  

A 2D seismic dataset was used to interconnect the 3D surveys, and to provide additional 

control at the margin of the study area. Between the Monor and Ercsi surveys, in the Bugyi 

Area, only 2D seismic data were available. Around 40 lines were incorporated in the study 

with a total length of ~550 km, but about 90 lines were used for regional correlation. 

The eastern, Jászberény−Tóalmás−Monor (JTM) Area, made up by three overlapping 3D 

surveys Jászberény, Tóalmás and Monor, was treated as a continuity. The Ercsi 3D survey, 

supplemented by 2D sections, covered the Adony Basin, being treated as a separate area. 

The intermittent Bugyi Area, within 2D seismic coverage, was regarded a third area of study 

(Fig. 1.2).  

Looking at the maps (Fig. 1.2), the reader might find the discussions on the JTM Area vs. the 

Adony Basin and Bugyi Area somewhat unbalanced, as the JTM Area is larger than the other 

two combined, but is treated in relatively shorter chapters and sections. This asymmetry 

might be, however, justified by the relative complexity of the various areas: the western 

parts of the study area seem to be much more intensely deformed than the eastern zone 

(see Discussion). 

3.1.2 Well dataset 

The regional oil and gas exploration well dataset of MOL was used to aid the stratigraphic 

interpretation. A total number of 58 wells (Figs. 1.2, 4.1, 4.9, 4.21) were to some extent 

utilized, however, only a handful of them were crucial in the accomplished work.  
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Constructed from a tectonic point of view, this study does not intend to provide 

stratigraphical, sedimentological or lithological analyses. So, borehole data were only used 

to provide control on horizon definition during seismic interpretation, meaning that – beside 

controlled formation top picks (from internal reports of MOL) – well logs were only 

marginally utilised. Time-depth data were provided by MOL. 

3.2 Seismic interpretation methods 

3.2.1 3D seismic interpretation in GeoProbe 

The migrated 3D seismic volumes in the JTM Area were interpreted in the GeoProbe 

software at MOL. This software enables the user to interpret horizons and faults on the sides 

(and in some special cases within) a cuboid shaped probe body within the 3D seismic cube. 

The extents and location of this probe can easily be adjusted to ensure really fast 

interpretation. Selected horizons in the Oligocene and Miocene sequence featuring generally 

continuous reflections were picked at a few seed points and interpreted in 3D by the 

‘ezTracker’ autopicking algorithm. At problematic locations, where no sufficient autopicking 

was possible, a dense set of inlines and crosslines (and occasionally arbitrary lines) was 

interpreted, later on being supplemented by autopicking. The horizons in the pre-Oligocene 

sequence were more difficult to follow: here, an inline-crossline correlation (generally in a 

10*10 or 20*20 inline/crossline grid) was necessary prior to applying the autopicker.  

Careful smoothing was applied if necessary. All horizons were quality controlled to eliminate 

inconsistencies and mispicks to ensure that the – rather easy to handle and convenient – 

autopickers do not produce geologically invalid surfaces.  

Faults were also interpreted on the sides of the probe by the 'ezFault' method, enabling 

interactive fault picking.  

3.2.2 Seismic interpretation in the Kingdom software  

The Adony 3D seismic volume and the adjacent 2D line set was interpreted at the Eötvös 

University with the IHS Kingdom software (versions 8.5 to 8.7). Here, only the nicely 

continuous reflections could be interpreted by pure autopicking. In most cases, at least some 

inline-crossline guidance was necessary. Whereas horizons in the Pannonian sequence could 

be followed throughout the 3D cube, reflections within the deep basin and basement units 
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on its sides were hard to follow at larger distances. Interpretation of faults in the 3D cube 

was undertaken on an inline-crossline correlation.  

3.3 Structural model building  

In order to get a better view on the spatial correlation of structures, and to create a 

background for structural restorations, 3D models were created using the Move software 

suite (versions 2009 to 2012.1) at the Eötvös University. Separate models were constructed 

for the JTM Area and the Adony Basin as well as the Bugyi Area, but were partly combined 

later on. 

Horizon and fault surfaces were exported from the various seismic interpretation programs 

mainly in 'XYZ', but occasionally in other formats, and imported into Move. Here, surfaces 

were created by tessellation, i.e. by combining triangles to form the surface. In the 3D 

seismic data realm, this was a simple interpolation between the closely spaced data points, 

whereas in the areas within 2D seismic coverage, interpolation accuracy was much lower. 

Although gridding of inequidistantly spaced data is mostly done by kriging (Krige 1951), 

because of the large amount of faults, this would have been a really demanding task in the 

study area. The applied software also did not support the kriging algorithm. Instead of this, 

tessellation proved to be an appropriate method. In a pilot study performed in a small area, 

no significant difference in the shape of surfaces created by tessellation and kriging was 

observed, suggesting that tessellation can be applied to this type of work. Also, more 

complex fault and horizon geometries can be easily modelled and reshaped by tessellation. 

Later on, surfaces were generally resampled to decrease the size of the file. Care was taken 

to preserve surface details during this process. While horizon and fault surfaces from 3D 

seismic data were easy to handle, model building from 2D data was a much more demanding 

task. Also, the accuracy of this type of models is much lower, resulting from the much lower 

data density as compared to 3D seismic. 

No depth conversion was undertaken since this is still an ongoing project at the parent oil 

and gas company. This means that distortions from velocity effects are to be dealt with. 
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3.4 Structural restoration  

Balanced cross sections were initially used to determine detachment depth in compressional 

settings (Chamberlin 1910, Dahlstrom 1969). Structures in a balanced cross-section (or 3D 

model) are geologically reasonable, and can be restored to their pre-deformation state 

(Fossen 2010). 

The restoration of cross sections means that layers are retrodeformed into their pre-

deformational (depositional) position, thus creating a link between deformed and 

undeformed states. By restoring a structural model, the geophysical and geological 

interpretation can be validated. If a section can be restored, this does not mean that it surely 

restores the real/original situation solution, however proves that the interpretation might be 

correct. Computer technology greatly speeded up and made restorational techniques more 

sophisticated and precise. The applied structural modelling and balancing software, the 

Move suite is one of the most advanced tools for the task to be performed.  

During kinematic restoration, the following concepts apply (Fossen 2010):  

 geologically sound interpretation 

 plane strain deformation (in the case of section restoration; this is a limiting factor in 

strike-slip settings necessarily being out of plane) 

 section must be in the tectonic transport direction 

 the choices of deformation algorithm must be reasonable and based on the general 

knowledge of deformation in the given tectonic setting 

 no or minimal overlaps or gaps are accepted in the restored phase 

 horizontal (or sub-horizontal) layers are expected in the restored phase 

 the result has to be geologically reasonable, based on independent observations and 

experience. 

Backstripping is an isostatic restoration workflow, which involves the stepwise removal of 

gradually older stratigraphy, the correction for compactional effects in each step, and the 

adjusting for subsidence caused by sediment loading by Airy-type or flexural isostasy (Fossen 

2010).  

The related workflows in this study combine kinematic section restoration and 

backstripping. 
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3.5 Definition of interpreted horizons 

The following seismic horizons were mapped in all areas (Fig. 3.1): 

 

Figure 3.1. Uninterpreted and interpreted seismic section with identified horizons and characteristic 
structures. Note small arrows for reflection terminations. For location see Fig. 4.1. Basement: Eocene 
and older formations, undifferentiated. 

1, Base Pannonian: the regional breakup unconformity (Horváth 2007) at 11.6 Ma (Magyar 

2009), characterized by high amplitude positive reflections related to an increase in acoustic 

impedance (Fig. 3.1). This unconformity is also well constrained from borehole data (Figs. 

1.2, 4.1, 4.9, 4.21). In the Adony Basin (Chapter 4.3), no unconformity related to the onset of 

Pannonian could be detected within the continuous sequence, rendering the exact definition 

of base Pannonian difficult.  

In the following, the term ’Pannonian’ will be used for the units above, and ’Early to Middle’ 

or ’pre-Pannonian’ Miocene for the units below this unconformity. 

2, Base Miocene proxy: the base of the Pétervására Sandstone (Sztanó and Tari 1993, Figs. 

3.1, 6.2), in many places an erosional truncation and onlap surface. This formation was 

described to be Eggenburgian (Sztanó and Tari 1993), but according to the results of 

nannoplankton studies in the Jászberény and Tóalmás areas, at the southern margin of the 

Hungarian Paleogen Basin its base is confined to the NP25–NN1 zones, i.e. the Egerian (Báldi 
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et al. 1988). Note that the seismic definition of the base Miocene proxy as an erosional 

truncation and onlap surface does not equal to the chronostratigraphic definition of the 

Oligocene–Miocene boundary, but is used as a simplistic expression for an important surface 

being at a currently undefined age within the Egerian, possibly near the base of the 

Eggenburgian (Báldi et al. 1988, Sztanó and Tari 1993). Lower and Middle Miocene units 

were not further divided during regional seismic mapping.  

3, Top Eocene proxy: usually positive reflections between carbonates and shales (Fig. 3.1), 

related to an increase of acoustic impedance. Similarly to the case of base Miocene proxy, 

this horizon does not exactly correspond to the Eocene–Oligocene boundary, the latter lying 

within the Buda Marl above the carbonates (Fodor et al. 1992) without an acoustic 

impedance contrast.  

As at some locations Oligocene formations are extremely thin, or even missing, Eocene rocks 

may directly underlie the Miocene.  

For simplicity, in the interpreted seismic sections and general descriptions, the formations 

between the top Eocene and base Miocene proxies will be written as Oligocene. Also, 

formations between the base Miocene proxy and the base Pannonian will be written as 

Lower to Middle Miocene, both being only approximations in these cases. 

Other horizons were also mapped in some areas, most important being various Miocene 

horizons in the Adony area. These are described in the related chapters. 
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4 Results 

Based upon available data (3D and/or 2D seismic) and geological correlation, results are 

described in three separate subchapters (Fig. 1.2):  

1. The Jászberény−Tóalmás−Monor (JTM) Area, composed of the three overlapping 3D 

 seismic surveys. Adjacent 2D surveys were only occasionally used. 

2. The Bugyi High (or Bugyi−Sári High) and its surroundings (Bugyi Area in general), based 

 upon a 2D seismic line set. Being in an intermittent position between the JTM Area and 

 the Adony Basin, the boundaries of this unit are treated plastically.  

3. The Adony Basin, studied in the Ercsi 3D seismic survey and the neighbouring 2D line 

 set. 

4.1 The Jászberény − Tóalmás − Monor (JTM) Area 

Concentrating on the elevated high ranging between Jászberény, Pánd and Sári, as well as on 

the Tóalmás area (Fig. 4.1), the exploration of the area has been in the focus of geological 

and geophysical exploration for decades (Kőrössy 1953, Juhász 1964, Juhász and Kőváry 

1964, Kőrössy 2004). The detailed analysis of the deeper parts of the basin lagged behind 

until the 1990's.  

 

Figure 4.1. Location map of the JTM Area. Yellow lines indicate sections shown in this study. Boreholes 
as green circles. Base map: Bouguer anomaly map (Gulyás 2005).  

This chapter is largely based on the results of Palotai and Csontos (2009, 2010, 2011) and 

Palotai et al. (2009). Note that the maps in this chapter (Figs. 4.1, 4.2, 4.5, 4.7) are not 
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northward oriented. In the following, structures are discussed from ’top to bottom’, i.e. 

beginning from the youngest, and proceeding to older ones. 

4.1.1 Pannonian 

The Pannonian (and post-Pannonian) deformation pattern is dominated by the Tóalmás 

Zone (Fig. 4.2), a slightly bent, NE-SW trending strike-slip system, splaying to the northeast 

just at the eastern margin of the Tóalmás 3D survey. Here, at Tóalmás (Fig. 4.3), an 

asymmetric strike-slip pop-up complex creates a pronounced ridge. Pannonian 

sedimentation starts on the northwestern side of the ridge: Earliest Pannonian reflectors 

onlap against the elevated high, and are even normally offset. This might indicate the 

transtensional activity of the zone in Earliest Pannonian times. Late Pannonian reflectors 

form a broad, asymmetrically SE-wards tilted antiform above the larger strike-slip zone, 

suggesting young, likely Pliocene or even Quaternary doming (cf. Ruszkiczay-Rüdiger et al. 

2007, 2009). 

 

Figure 4.2. Base Pannonian TWT time map in the JTM Area. Sinistral strike-slip dominates the fault 
pattern: a set of spindle-shaped pull-apart basins and a restraining stepover mark the Tóalmás Zone. 
strike-slip features occur in a wider zone, and are supplemented by thrust-related folds. See text for 
more details. 

Two steep strike-slip fault segments form a right-stepping stepover north of Tóalmás (Fig. 

4.2). A small east-vergent reverse fault between them offsets top Eocene and base Miocene 

horizons, and drags base Pannonian, thus creating a restraining stepover. The geometry of 

this structure clearly shows a sinistral character.  
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Figure 4.3. Uninterpreted and interpreted seismic section in the Tóalmás 3D cube. For location see 
Fig. 4.1. Note the asymmetrical character of the strike-slip zone, forming a wide dome in the Late 
Pannonian (probably even younger). Lower and Middle Miocene formations are thickest in the vicinity 
of this zone, indicating post-Early to Middle Miocene uplift. Blue arrows indicate reflection 
terminations on base Miocene. 

The mentioned pop-up structure marks the eastern end of the continuous Tóalmás Zone. 

When trying to map the fault zone on 2D seismic lines NE of the Tóalmás 3D survey, no clear 

evidence for further prolongation of similar structures was found. Even in 3D, fault splays 
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around Tóalmás suggest the ending of the strike-slip zone. However, the Darnó zone, a 

prominent strike slip and thrust zone with a Mesozoic-Paleogene core (Fodor et al. 2005b) is 

found on trend and in the apparent continuation of the Tóalmás Zone (Fig. 1.2).  

At Sülysáp, the strike-slip fault splits into two parallel segments, creating a narrow trench in-

between that runs westwards for ca. 25 km to the SW, with minor undulations in the base 

Pannonian surface. Near the western end of the Monor 3D survey, the southeastern fault 

segment turns SSW and then diminishes: it cannot be traced on 2D lines nearby.  

A third, blind segment can be traced in the Monor 3D cube. Above this, on the southern 

flank of the Tóalmás zone, one large and two smaller, almost perpendicular incisions can be 

observed at the base of Pannonian formations (Fig. 4.2). These features are interpreted as 

slump scars at the faulted margin above the blind fault segment.  

This set of sub-parallel strike-slip faults define a narrow, elongated basin that is interpreted 

as a spindle-shaped pull-apart basin sensu Mann et al. (1983). In fact, two sub-basins can be 

defined, being separated by a small scale basin crosscut fault. The eastern sub-basin, termed 

the Sülysáp Basin, is deeper than the western one, named the Mende Basin in the following 

(Fig. 4.2). As these basins are adjacent to each other, and are aligned between the two main 

segments of the Tóalmás Zone, their composite can be termed as the Mende-Sülysáp Basin. 

Unfortunately, the western termination of the Mende sub-basin is unconstrained in the 2D 

seismic realm. It is, however, possible that another basin crosscut fault exists around the 

western end of the Monor 3D survey, where the faults take a turn, and terminates the basin 

here (Fig. 4.2). This could not be adequately defined in the seismic.  

A steep SE dipping fault at Gomba with relatively large normal separation, and similar 

structures at the northwestern boundary of the Pánd high, between Pánd and Gomba, as 

well as east of Tóalmás, can be interpreted as Riedel shears to the main sinistral strike-slip 

zone. These faults detach/diminish in Lower to Middle Miocene strata (cf. Fig. 4.5b), and 

suggest that strike-slip movements in the Pannonian were not restricted to the Tóalmás 

Zone, but occurred in a broader zone within the Mid-Hungarian Shear Zone. Strike-slip 

motions along the northwestern boundary fault of the Örkény high cannot be excluded 

either, due to its steep dip (Fig. 4.4). 
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Figure 4.4. Uninterpreted(above) and interpreted (below) seismic section in the Monor Area. Note the 
thick Oligocene infill of the syncline. Yellow arrows mark reflection terminations. For location see Fig. 
4.1. 

The shortening-related features described below are most likely related to the reactivation 

of earlier structures in a strike-slip regime, and are enhanced by differential compaction 

above the elevated highs and the deep basins, respectively. The N-S trending ridge at 

Jászberény (Fig. 4.1) might be caused by the activity of a W-vergent blind thrust below, 

although the Pannonian activity of this structure is unclear. A larger footwall syncline with 

syntectonic Lower Pannonian sedimentary infill is found in the Jászberény 3D cube (Fig. 4.2). 
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Here, and near the northeastern margin of the Örkény high, normal faults accommodate 

space problems on syncline limbs and possibly do not relate to any regional stress field.  

The possible strike-slip component of the main normal fault might be related to the 

movements of the Tóalmás Zone (see above). The elevated ridge of the base Pannonian 

surface between Farmos and Sári (and further on to Bugyi) is a thrust propagation anticline 

(with questionable Pannonian activity) that gently plunges NE-wards with decreasing offset 

along faults. This means that the southwestern areas are much more elevated than those in 

the NE. A major step in the base Pannonian surface is seen at Pánd. Another, shorter thrust 

(and related anticline) to the NW of the mentioned one diminishes within the Monor 3D 

cube.  

At the southeastern margin of the Monor 3D survey, a slightly bent, NNW-SSE oriented, 

rather diffusely imaged half-graben with minor dip-slip offset separates the Bugyi–Sári High 

in the SW from all structures mentioned above (Fig. 4.2). 

NW of the Tóalmás Zone (in the Tóalmás and Monor 3D surveys) ENE dipping planar normal 

faults offset Lower Pannonian formations, creating a bookshelf structure (Tari et al. 1992, 

Németh 1999, Fodor et al. 2005a, Ruszkiczay-Rüdiger et al. 2007). These faults all terminate 

against the main strike-slip zone. 

SE of the Jászberény ridge (Fig. 4.1, 4.2), the margin of the Jászság basin was mapped: Early 

Pannonian delta systems prograde into the SE-ward deepening basin (Fig. 4.6). 

4.1.2 Early and Middle Miocene 

Lower and Middle Miocene formations were not distinguished during regional seismic 

mapping in this area. The Early and Middle Miocene deformation pattern is illustrated on a 

TWT time map (Fig. 4.5a) as well as on a TWT thickness map (Fig. 4.5b). The Early and Middle 

Miocene deformation is – to some extent – similar to the Pannonian pattern, but also shows 

characteristic differences. 
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Figure 4.5. Base Miocene proxy TWT time map (A) and pre-Pannonian Miocene TWT time thickness 
map (B) in the JTM Area. 

Pre-Pannonian Miocene structures are much more offset on either side of the Tóalmás Zone 

to be sufficiently correlated, although thickness variations at the restraining stepover north 

of Tóalmás suggest that at least at some time within the Early to Middle Miocene (probably 

in the Sarmatian), sinistral transpression prevailed in the zone.  

NW of the Tóalmás Zone NE dipping bookshelf-type faults, similar to the bulk of Pannonian 

deformation, characterize the deformation pattern; thickness variations indicate ongoing 

faulting in the Miocene. 

In the Mid-Hungarian Unit, structures in the SW are more elevated than those in the NE: 

shortening seems to increase westwards. The transition zone between the relatively high 

and low regions, respectively, lies between Pánd and Sülysáp. The most prominent feature is 

a thrust propagation syncline with a thick Early/Middle Miocene syntectonic infill (Fig. 4.5b) 

in the foreland of the Bugyi – Sári – Farmos – Jászberény thrust and fault propagation 
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anticlines. These anticlines, with their Early/Middle Miocene activity best seen on the 

thickness map (Fig. 4.5b), are comprised of three segments. In the SW, two parallel 

segments are found that largely correlate with Pannonian-age structures, indicating ongoing, 

NW vergent shortening. The southern fault propagation anticline continues from Sári to the 

NE through Pánd until Farmos, where it turns NNE to form the WNW vergent Jászberény 

segment, and gradually diminishes nortwards. East of the Jászberény Ridge no 

compressional structures were detected (Fig. 4.6). 

 

Figure 4.6. Uninterpreted (above) and interpreted (below) seismic section in the northeastern part of 
the Jászberény area. For location see Fig. 4.1. Note the complete lack of shortening features. 

The location of thickest pre-Pannonian Miocene formations (Fig. 4.5b) lies SE of the 

topographic depression in the base Miocene surface (Fig. 4.5a). This means that the Tóalmás 
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ridge experienced uplift in the Pannonian, inverting the depocentre of the pre-Pannonian 

Miocene basin. This asymmetrical uplift is shown on Fig. 4.3, whereas Fig. 4.5 demonstrates 

thickness variations and depression geometry in this zone.  

In the footwall syncline in the Jászberény 3D cube (Figs. 3.1, 4.5), normal faults accomodate 

space problems on fold limbs. A similar situation might exist in the southern part of the 

Monor 3D area, where a narrow trench was formed in front of normal faults (Fig. 4.4) at the 

very margin of the 3D cube: the thrust behind can only be assumed.  

All observed structures: thrusts, related folds and faults terminate against a NNW-SSE 

oriented, ENE dipping half-graben with minor offset in the south-western part of the Monor 

3D area (Fig. 4.5), coincident with the Pannonian-age structure above it (Fig. 4.2) that 

bounds the Bugyi–Sári High to the SE. At a closer look, the master fault is segmented into 

two parts with slightly different dip directions. The north-western segment is cut by the 

Tóalmás Zone in the north. The architecture of the relay structure between the two 

segments is below mapping resolution. On the western side of this fault, no mappable Early 

to Middle Miocene-age features were found in the marginal zone of the 3D seismic area. 

4.1.3 Oligocene 

Oligocene deformation is shown on a top Eocene proxy TWT time map (Fig. 4.7a) and a TWT 

thickness map for the Oligocene (i.e. between the top Eocene and base Miocene proxies) 

(Fig. 4.7b). To investigate Eocene tectonics, the mapping of the pre-Tertiary basement would 

have been necessary. Being beyond the scope of the study, this was omitted. 
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Figure 4.7. Top Eocene proxy TWT time map (A) and Oligocene TWT time thickness map (B) in the JTM 
Area.  

Again, the structural style of both sides of the Tóalmás zone greatly differs, indicating 

significant Neogene movements and inhibiting direct correlation of the two compartments. 

In the Mid-Hungarian Unit a large number of flat, mainly NW vergent thrusts are found that 

clearly offset the top Eocene proxy, i.e. were active in the Oligocene. Towards the SW, thrust 

offset greatly increases on individual faults (cf. Figs. 3.1, 4.3 and 4.8. with Fig. 4.6), increasing 

also uplift in these regions. In the NE two, in the SW three major thrust sheets were mapped, 

with a number of smaller transfer faults. Filling synsedimentary synclines, Oligocene 

formations reach their greatest thickness in the foreland of south-westernmost thrusts.  

Oligocene sequences are very thin, or (in the Jászberény-South area) even missing on the 

thrusted Sári – Pánd – Jászberény high, suggesting its Oligocene and/or Early Miocene 

activity. 

A step within the uplifted ridge of Oligocene formations is seen just north of the Pánd area. 

However, this is much sharper than the similar structure in the Miocene above it. This 
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implies an increase in Oligocene thickness in the zone between the steps in base Miocene 

and top Eocene (Figs. 4.7b, 4.8), likely caused by fault transfer geometries.  

 

Figure 4.8. Uninterpreted and interpreted seismic section from the Tóalmás 3D survey. For location 
see Fig. 4.1. Note the increased Oligocene thickness in the SE, likely related to relay structures – see 
Fig. 4.7. Basement: Eocene and older formations. 

N and NW dipping normal faults also occur within the main thrust-related basin in the 

Jászberény 3D area. These faults were hard to map, and seem to be cut by thrusts, thus pre-

dating the compressional phase. An alternative solution would be that because they are 

basically perpendicular to thrusts, are related to those. 

In the central and eastern parts, i.e. in the Jászberény and Tóalmás 3D cubes, two larger 

antithetic (SW vergent) thrust ramps were mapped at, and east of Tóalmás. These might 

have initiated as a single thrust that was offset later, or, alternatively, a relay structure might 

connect them. The Tóalmás and Nagykáta highs were interpreted as pop-ups.  

Folding intensity generally increases SW-wards. Whereas in the NE only gentle synclines are 

characteristic (Figs. 4.3, 4.8), fold amplitude and tightness is much higher in the SW, 

culminating in the northwestern foreland of Sári (Fig. 4.4). 

NW of the Tóalmás Zone NW and NE dipping normal faults were assumed, however, the 

vicinity of 3D cube margins inhibited a detailed observation of these structures. 

4.2 The Bugyi Area and the Bugyi High 

The geological structure of the Bugyi High (sometimes called the Bugyi-Sári High) has been 

investigated for a long time. Initial gravity and seismic surveys in the 1920-s and ’30-s 

indicated a highly elevated NE-SW striking region at Dömsöd–Sári (continuing to the NE as 

far as Jászberény, cf. Fig. 1.2), with basement rocks "almost at the surface” (Pávai Vajna 

1930). Six boreholes were drilled in the assumedly highest zone at Bugyi in 1946 and ’63, 
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supplemented by two wells at Sári. A loose set of industrial 2D seismic lines (Fig. 4.9) 

improved our knowledge of the deep structure, but no detailed model has been constructed 

so far. The structure was interpreted as a horst at the boundary of the Paleogene Basins by 

Kőrössy (1953), Juhász (1964) and Kőrössy (2004). Based on 2D seismic interpretation, 

Csontos and Nagymarosy (1998) argued that a steep south verging thrust unit created the 

high. 

The 2D seismic dataset used (Fig. 4.9) was primarily the same as the one Csontos and 

Nagymarosy (1998) worked with. A number of sections were reprocessed since then, 

improving the sub-Pannonian resolution, and some new lines have been shot, mainly to the 

northwest of the Bugyi High. This, however, did not greatly increase the overall low data 

density in the area, resulting in lower precision of the tectonic and stratigraphic model. 

Fortunately, the structural setting is much better defined in the Monor and Adony Areas on 

either side of the Bugyi Area with 3D seismic coverage, so the main trends defined there 

could be used as an aid in the interpretation of the Bugyi Area.  

The whole region between the better imaged JTM Area and the Adony Basin is regarded as 

the Bugyi Area (Fig. 4.9) in this study. In the following, the structure of the elevated 

basement high, regarded the Bugyi High, will be examined first, followed by the description 

of its surroundings. 
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Figure 4.9. Location of seismic sections (black lines) and boreholes (green circles) in the Bugyi Area, 
superposed on the Bouguer gravity anomaly map (Gulyás 2005). 

4.2.1 Structural information from well data 

While upper Pannonian strata are ubiquitous in the area, lower Pannonian units are missing 

from the highest part of the ridge (Bugyi-1 well, Figs. 4.10, 4.11. 4.14), suggesting that this 

structure was buried only in the later Pannonian. Here, Eocene formations are only at 232 m 

below the surface (Kőrössy 2004). Unfortunately, age data within the Pannonian are 

unreliable, so no absolute ages could be given for individual horizons here. 

Where data exist, Middle Miocene rocks (drilled by wells Bugyi-2, 3 and 4, Figs. 4.10, 4.17a) 

exhibit dips of 10-15°. Ample slip surfaces were also mentioned from these strata (Kőrössy 

2004). Dips in the – also tectonised – Oligocene formations range between 30-60° (Juhász 

1964). Although the Bugyi-4 well on the southeastern flank of the structure did not reach 

this level (it stopped after drilling over 600 m of Miocene volcanics), the high was assumed 

to be the southern boundary of Oligocene formations (Juhász 1964), i.e. being of the 

boundary between the Mid-Hungarian Unit and the Tisza Unit. Dislocation zones in the basal 

Eocene succession, probably between 690-810 m of the Bugyi-5 well (Figs. 4.9, 4.16), and 
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also in the Bugyi-3 well greatly tilted these strata. The flattened manner (Bugyi-3) and the 

assumed sliver-like geometry (Bugyi-5) also prove intense deformation in the zone (Juhász 

1964).  

A summary on borehole information and interpretation is found in Kőrössy (2004). It is to be 

noted, however, that formation top depths (and even definitions) in the cited study do not 

completely match with the internal datasets available at MOL, making a precise 

stratigraphical evaluation of the Bugyi High questionable. Because of this, pre-Oligocene 

formations were not differentiated during seismic mapping. 

4.2.2 Structural model of the Bugyi High 

Pannonian units onlap on the high, with Early Pannonian missing from the most elevated 

parts (e.g. Bugyi-1 well). This means that the structure was an elevated ridge during the Early 

Pannonian. The available sparse 2D seismic network (Fig 4.9) leaves space for alternative 

interpretations. Here, the ridge is regarded as a sinistral pop-up. Its internal structure is 

questionable, but, based upon 2D seismic interpretation (accomplished with the Kingdom 

and Move programs), the presented geometry (Figs. 4.10, 4.11) seems most likely. 

 

Figure 4.10. Structural map of the Base Pannonian level on the Bugyi High. For location see Fig. 4.9. 
Codes correspond to fault blocks mentioned in the text. 
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Figure 4.11. Perspective views of the Bugyi High structure forming a pop-up (vertically exaggerated). 
Coloured surfaces are the top of pre-Pannonian units (colouring the same as on Fig. 4.10). Blue 
surfaces are faults. North direction in the lower right corners (red). Codes correspond to fault blocks 
mentioned in the text. 
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Figure 4.12. Section B1. Uninterpreted (above) and interpreted (below) seismic section across the 
Bugyi Area, at the very tip of the Bugyi High (W4 structure). Location shown on Fig. 4.9. Basement: 
Eocene and older formations, undifferentiated. 

The western part of the Bugyi High (termed structure 'W' in the following) is more 

constrained than the eastern one (structure 'E') (Fig. 4.10). Here (in the western part) well 

Bugyi-1 reached pre-Neogene formations in the highest position (structure W1, Fig. 4.14). As 

Section B3 (Fig. 4.14) shows, the elevated structure is composed of three parts. The northern 

one of those (structure W2) cannot be correlated on parallel sections to Section B3, and is 

only seen on the oblique Section B8 (Figs. 4.10, 4.17a). So, this feature lies somewhat out of 

trend of the general structure. The central, highest segment (structure W1) does not 

continue to the parallel sections, but, as Section B10 (Fig. 4.16) shows, is a more elongated 

feature. The southernmost segment (structures W3-4) can be correlated towards Section B2 

(Fig. 4.13), and even to Section B1 (Fig. 4.12) at the very tip of the structure, and might be 

segmented into two parts (structures W3 and W4) by an east-west striking fault as shown on 

Figs. 4.10 and 4.13.  

Whereas the western part of the Bugyi High (structure W) is segmented into three or four 

parts, the eastern zone (structure E) seems to be a more uniform, upthrust dome structure, 
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where pre-Neogene formations are elevated into higher position (Sections B5 and B9, Figs. 

4.10, 4.17b). Alternatively, the seismic resolution did not allow for a more detailed 

interpretation. 

 

Figure 4.13. Section B2. Uninterpreted (above) and interpreted (below) seismic section across the 
Bugyi Area. W3-4 correspond to structures on Fig. 4.10. Location shown on Fig. 4.9. Basement: 
Eocene and older formations, undifferentiated. 
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Figure 4.14. Section B3. Uninterpreted (above) and interpreted (below) seismic section across the 
Bugyi Area. W3-4 correspond to structures on Fig. 4.10. Location shown on Fig. 4.9. Basement: 
Eocene and older formations, undifferentiated. 

As the wide dome (structure E1) of Section B5 (Fig. 4.15) cannot be correlated to the east 

towards Section B6 (Fig. 4.18), where only a much narrower dome is found, a transverse 

boundary fault has to be assumed between the sections, that is unfortunately not imaged on 

any seismic section. Assuming homogeneous stress field during the sinistral phase, a N-S 

oriented fault should have normal offset, as shown on Fig 4.10. Running around the very 

edge of structure E1, Sections B9 and 10 (Figs. 4.16, 4.17b), however, suggest reverse offset 

in this zone. So, it is possible that the E1 structure actually has a somewhat different 

geometry than shown on Figs. 4.10. and 4.11, only it could not be adequately imaged in the 

current dataset. 

The eastern ending of the Bugyi High (structure E2) is a narrower upthrust zone at Section B6 

(Fig), which completely ends before Section B7 (Fig. 4.10).  
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Figure 4.15. Section B5. Uninterpreted (above) and interpreted (below) seismic section across the 
Bugyi Area. For location see Fig. 4.9. The suspected pre-Pannonian Miocene patch (base with dashed 
lines) next to the Tóalmás Line is inferred from section restoration (Fig. 5.2), but may not be justified. 
E1 corresponds to structure on Fig. 4.10. Basement: Eocene and older formations, undifferentiated. 

 

Figure 4.16. Section B10. Uninterpreted (above) and interpreted (below) seismic section along the 
Bugyi High. For location see Figs. 4.9, 4.10. Codes on the high correspond to structures on Fig. 4.10. 
Basement: Eocene and older formations, undifferentiated.  

The overall elongated geometry of the units described above (Figs. 4.10, 4.11) suggest a 

transpressional strike-slip setting. Based on the generally low quality dataset, the most 

probable solution is that of a sinistral pop-up. Correlation among sections revealed that the 
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most important fault, separating the eastern and western parts, seems to offset the elevated 

pre-Neogene formations in a left-lateral way. The exact geometry of other, smaller faults 

was shaped in accordance with this, resulting in the overall sinistral caracter of the structure. 

Only the structure W2 lies out of this trend, but can be regarded as the result of local strain 

perturbation.  

The described transpressive faults (seen on Figs. 4.12, 4.13., 4.14, 4.15, 4.18) are situated 

above deeper thrust faults, and are interpreted as the rejuvenation of these. Not excluding 

alternatives, the general vergence of the deeper faults is assumed to be a northwestern one, 

consistently with adjacent structures in the northwestern foreland (see below). 

On the available dataset it was not possible to correlate different pre-Oligocene units along 

the sections. Thus, any formation of Eocene or older age is presented uniformly on the 

sections, regardless the amount of markedly different erosion on different parts of the Bugyi 

High (for a summary on borehole data see Kőrössy 2004). Based on this, the Bugyi High is 

assumed to have been uplifted before the Pannonian (or until the earliest Pannonian), in 

order to expose Mesozoic or even Paleozoic units (Kőrössy 2004). Also, Pannonian horizons 

in most sections onlap onto the high almost without visible drag that would indicate 

Pannonian age dip-slip deformation. Sections B2 and B6 (Figs. 4.13., 4.18) show some 

draping of horizons around the high. This could be related to differential compaction, but 

could also mean minor fault activity in the Pannonian (especially on Section S6, Fig. 4.18). In 

any case, the main uplift of the Bugyi High is pre-Pannonian. 

Although the main basement elevation does continue to the NE until Pánd and to a lesser 

extent even to Jászberény (see Chapter 4.1), the Bugyi High, as a transpressional high, ceases 

before Section B7 (Fig. 4.10).  

4.2.3 Structural model of the Bugyi Area 

4.2.3.1 SE of the Bugyi High 

The location of the Mid-Hungarian Line is rather unclear. Well Bugyi-4 (Figs. 4.10., 4.14) 

drilled over 600 m Miocene volcanics in the pre-Pannonian, but did not reach a basement. 

The nearest well reaching proven Tisza basement is at Dunaúújváros (Haas et al. 2010). 

Agreeing with Csontos and Nagymarosy (1998), it is believed that the Mid-Hungarian Line 

lies in a currently unresolved position below the volcanic succession. 
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4.2.3.2 NW of the Bugyi High 

An intensely deformed belt is found between the Bugyi High and the Tóalmás Zone. Here, 

thick Oligocene and Lower to Middle (?) Miocene formations are bent into a large scale 

syncline (Figs. 4.12., 4.13., 4.14, 4.15, 4.18) with several internal distortions. Unfortunately, 

no borehole data exist to prove the age of the syncline fill, but similar seismic facies was 

proven to be of Oligocene age by borehole data in the adjacent Monor 3D area (Chapter 

4.1.3).  

The main syncline is basically formed between convergent thrusts with southeastern 

vergency on the northwestern, and northwestern vergency on the southeastern sides (Figs. 

4.12., 4.13., 4.14, 4.15, 4.18), the latter ones generally being better imaged, and more 

dominant in the sectons. The northwest verging thrusts also align well to the faults elevating 

the Bugyi High, suggesting that the pop-up structure (Chapter 4.2.2) might have been 

formed by the reactivation of these thrusts. Despite the low data density, these thrusts seem 

to be in the continuation of the two main faults at the southeastern margin of the Adony 

Basin (Fig. 4.30).  

These convergent thrusts form a fold similar to that in the Adony Basin (Chapter 4.3.2). 

Although the exact correlation of thrusts was not possible, the NE-SW striking syncline in 

Oligocene and Lower (?) Miocene formations is nicely revealed (Fig. 4.19).  

In some sections (Figs. 4.14, 4.15), on the northwestern side of the syncline a SW verging, 

steep (potentially transpressive) thrust was interpreted that offsets pre-Pannonian Miocene 

formations, and was probably active until the Middle Miocene. 

4.2.3.3 NE of the Bugyi High, contact with the Monor Area  

As mentioned in Chapters 4.1.1 and 4.1.2, a NW-SE striking, segmented fault zone (already 

within the Monor 3D survey) separates the Bugyi Area from the JTM area (Fig. 4.19). 

Another fault plays, however, an even more important role. As revealed by Section B8 (Fig. 

4.17a), pre-Pannonian Miocene formations gradually thicken towards the NE. Oligocene is 

quite thin here. (The horizons were defined from the Bugyi-3 well adjacent to the section; 

Figs. 4.9, 4.10, 4.17a). This unit is suddenly interrupted by a steep zone of reflection 

discontinuity. From the well constrained Monor 3D cube on the NE side (Chapter 4.1), a 

completely different series can be correlated towards this boundary, which is shown in an 

almost strike direction on Section B8 (Fig. 4.17a). There, pre-Pannonian Miocene is very thin, 
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or even missing at the boundary, and only gradually thickens towards the NE, whereas 

Oliocene is rather thick below. Thus, this boundary has to be regarded a subvertical fault, 

with SW-down synsedimentary activity in the Early to Middle Miocene, and NE-down activity 

in the Oligocene, indicating reversal of slip. Alternatively, a transfer setting might be 

proposed, that would juxtapose units with different thicknesses, but, as shown below, this 

option is unlikely. Because of erosional contacts, only a lower estimation of 600 ms offset 

can be given for the Early to Middle Miocene. For the Oligocene, an offset of 750 ms seems 

realistic. Fault activity did not continue into the Pannonian (Fig. 4.17a).  
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Figure 4.17. Sections B8 (A) and B9 (B). 
Uninterpreted (above) and interpreted (below) 
seismic sections along the Bugyi High. For 
location see Figs. 4.9, 4.10, 4.19. Codes on the 
high correspond to structures on Fig. 4.10. 
Basement: Eocene and older formations, 
undifferentiated. 
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A similar feature was interpreted on Section B6 (Fig. 4.18), being a "dip" section 

perpendicular to Section B8 (Fig. 4.9). Here, the reflections of a thrust-segmented syncline 

with assumedly thick Oligocene fill next to the Tóalmás strike-slip fault suddenly end in a 

steep SE dipping zone. On the southeastern side, the thick, slightly bent pre-Pannonian is 

underlain by relatively thin Oligocene in the "foreland" of the Bugyi High, similarly to other, 

parallel sections. The offset at this pre-Pannonian age fault is normal in the Early to Middle 

Miocene and reverse in the Oligocene. Because of interpretation uncertainties, Oligocene 

offset is only guessed to be around 800 ms, pre-Pannonian Miocene offset being around 600 

ms.  

 

Figure 4.18. Section B6. Uninterpreted (above) and interpreted (below) seismic section across the 
Bugyi High. For location see Figs. 4.9, 4.10. Note the opposite slip on the transverse fault during the 
pre-Pannonian Miocene and the Oligocene. Codes on the high correspond to structures on Fig. 4.10. 
Basement: Eocene and older formations, undifferentiated. 
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Trying to correlate the sections, a WNW-ESE striking, steep, probably slightly bent fault 

surface emerges (Fig. 4.19). The continuity of this structure towards the NE is lost, because it 

is cut by the Pannonian age Tóalmás Zone. More interesting is the southeastern continuation 

of the fault. No sign of any steep fault can be seen on Section B9 (Fig. 4.17b), also a strike 

section parallel to Section B8 (Fig. 4.9). On this section, the Oligocene age thrusts of the 

Monor 3D cube (Chapter 4.1, Fig. 4.7) are seen almost in a strike direction. Whereas the 

lower and intermediate structural levels (at the northeastern parts of the section) feature 

thick Oligocene overlain by NE thickening Lower to Middle Miocene, in the upper unit (in the 

central part of the section, adjacent to the Bugyi High) Oligocene is extremely thin (Fig. 

4.17b), indicating Oligocene and/or Early Miocene activity of thrusting.  

 

Figure 4.19. Top view of the base Miocene proxy surface coloured for elevation in the Bugyi Area. 
Converging thrusts formed a syncline in between. Note the transverse fault that changed polarity 
from reverse in the Oligocene to normal in the pre-Pannonian Miocene. White-brown-green coloured 
surfaces: base Pannonian on the Bugyi High.  

The fact that the fault correlated between sections B6 and B8 (and in between on section B7, 

Fig. 4.19) does not continue on Section B9, means that the fault tip has to be between the 

two strike sections. Unfortunately, the northwestern end of the fault is lost due to 
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Pannonian strike-slip. With the fault tip being between Section B8 and B9 (Fig. 4.19), 

scissors-type faulting, and, related to this, clockwise vertical axis rotation of the Bugyi parts 

relatively to the Monor block is inferred for the Oligocene from the thrusting activity of the 

fault. This phase will be termed rotation R1 in the following. The Early to Middle Miocene 

synsedimentary activity of the earlier thrust is SSW down/normal, indicating 

counterclockwise relative rotation between the Bugyi Area and the Monor blocks in that 

time interval (termed rotation R2 in the following). The amount of rotation could not be 

directly determined in either phase. 

4.2.3.4 The Tóalmás Zone 

The Tóalmás Zone in the northwestern foreland of the Bugyi High is mainly characterized by 

NW dipping fault segments without significant flower structures, that created pre-Pannonian 

Miocene age half-graben structures in section view (Sections B2, B5, B6, Figs. 4.13, 4.15, 

4.18). The fault dip, eventual detachment could not be inequivocally determined, and (not 

being a crucial part of the study) was only superficially interpreted in the 2D seismic dataset.  

4.2.4 Neotectonics at the Bugyi Area 

In order to evaluate the burial of the Bugyi High, the lowermost horizon that covers the 

Bugyi High (Fig. 4.20) was chosen to be mapped. The horizon was defined on section B3 (Fig. 

4.14) around the Bugyi-1 well, at the height where only the uppermost structure (W1) 

stepped above the horizon. This did not completely met expectations, but seismic processing 

did not allow for an interpretation of any higher horizon. The interpreted line within the 

Pannonian on all Bugyi Area sections corresponds to this newly mapped horizon. Because of 

its shallow depth, it was not possible to correlate this surface with the age-constrained data 

of Magyar (2009), so no absolute age could be given. However, as revealed by Section B10 

(Fig. 4.16), this horizon is younger than the Pa3 surface mapped in the Adony area (Chapter 

4.3) that was defined by Magyar (2009) between 8.0 and 8.6 Ma. From the sections (Figs. 

4.12, 4.13, 4.14, 4.16, 4.17, 4.18) it is evident that the horizon is upper Pannonian; even a 

Pliocene age might be realistic. Despite the minor mismatch between the mapped horizon 

and the one actually burying the W1 structure (Fig. 4.14), it constrains the late burial of the 

Bugyi High. 
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Figure 4.20. Top view of the lowermost Pannonian horizon covering the pre-Oligocene units on the 
Bugyi High. Black points: wells. 

The northwestern dip of the surface indicates the continued activity of the Tóalmás Zone 

even after the burial of the Bugyi High, and/or differential compaction in the zones of thicker 

sediments in the NW as compared to the elevated Bugyi High.  

4.3 The Adony Basin 

The depression at Adony has been known for a long time, but, quite surprisingly, no detailed 

interpretation was published until recently, despite the large number of regional studies at 

least marginally in contact with it (Pogácsás et al. 1989, Balla 1999, Csontos and Nagymarosy 

1998, Fodor et al. 1999, Csontos et al. 2005, Horváth 2007, Ruszkiczay-Rüdiger et al. 2007, 

Horváth and Dombrádi 2010, Pogácsás et al. 2011). Based on analogies, Dudko (2004) 

suggested an Early Miocene age for the basin, but stated that “its formation mechanism is 

unknown”. Márton and Fodor (2003) suggested an Early 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 the late Pannonian (18-5 Ma).  

The core of this work (published by Palotai and Csontos 2012a, 2012b, 2013) is the Ercsi 3D 

seismic survey, which covers large parts of the Adony Basin as shown on the gravity Bouguer 
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anomaly map (Gulyás 2005, Fig. 1.2). This is supplemented by a number of 2D lines (Fig. 

4.21). 

 

Figure 4.21. Location map of the Adony Basin area with boreholes (orange circles), 2D seismic lines 
(yellow lines) and the Ercsi 3D survey (purple rectangle). Red lines indicate sections shown in this 
study. Base map: Bouguer anomaly map (Gulyás 2005). Wells outside the interpreted area were used 
for correlation. 

Pannonian ages were inferred from the regional study of Magyar (2009). In this sense, the 

interpreted horizon Pa3 is between time horizons of 8.0 Ma and 8.6. Pa2 is slightly younger 

than 10.65 Ma, while Pa1 lies between at the base of Pannonian formations, i.e. between 

11.6 Ma (Piller et al. 2007) and 10.65 Ma (Fig. 4.22). Note that these marker horizons do not 

correspond to sequence boundaries as defined by Sacchi and Horváth (2002) and others. 
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Figure 4.22. Uninterpreted (A) and interpreted (B) seismic section across the Adony Basin. For location see Fig. 4.21. Oligocene and Lower/Middle Miocene 
formations are overthrusted from both sides. Pannonian age faults detach near the base of Pannonian formations, the detachment being continued into the 
basin as a salt weld. The antiform in the Oligocene is at least partly artifact related to velocity pull-up. T1-3 correspond to thrusts mentioned in the text. 
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The most interesting peculiarity of the Adony Basin lies in the occurrence of salt. Located at 

the northwestern margin of the basin, the Ráckeve-1 borehole (Figs. 4.21, 4.28) drilled 

almost 200 m evaporites in the pre-Pannonian sequence. Apart from this well, no salt is 

known in any borehole nearby. 

Mapping of the different horizons revealed that the basin had at least two main formation 

episodes, with different geometries and bounding structures. In the following, these 

different, superposed basins will be described in more detail. 

4.3.1 The pull-apart basin of Pannonian age  

4.3.1.1 The strike-slip fault zone  

The well resolved Pannonian-age sinistral Tóalmás Zone (Fodor et al. 2005a; Ruszkiczay-

Rüdiger et al. 2007, 2009) in the Bugyi Area can be traced from the NE on 2D seismic lines. 

When entering the Ercsi 3D cube, a strong, nearly planar fault and related seismic damage 

zone (Iacopini 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 échelon faults along the northwestern basin margin are characteristic for the Pannonian 

sequence. 3D mapping revealed their geometry (Fig. 4.23). Relay patterns are clearly right-

stepping, while in section view, faults generally have normal offset. Fault geometries are 

best observed on the Pa1 surface TWT (two-way travel time) depth map (Fig. 4.25c), as well 

as on amplitude maps (Fig. 4.24). All these faults detach at or around the base of Pannonian, 

generally at the very margin of the basin itself (Figs. 4.22, 4.27).  
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Figure 4.23. Oblique view of strike-slip faults on the northwestern basin margin coloured for TWT 
depth, above the Pa1 surface. Note the sinistral character of the zone, with relay structures between 
individual faults. Pa1 depth is shown in TWT (msec). Scale varies in this perspective. 

 

Figure 4.24. Amplitude map of the Pa1 surface in the Ercsi 3D survey. The en échelon strike-slip zone 
at the basin margin and a separate normal fault protrude as black zones. 
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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 base Pannonian at the steep slope of the 

eastern high (Fig. 4.26, 4.27). It is assumed that they were formed at least partly by strike-

slip movements. 

4.3.1.2 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. 4. 25) show the evolution of the pull-apart basin.  

The most intense subsidence took place in the earliest Pannonian (Fig. 4.25d, h), 

approximately before the deposition of the Pa1 horizon (Figs. 4.22, 4.26, 4.27, 4.28). 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), left lateral offsets along this fault zone are inferred.  

The eastern and western basin edges (Fig. 4.25) are also quite linear, though appear 

somewhat more diffuse due to 2D seismic limitations. These sidewall faults are mainly 

normal ones (Fig. 4.26) 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. 4.26) deepened the basin. Both eastern and western margin 

normal faults detach on a strong reflector package with disturbed upper and relatively flat 

lower horizons. 
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Figure 4.25. Top view of Pannonian TWT 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. 
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A similar scenario is seen between the Pa1 and Pa2 ages as in the earliest Pannonian (Fig. 

4.25b, c, g), although 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 échelon 

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. 4.25a, 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. The amount of strike-slip is assumed to decrease at 

these times, although direct evidence for this is lacking. 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. 
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Figure 4.26. Uninterpreted (A) and interpreted (B) seismic section along the basin. For location see 
Fig. 4.21. 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.  

4.3.1.3 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. 4.26). Two detached anticlines were mapped. Both are 

four-way closed domes, although the southern one is less well constrained due to 2D seismic 

data limitations. The arrangement of folds does not show an en échelon geometry. 
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Figure 4.27. Uninterpreted (A) and interpreted (B) seismic section across the basin. For location see 
Fig. 4.21. Pannonian faults on both basin margins detach at the horizon also forming the detachment 
folds in the basin. Paleogene to Middle Miocene (?) thrust fronts on both basin margins acted as slide 
surfaces for Pannonian age faults. Note the detached anticline in the centre of the basin. T1-4 
correspond to thrusts mentioned in the text. 

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. 4.26). 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. 4.26), coring the anticline. Reflections 

below the detachment are continuous in the basin area on 3D seismic, and are bent into a 

gentle syncline (Figs. 4.22, 4.26). 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 for a 
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short distance (Figs. 4.22, 4.27). At the current resolution, no clear seismic basement can be 

detected.  

Salt is offset to be found at much shallower depth in the Ráckeve-1 well (Fig. 4.21). The salt 

drilled here (Fig. 4.28) 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. 

 

Figure 4.28. Uninterpreted (A) and interpreted (B) seismic section along the basin axis through the 
Ráckeve-1 well. For location see Fig. 4.21. Thrust sheets displace the salt. Note the detachment fold 
cored by minor thrusts in the basin. T1 and T1a correspond to thrusts mentioned in the text. 
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With salt drilled at the northwestern margin, and a detachment horizon in the basin, an 

originally continuous salt layer in the basin and at its very margins is assumed, that has been 

offset. Although shale tectonics cannot be excluded, 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.  

Figs. 4.22, 4.26 and 4.28 show that the supra-detachment layers are extremely variable in 

thickness. This is attributed to salt movement, even welding (Fig. 4.22). 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. 

4.22). 

4.3.1.4 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. 4.25). This is 

caused by a steep north dipping thrust active in early Pannonian times (Figs. 4.25h, 4.28) 

that created a pronounced subsiding area in its foreland. North verging thrusts on the 

southern edge of the basin being active in the early Pannonian are assumed, but these 

structures mainly acted as blind faults. 

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.  

4.3.1.5 Continuation of strike-slip 

As mentioned before, the Tóalmás Zone appears in the area from the northeast as a well 

developed Pannonian age left-lateral strike-slip zone (see Chapters 4.1.1 and 4.2.3.4). 

Southwest of the studied basin, however, it can hardly be traced on 2D lines. Cross-sections 

through the Adony Basin (Figs. 4.22, 4.26, 4.27, 4.28) reveal that Pannonian age strike-slip 

faults detach at or just below the base of Pannonian formations on both sides of the basin. 

The gross amount of shallow slip of the zone is assumed to be 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. However, being 

developed on an elevated basement high (cf. Fig. 1.2), Pannonian formations are very thin 

there. Also, the 2D seismic coverage and quality is less than perfect. Thus, it is probable that 
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the Adony Basin detachment zone acted as a buffer zone for shallow strike-slip deformation, 

but the master fault continues to the SW, even though its continuity is lost for 

technical/geophysical reasons. 

4.3.1.6 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. 4.26 shows a more deeply propagating master fault, but other sections (Fig. 

4.22, 4.27 and also the southwestern margin on Fig. 4.26) show shallower faults detaching at 

the level of the salt, and no direct connection is seen with the suspected deep structures. It 

is suggested 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.  

4.3.2 Pre-Pannonian flexural basin 

When the effects of Pannonian pull-apart basin formation are restored (Fig. 5.2, Chapter 5), 

a new basin form emerges. This pre-Pannonian basin is possibly generated by thrusts, rather 

than by strike-slip or normal faults. In this sense, it can be regarded a flexural basin. 

4.3.2.1 Thrusts on the southeastern margin 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 (thrusts T2-4 on Figs. 4.22, 4.29, 4.32). Their 

interpretation is justified by the existence of medium amplitude, relatively continuous 

reflections (interpreted as Oligo-Miocene sediments) below low amplitude, low continuity 

zones regarded as basement units. The continuity of Oligo-Miocene reflections between a 

normal, younging upwards setting and an overthrusted position is nicely revealed in a strike 

section (Fig. 4.29). Seismic resolution did not allow to adequately correlate the hinterland 

flats of the thrusts, so, the detachment depth is not totally clear. Seismic interpretation (Figs. 

4.22, 4.27, 4.28) and section restoration (Fig. 5.2) nevertheless show a generally thin-skinned 

tectonic style. 
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The third, deepest thrust (thrust T4 on Figs. 4.27, 4.30) could only be interpreted at a much 

lower accuracy than the upper two, its existence is thus not proven. 

 

Figure 4.29. Uninterpreted (above) and interpreted (below) seismic section along the southern margin 
of the Adony Basin. For location see Fig. 4.21. The thrust sheet is in an almost strike direction. A 
basement unit with reflection-poor seismic character is found above a wedge of medium amplitude 
reflections that continue towards the west as a well defined sedimentary unit. Note normal faults on 
the allochtonous unit. Lower Pannonian units onlap on the high. 
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Figure 4.30. TWT 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. More details in the text. 

 

Figure 4.31. Perspective view of Adony Basin thrusts (blue surfaces), top Triassic on the northwestern 
side of the basin (purple) and some horizons within the basin (greens) towards the east (north arrow 
in lower right corner). Note the detached character of the anticline evident between the two Miocene 
horizons. Strike-slip faults and other horizons omitted for clarity. T1-3 correspond to thrusts 
mentioned in the text. Seismic section is the same as on Fig. 4.27. 
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No well has reached the pre-Cenozoic basement on the southern high yet. The nearest deep 

well to the south is at Dunaújváros, which drilled Tisza-type basement rocks. This borehole, 

however, is in another structural position on a high south of the investigated basin (Haas et 

al. 2010). So, it is not clear if the Pannonian basin’s southern shoulder consists of Tisza- or 

Mid-Hungarian Unit-derived rocks, however, the latter one is more likely (cf. Haas et al. 

2010). 

4.3.2.2 Thrusts and alternatives at the northwestern margin of the basin 

Triassic dolomites reached by the Ráckeve-1 well (Fig. 4.28) show a reflection-poor 

character. Below them, relatively continuous, medium to high amplitude reflections are seen 

(Figs. 4.22, 4.28, 4.32). They were initially interpreted as Lower to Middle Triassic or Permian 

deposits. However, the 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. 4.32) suggests a most likely tectonic 

contact.  
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Figure 4.32. Uninterpreted (A) and interpreted (B) seismic section on the northwestern side of the 
pull-apart basin. Continuous high amplitude reflections in the lower part of the image are regarded as 
Oligo-Miocene sediments being overthrusted by Triassic dolomites with a reflection-poor character. 
Normal faults in the Triassic do not reach below the nappe boundary. Note the high amplitude 
feature in the earliest Pannonian. For location see Fig. 4.21. 

A possible explanation would be that these reflections are from Cretaceous strata. This 

would mean that the Triassic above them forms a Cretaceous (or younger) thrust sheet. This 

model is supported by a well near Csővár to the NE of Budapest, where different age 

Cretaceous strata (including Senonian) were sandwiched between Triassic carbonates (Haas 

et al. 1997; Benkő and Fodor 2002). The upper age limit of this event is Eocene, as 

constrained by surface observations (Benkő and Fodor 2002).  
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A major question regarding the allochtonous 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 the presented 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 

basin margin (Figs. 4.22, 4.28) 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. 4.22, 4.27, 4.28). 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 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, alternatives cannot totally be excluded, but it is 

likely that these sub-Triassic reflections come from young, i.e. Oligocene and Miocene 

sediments (Fig. 4.32). This means that the northwestern margin of the pull-apart basin 

(Chapter 4.3.1) is in fact the front of a thrust nappe composed of Triassic dolomites (T1 on 

Figs. 4.22, 4.27, 4.28). 

Another thrust ramp was mapped below the one mentioned above (T1a on Fig. 4.28), but its 

displacement can only be estimated to be in the range of 500-1000 metres.  

No clear data exist on the stratigraphic level of detachment of these thin-skinned thrusts, 

Upper Triassic marls of the Transdanubian Range and Oligocene shales (or, possibly 

Badenian salt) being preferred candidates for lower and higher detachment levels, 

respectively.  

4.3.2.3 Age of thrusting 

The fronts of thrusts on the northwestern side culminate just below the Ráckeve-1 well, 

largely elevating and thinning pre-Pannonian formations (Fig. 4.25). Due to the lack of wells, 

the age of this frontal thrusting is not totally clear. On the northwestern side, correlating 

from the Baracska-1 and Tököl-1 boreholes (Fig. 4.21), reflections that onlap on the high at 

the Ráckeve-1 well (Fig. 4.28) are between Karpatian (17 Ma) and Sarmatian (12 Ma), thus 
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also determining the age of the high. Heavy faulting around these wells inhibited more 

detailed evaluation. However, as non-salt-bearing Sarmatian deposits are thin, the 

Karpatian–Badenian age is more likely. On the footwall side, the steep front of the thrust is 

elevated above the supra-salt succession most likely of Middle Badenian age (Fig. 4.28; 

Chapter 6.3.1), indicating a Late Badenian and/or Sarmatian age of thrusting. 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 thrusting event is less clear. Excluding the possibility of Cretaceous 

nappe stacking (see Chapter 4.3.2.2), 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 they can be anything younger than Eocene. It is possible that the whole basin 

sequence is Miocene, but it is very likely that at least the lowermost formations are 

Oligocene. This idea is corroborated by the almost total lack of Oligocene deposits at the 

frontal part of the hanging wall (Figs. 4.22, 4.27, 4.28, 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 own studies (Chapters 4.1, 4.2) to the NE (Fig. 1.2). 

Because the dip of the lower thrust ramp is rather unsure, an easternly transport direction 

from its western dip (Fig. 4.30) during the first thrusting phase can only be suspected. As for 

the southern side of the basin, exact time constraints also lack. However, it can be assumed 

that the main thrust activity time span was similar to that in the northwest. 

4.3.2.4 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) tempt for a deep-seated strike-slip pop-up 

interpretation of the structure. 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, however, indicates the existence of flat allochtonous sheets. However, it 

is likely that the rise of this structure (Fig. 5.2) involved transpressional movements, as the 

front of the main thrust is relatively steep (Figs. 4.28, 4.30) and a number of backthrust 

surfaces were observed (Fig. 4.27). Based on onlap relations on the thrust front (Fig. 4.28), 

the age for this event is Middle Miocene, most likely Badenian (see above). 
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4.3.3 Indications of neotectonic activity 

Some faults at both basin margins propagate up to the uppermost reflections visible on 

seismic. These reflectors are still within the Pannonian sequence. The pilot study on high 

resolution single-channel river seismic showed that the suspect base of Quaternary deposits 

of the Danube is slightly deeper above the basin than elsewhere (Fig. 4.33). Uppermost 

Pannonian horizons are folded at the northwestern margin of the basin proper, this feature 

being related to fault drag. This folding does continue within the Quaternary horizons. The 

increase of Quaternary thickness might be due to continued folding, but also to pronounced 

compaction in the basin as compared to its shoulders. 

 

Figure 4.33. Interpreted composite high resolution single channel river seismic section (courtesy of 
Geomega Ltd.) along the Danube. Quaternary sediment thickness increases above the earlier basin. 
Folding continues in the Quaternary (see arrow). Pa3 corresponds to the Pannonian horizon mapped 
in the 3D volume. For location see Fig. 4.21. 

The current topography (Fig. 4.25e) features the floodplain of the Danube in the east, and 

NW-SE oriented, relatively high ridges and lower valleys between them in the western part 

of the study area. The origin of similarly oriented ridges throughout western Hungary has 

been debated for a long time, with deflation being more and more accepted – for a 
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summary see Horváth and Dombrádi (2010) and Csillag et al. (2010). Without going into 

detail, it can be stated that the topographic ridges in the study area do not correlate with 

faults mapped in their substratum. Thus, their tectonic origin has to be excluded. 

4.3.4 A peculiar meandering feature 

Although not a tectonic phenomenon, an uncommon feature is described below to foster 

further ideas on its origin. Within the Ercsi 3D survey, a meandering object (Fig. 4.34) was 

mapped at a length of approx. 8 km just above base Pannonian. When approaching the pull-

apart basin, it disappears in the fault zone at the basin margin. In section view (Figs. 4.32, 

4.35), it has a positive geometry with high amplitude reflections that – at least partly – can 

be followed across the structure. A bulge is created in the horizons above the feature (also 

seen in the Pa1 surface; Fig. 4.35), and (in most sections) a minor depression is seen below in 

the base Pannonian level.  
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Figure 4.34. TWT depth map of the Pa1 surface in the Ercsi 3D seismic survey, showing a generally N-S 
oriented meandering feature in the central part of the image, NE-SW en échelon faulting at the basin 
margin and the effect of a large N-S striking normal fault in the W.  

 

Figure 4.35. The high amplitude feature in section view (in the green ellipse). Note that it creates a 
bulge in the horizons above, and a depression in the continuous reflector, i.e. base Pannonian below. 

A possible mechanism for the formation of this feature would be channel sedimentation, 

although neither deep lacustrine, nor alluvial channels are expected in this stratigraphic level 

(Magyar 2009). The initial structure might be an incision into the base Pannonian 

unconformity, formed during subaerial exposure at the end of the Sarmatian. The 

orientation of the erosional valley (Fig. 4.34) supports the idea of a south dipping Sarmatian 

regional paleosurface that was locally modified by the subsiding basin, likely acting as the 

sink of the channel infill.  

This topographic relief was inherited and draped evenly by marls (at a height of approx. 80-

100 msec TWT) during the earliest Pannonian, when deep lacustrine (“pelagic”) conditions 

existed on the bottom of the lake (Magyar 2009). Afterwards, this meandering valley was 

filled by a material which did not compact, but kept its thickness. This material provided a 

topographic high over a longer period of time, as the neighbouring sediments (low 

amplitude reflections probably from turbidite sands) onlapped it from both sides (Fig. 4.35). 

Gradually, however, it became buried, and the covering formations (continuous high 

amplitude reflections most likely from shales) produced a small compaction anticline above 

it. When the next package of sediments, characterised by low amplitude reflections, was 

deposited, the effect of the meandering feature ceased.  
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The probably only rock types that fulfil the criteria described above are magmatites. 

Considering that basaltic lava flows, sublacustrine and subaerial explosive basaltic volcanism 

are widespread during the Early Pannonian in the Pannonian Basin (Seghedi et al. 2004, 

Pécskay et al. 2006, Harangi and Lenkey 2007), a possible explanation would require a – yet 

unknown – volcanic explosion centre. So, this peculiar feature is assumed to be a basaltic (?) 

sublacustrine lava flow, which followed the local paleotopography inherited from earlier 

valley incisions. 

In any case, further studies shall be undertaken on this matter. 
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5 Section restoration and backstripping 

The aim of this workflow was to get an idea on lateral and temporal variations in the amount 

of deformation. Sections were chosen to be in dip (approximately NW-SE) direction to the 

main structures. Five sections were selected for structural restoration (Fig. 5.1): one in each 

of the 3D surveys of the JTM Area, one 2D section across the Bugyi Area, and one composite 

section across the Adony Basin. The present day states of individual sections correspond to 

Figs. 4.3, 4.4, 4.6, 4.15 and 4. 27, respectively. For the theoretical background of restoration 

see Chapter 3.4. The workflow was undertaken using the 2D module of Move. Attempts to 

fully restore a 3D model of the area failed due to the complexity of the area.  

 

Figure 5.1. Location of restored sections. Base map: Bouguer anomaly map (Gulyás 2005). 

Restoration in the Mid-Hungarian Shear Zone would involve strike-slip movements, which, 

by definition are out-of-plane, and thus cannot be balanced. This also means that the 

presented restoration workflow (Fig. 5.2) 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 area. 

Restoration and backstripping involved the sequential retro-deformation of the youngest 

formation in each step to its depositional (horizontal or sub-horizontal) paleogeometry by 

un-faulting and unfolding, and the decompaction of this restored surface to rebounce its 
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substrata in some cases. Fault movements were modelled mostly by the fault parallel flow 

algorithm (Kane et al. 1997; Egan et al. 1999), but occasionally also by simple shear. 

Decompaction (Sclater and Christie 1980) parameters were as follows: initial porosity of 0.4 

for all horizons; depth coefficient of 0.4 for the basin infill, 0 for the basement (i.e. 

lowermost interpreted) units, taken as uncompressible. 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 structural evolution along the chosen sections is evaluated in a chronological order, i.e. 

in a reverse order than the applied restoration workflow (Fig. 5.2). Due to the various 

complexities of the sections, not all restoration steps are shown for all sections.  

In a pre-deformation, Oligocene stage (Phase 1 on Fig. 5.2), the lowest horizons are 

subhorizontally restored. In the case of Adony, the pre-Tertiary basement was interpreted 

and thus also modelled, whereas in the JTM and Bugyi sections only top Eocene is shown. In 

the Adony section, the ALCAPA and Mid-Hungarian Unit basement blocks were juxtaposed 

to each other, with the lowermost continuous reflection in the basin taken as the 

uncompressible basement formation in between. The basement of the other four sections 

was most likely limited to the Mid-Hungarian Unit. 
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Figure 5.2. Summary of section restoration workflows. For section locations see Fig. 5.1. Detailed interpretation in the text. 
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The first deformation steps (Phases 2 and 3) involved the largest amount of shortening 

during the Late Oligocene and Early Miocene, and were modelled by fault parallel flow. In 

the Adony section, this resulted in a larger thrust on the northwestern side and probably two 

slivers in the SW. 

In the case of Adony, Bugyi and Tóalmás, convergent thrusts occurred, whereas in the 

Monor section only the NW verging fault developed. This might be due to the late offset 

along the Tóalmás Zone (see later phases). The thrusts created a downflexed synform in 

between, with the shortening at the Adony nappe greatly exceeding the others. The 

Jászberény section behaved completely differently by only showing a simple normal fault.  

Phase 3 shows the Early Miocene. Based on seismic interpretation, the base of Miocene is an 

erosional surface, most likely caused by the general uplift of the area related to intense 

shortening, i.e. thrust movements. The effects of this phase could only partly be modelled by 

restoration, because the stratigraphic resolution in the sections was insufficient. Erosional 

truncation of earlier horizons is shown on the Monor section (Phase 3). At Tóalmás, much 

less intense shortening features were defined than in the western sections. At Adony, a 

third, highest position thrust evolved on the southeastern margin probably out of sequence, 

similarly to the upper thrust in the Bugyi section.  

Shortening, along with the subsidence of synclines in the foreland of thrusts continued in the 

Middle Miocene (Phase 4), with a small scale backthrust evolving at the front of the Adony 

nappe. At Bugyi, a SE verging, steep fault emerged, and added to the shortening. In all 

sections (even in the JTM Area, where the relevant stages are not shown), Miocene and 

underlying formations were folded. At Adony, Middle Miocene was the time for salt 

deposition. 

The Sarmatian and/or early Pannonian inversion (Phase 5) shows some similarities, but also 

differences from the earlier steps. Folded formations are truncated (evident on the Bugyi 

and Monor sections, but assumed in all sections). Evolving synclines are still observed, but 

passive (gravity-driven) normal faults (modelled by fault parallel flow and inclined simple 

shear) initiated on both upthrusted margins of the Adony Basin, and already formed a 

detached anticline. The Bugyi High, as a sinistral pop-up, was formed in this phase, with only 

the reverse movements shown in the section. The Tóalmás section, again, showed much less 

intense deformation, but still remained similar to the sections in the SW. No significant 

deformation was visible at Jászberény. Although a correlation across the Tóalmás Zone 
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might have been possible from the Middle Miocene on, the strike-slip fault, and the 

formations on its northwestern side are shown for the first time in this phase. 

The Pannonian (Phase 6) differs from the earlier phases. The change from convergent thrust-

related tectonics to strike-slip happened around the very beginning of Pannonian. At Adony, 

the subsidence of the basin continued above the earlier depocentre, with the progressive 

evolution of the basin margin normal faults. These faults detached within the sedimentary 

sequence of the basin, and, by gravity sliding from both sides, created a detached anticline in 

the basin centre. The most pronounced subsidence of the pull-apart basin occurred in the 

earliest Pannonian, but regional subsidence and strike-slip movement continued throughout 

the Pannonian, with the depocentre remaining at a constant location all the time. With 

Pannonian formations at Bugyi and Monor being relatively thin, only minor subsidence 

above the earlier formed folds is seen. The rounded shape of the Bugyi High evolved by 

erosional exposure during the Early Pannonian prior to its burial. Not being a structural 

event, this step was made by manual correction in the section. No sign of strike-slip or 

detachment is seen at Jászberény, but an intra-Pannonian tilting event in characteristic here.  

The following consequences can be drawn from the restoration. Because in the fully 

restored sections (Phase 1), horizon geometries are not very much deviated from horizontal, 

and kinematically realistic steps were made throughout the workflows, the present day 

sections can be regarded as (almost) balanced. 

In the western four sections, the Oligocene to Middle-Miocene evolution is characterised by 

convergent thrusts and an intermittent synsedimentary syncline, although only half of this 

latter one is found at Monor because of later strike-slip movements. Generally, the amount 

of convergence increased westwards, with the maximum at the Adony thrust nappe. 

Adjacent to the least shortened Tóalmás section, no sign of shortening was modelled at 

Jászberény during the Oligo-Miocene. The largest amount of shortening occurred in the 

Oligocene and Early Miocene. Note that no age data exist in the deep parts of the Adony 

Basin. So, it is possible that the largest shortening occurred not in the Oligocene, as shown, 

but in the Early Miocene. 

Cumulative shortening values in the sections are summarised below. These values were 

measured horizontally on the top Eocene horizon as the difference between the present day 

state (Phase 7) and the pre-deformation state (Phase 1) line lengths. As the parts NE of the 
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Tóalmás Zone appear in the sections only after the Middle Miocene, these segments were 

omitted during the measurement. 

Section Shortening (km) Shortening (%) 
Jászberény 0 0 

Tóalmás 1.6  8 
Monor 1.4 7 
Bugyi 5.3 30 
Adony 14.5 37 

These values are, of course, rough estimates on bulk shortening, and do not have be 

regarded as exact data. The minor extension at Jászberény was regarded as insignificant. The 

Tóalmás and Monor sections show quite similar shortening values, although from seismic 

interpretation, more shortening was expected at Monor. Shortening was significantly larger 

in the Bugyi and Adony parts, this change definitely being above technical error limits. If the 

14 km shortening at Adony is accepted, the northwestern margin of the basin can be 

regarded as a thrust nappe. Based on the restoration workflow, this is kinematically possible.  

Because compaction (during restoration: decompaction) seriously affected the thickness of 

syncline infill (decompaction values were probably partly overestimated), the resulted fold 

geometries are only partly related to compression. This means that even larger shortening 

values might be realistic. 
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6 Discussion 

Summarising the results, the largely simplified pattern of convergent Oligo-Miocene thrusts 

being superposed by Pannonian sinistral strike-slip emerges (Fig. 6.1). In the following, the 

characteristics of these phases, as well as salt-related phenomena are discussed, followed by 

a comparison of the present work with the results of related earlier studies. Finally, a 

tectonic evolution model is presented, and some possible analogies are shown. 

 

Figure 6.1. Schematic and simplified eastward perspective view of the present day geometry of the 
main structures in the study area. Green surfaces are Oligo-Miocene thrusts (shading indicative of 
dip), blue surfaces Pannonian (and, in the case of the Bugyi High, Sarmatian) strike-slip faults. Red 
and yellow arrows show the movement directions in the two phases, respectively. Structures NW of 
the Tóalmás Zone omitted for clarity, except in the Adony area. Scale varies in this perspective. 
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6.1 Late Oligocene to Middle Miocene shortening and transpression 

6.1.1 General characteristics 

The structural trend in the study area is consistently ENE-WSW from Adony to around 

Nagykáta/Farmos. From there towards Jászberény, it gradually turns into the NNE-SSW 

direction. The thrust pile starts to build up around Jászberény, as no shortening features 

were detected at the northeastern margin of the study area. The main observed structures 

are thrusts and thrust-related folds.  

South of the Balaton Line, i.e. within the Mid-Hungarian Unit, thrusts have dominantly NNW 

vergencies. Oppositely verging faults occur in the northwestern foreland of the Bugyi High, 

and adjacent to the Tóalmás High; however, these generally have somewhat smaller offsets 

than their conjugate faults. On the northwestern side of the Balaton Line, at Adony, the 

thrust with the largest offset in the study area was detected, having a southwestern 

vergency. No direct evidence regarding the northeastern continuation of this fault is 

available, but it is assumed that the SE verging faults at Bugyi and Tóalmás were parts of an 

originally continuous thrust stack, that was later offset by the Tóalmás Zone.  

In this work, the main thrust at Adony is regarded as the Balaton Line in the sense that it 

separates Transdanubian (ALCAPA) and Mid-Hungarian-type basement units. Note, however, 

that the tectonostratigraphic definition of the Triassic dolomite in the Ráckeve-1 well is 

doubtful (Haas et al. 2010, Kovács and Haas 2010, Palotai and Csontos 2013). 

The trend of folds is similar to that of the faults, indicating that strain was partitioned 

between the two structural styles. 

6.1.2 Geometry of faults, folds and basins 

The thrusts mapped in the seismic dataset were interpreted generally as low angle ramps. In 

the 3D surveys, this is well constrained by seismic facies changes at low angle zones, being 

correlated in all directions. In the 2D seismic area in the Bugyi Area and at the southern 

margin of the Adony Basin, interpretation confidence was lower, but was corroborated by 

lateral correlation from the 3D areas. 

The detachment level could not be in all cases determined from the seismic data. Some 

thrusts (Fig. 3.1) within the Mid-Hungarian Unit seem to detach at very shallow levels (above 

2 km depth), while the majority of structures are assumed to detach at a depth of around 3-

4 km. Note that the thrust definition was possible mainly on the ramps, with the flats being 
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(1) confusable with reflections from stratigraphic changes, and (2) partly out of the area 

covered by 3D seismic, and thus not being interpreted. Also, the seismic dataset was tuned 

to focus on the Miocene basin fill, so, basement structures were harder to detect.  

At the mentioned depths, Triassic marls are preferred detachments. The flats of the Bugyi 

and Tóalmás SE verging thrusts are cut by the Tóalmás Zone. At Adony, the upper 

detachment of the suspect nappe is most likely on Oligocene clays, while the lower 

detachment is assumed in the Triassic. 

These results corroborate the idea of thin-skinned tectonics within the Mid-Hungarian Shear 

Zone. 

Anticlines occur above thrust ramps, and can be partly interpreted as ramp anticlines. 

Basement units (including Eocene) are offset in a brittle manner by thrusts, and are only 

gently bent during this process. In most cases, Miocene formations are draped onto these 

structures.  

Synclines occur in the Oligo-Miocene sequence, and are formed by passive folding related to 

converging thrust movements. In the Monor Area, lacking SE verging thrusts, only about half 

of the suspected original syncline remained. Conjugate faults, and the other half of the 

syncline are assumed to have existed on the other side of the later Tóalmás Zone.  

Because the synclines are related to converging thrust ramps, they can be regarded as (small 

scale) ramp basins sensu Cobbold et al. (1993). The Monor syncline might be interpreted as a 

simple foreland basin (or half ramp; Cobbold e al. 1993), but, based on the discussion above, 

this is regarded unlikely. 

The infill of the synsedimentary synclines was flexed down by (1) ongoing shortening on the 

marginal thrusts, and (2) sediment loads. In this sense, these basins can be regarded as 

flexural basins. 

Cumulative shortening values along restored sections (Fig. 5.2) show that while the 

Jászberény area was not shortened at all, moderate (7-8%) shortening occurred in the 

Tóalmás and Monor zones, rising to 37% at Adony, with the main change between the 

Monor and Bugyi sections. The 14 km cumulative shortening at Adony is largely the result of 

the thrust nappe assumed in the NE.  
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6.1.3 Vertical axis rotations and the strike-slip component of deformation 

The opposite sense of slip along the scissors-type transverse fault in the Bugyi Area (Chapter 

4.2.3.3) in the Oligocene and the pre-Pannonian Miocene is interpreted in terms of vertical 

axis rotations. Taking the fault tip as fixed, the reverse offset on the fault during (an 

undefined time within) the Oligocene (Figs. 4. 17a, 4.18, 4.19) indicates a clockwise rotation 

of the Bugyi unit relatively to the Monor block. Alternatively, the Monor block rotated in a 

counterclockwise manner relatively to the fixed Bugyi block. The normal offset on the fault 

in the (undifferentiated) Early or Middle Miocene indicates an opposite sense of rotation 

than in the Oligocene. Technically, both clockwise and counterclockwise rotations in both 

time intervals might be valid. The degree of rotation could not be directly determined. 

Vertical axis block rotations within a narrow deformation zone might be related to the 

shearing of the whole zone (e.g. Walker and Jackson 2004). This would imply a strike-slip 

component of deformation, resulting in a transpressional character. 

Within the Oligocene to Middle Miocene of the study area, relatively little direct evidence 

for strike-slip was detected during seismic mapping. On Fig. 4.4, some steep faults with 

minor reverse offset (in section view) are shown. These are strike-slip faults of pre-

Pannonian, most likely Late Oligocene age, but could not be correlated sufficiently to reveal 

their 3D geometry. These local features did not allow to conclude for the dextral or sinistral 

character of strike-slip. However, relatively to the low angle thrusts and related folds, 

indicatives of a compressional regime, they are definitely subordinate structures.  

Indirect evidence for the sense of strike-slip is provided by regional studies (e.g. Kázmér and 

Kovács 1985, Fodor et al. 1999, Schmid et al. 2008) on the generally dextral kinematics of 

extrusion tectonics along the Mid-Hungarian Shear Zone. Accepting this, dextral movements 

are inferred within the study area, that added a strike-slip component to the dominantly 

compressional regime during the Late Oligocene to Middle Miocene.  

In accordance with the above, clockwise vertical axis rotations are synthetic, and thus more 

likely within the shear zone, than counterclockwise rotations would be. This implies the 

following: 

1, During the Oligocene, the Bugyi block rotated in a clockwise manner relatively to the fixed 

Monor block. This event will be termed rotation R1 in the following. The upper age 

constraint for this is event is the base Miocene proxy (Chapter 3.5). 
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2, In the Early or Middle Miocene (at an undefined time between the base Miocene proxy 

and the base Pannonian), the Monor block rotated, again in a clockwise manner, while the 

Bugyi block had to retain a fixed orientation. This will be termed rotation R2 below. 

The boundaries of the rotating units could be partly defined. The common boundary of units 

involved in both rotations is the transverse fault mapped in the Bugyi Area (Fig. 4.19).  

Towards the SW from Bugyi, the structural trend is quite similar at Adony, but individual 

structures could not fully be correlated in order to define the boundary of the R1 rotation. 

This is, however, at least partly due to the low data density in the Bugyi Area. In the NW, the 

Pannonian age Tóalmás Zone cuts through earlier structures, making a correlation 

impossible. It is, however, assumed that the precursor of the Tóalmás Zone (Chapter 2.1), 

the Balaton Line bounded the intensely deformed part of the Mid-Hungarian Shear Zone. 

Thus, it probably bounded the rotating area as well. The southeastern boundary of R1 

rotation is only suspected, because the position of the Mid-Hungarian Line (the other edge 

of the Mid-Hungarian Shear Zone) is unconstrained yet. 

The northwestern and southeastern boundaries for the R2 rotation of the Monor block are 

most likely the same as for the Bugyi block in the previous rotation phase. Towards the NE, a 

bending of the structural trend (i.e. of thrust strike) is observed around Jászberény (see 

above). No discrete feature could be, however, detected, that would separate the regions 

characterised by WSW-ENE and SSW-NNE trends. So, a diffuse transition is assumed 

between these areas. 

An internal clockwise rotation of the portion of the shear zone between the well defined 

Bugyi transverse fault in the SW, and a diffuse zone approximately between Sülysáp and 

Farmos in the NE, would result in the bending of the rotating block relatively to the 

Jászberény Ridge that would retain its fixed orientation. According to this, the amount of 

clockwise rotation is around 15-20°. 

The rotation of the described blocks is incorporated into the general structural evolution 

model in Chapter 7.1, as shown on Fig. 7.1. 

The rotating units are quite small. So, the décollement of the rotating blocks is assumed to 

be at a currently undefined, but relatively shallow crustal level. This idea is also corroborated 

by the thin-skinned style of thrusting. The detachments of the individual thrusts mapped in 

this study are, naturally, not equal to the main detachment of the whole transpressional 

belt. 
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6.1.4 Timing of deformation 

The resolution of the seismic dataset, the accuracy of stratigraphic data from boreholes, and 

the level of interpretation detail are the most critical factors in assessing the timing of 

structures. With Eocene formation being out of focus of this study, only internal distortions 

within the Oligocene and Miocene sequence are addressed.  

Lower Oligocene formations onlap on the top Eocene proxy surface (Figs. 3.1, 6.2), indicating 

that latter one was an elevated region at that time. Because the top Eocene proxy horizon 

does not equal to the chronostratigraphic Eocene–Oligocene boundary (Chapter 3.5), this 

event can only be roughly put into the latest Eocene or the Early Oligocene. This phase might 

be similar to the Late Eocene transpressional and compressional synsedimentary 

deformation described from the Buda Hills (Fodor et al. 1992, 1994, Magyari 1996). 

The onset of thrusting and folding during the Oligocene is justified by seismic interpretation: 

in most sections, the top Eocene proxy is offset by thrusts, whereas the base Miocene proxy 

is not. This constrains the age of hard-linked thrusting to within the ages determined by the 

two proxies. Because no reliable age data exist for the oldest onlapping horizons, the onset 

of the deformation phase cannot be constrained at the current level of knowledge, but is 

only assumed to be in the Late Kiscellian or Early Egerian. 

As Oligocene clays generally show a reflection-poor seismic facies, internal reflection 

terminations (onlaps), indicative of synsedimentary deformation, were detected only in 

some sections (Figs. 4.4, 6.2) where the seismic facies was more favourable. Oligocene 

formations reach their greatest proven thickness at Monor (Figs. 4.4, 4.7b), with similar (or 

even greater) values expected in the Adony Basin and the Bugyi syncline. Because in other 

locations only much thinner Oligocene is truncated by Miocene, it might assumed that large 

amounts of Oligocene rocks were eroded at least in some parts of the study area. In the 

highest zone of the of the Jászberény Ridge, Oligocene is completely missing (Figs. 3.1, 4.7b).  

Alternatively, the Monor part subsided at a significantly higher rate than the eastern areas 

(Figs. 4.7), an idea supported by the differing seismic character of Oligocene formations at 

Monor and Üllő related to the eastern parts (Fig. 6.2). According to the borehole and seismic 

dataset at MOL, continuous sedimentation is assumed between the Kiscell Clay and the 

overlying Szécsény Schlier in the Üllő-1 well (Figs. 4.1, 6.2). Nannoplankton studies from the 

Tóalmás-1, -2, and Jászberény-Ny-1, -Ny-3 boreholes (Báldi et al. 1988, Fig. 4.1) indicate that 

the NP23-24 zone is present at these locations. 
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Figure 6.2. Composite seismic section (above) and interpretation (below) along the JTM Area, subparallel to the main structures. Location is shown on Fig. Horizons were defined in the wells along the section. Main interpreted horizons 
are related to erosion and/or synsedimentary tectonics. Faults not reaching the Miocene were generally omitted. Location shown on Fig. 4.1. 
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The formation overlying the erosional (any in some places, nicely visible angular) 

unconformity (Figs. 3.1, 6.2) mapped as the base Miocene proxy is the Pétervására 

Sandstone throughout the JTM Area, as constrained by many boreholes (Fig. 6.2). This unit is 

missing only in some areas (Nagykáta-1, Tóalmás-3 wells; Báldi et al. 1988), the differential 

erosion being attributed to Karpatian age uplift (see below). The seismic facies of the 

Pétervására Sandstone greatly differs from underlying units (Fig. 6.2). In the Tóalmás-1 and 

Tóalmás -2 wells, this formation was deposited in the NP25-NN2 nannoplankton zones (Báldi 

et al. 1988). NP25-NN1 zone ages were derived from the Jászberény-Ny-1 and Jászberény-

Ny-3 boreholes (Báldi et al. 1988). As the age of the unconformity is constrained by the 

formation above it, the NP25-NN1 nannoplankton zone ages are accepted for the erosional 

event. According to Gradstein et al. (2012), this is between 26.8 and 22.7 Ma, while (based 

on data from Lourens et al. 2004) Piller et al. (2007) dated these zones between 27.4 and 

22.8 Ma. These ages are within the Egerian (Piller et al. 2007). 

Within the JTM Area, the largest number of erosionally truncated reflections, the most 

significant angular unconformity is recorded from the Monor Area (Fig. 6.2). Unfortunately, 

no clear age data exist on the uppermost stratigraphic section below the unconformity 

there. This zone of maximal erosion coincides with the maximum of Oligocene thickness in 

the JTM Area.  

More to the NE, truncations were only detected in smaller numbers (Fig. 6.2), and the 

thickness between the top Eocene and base Miocene proxies significantly decreased 

relatively to the Monor parts. Based on nannoplankton data (Báldi et al. 1988; see above), 

the amount of erosion was quite small at the base Miocene proxy, as no, or almost no zones 

were missing. 

The Adony Basin is special (also) in this matter. Lacking borehole control in the deep basin 

with an assumedly continuous sedimentation, neither the Oligocene−Miocene boundary, 

nor intra-Miocene units could be adequately defined. Several on- and downlap surfaces 

occur within the basin, but these are generally attributed to salt tectonics affecting the 

Badenian and post-Badenian formations (Chapters 4.3.1.3, 6.3.2). The main salt detachment 

is quite well defined in the Ercsi 3D survey. In some sections (Fig. 4.26), possible indications 

for synsedimentary deformation not related to salt exist: there, older onlap surfaces below 

the salt detachment might be Early (basal?) Miocene unconformities. However, it is possible 
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that several evaporitic horizons (below the main detachment) also acted as décollement, 

thus inhibiting an unequivocal solution of this problem.  

The described unconformity at the base of the Pétervására Sandstone (NP25-NN1 

nannoplankton zones; Báldi et al. 1988) marks a regionally (or, at least, within the study 

area) significant uplift and erosion event that indicates the main phase of deformation 

within the Mid-Hungarian Shear Zone around 27-23 Ma. This was most likely the result of 

large scale shortening and/or transpression.  

Folding continued in the Miocene. This is justified by the erosional truncation of folded pre-

Pannonian Miocene formations by the base Pannonian unconformity (Figs. 3.1, 4.4, 4.15). 

Additional evidence for synsedimentary deformation is given by several erosional 

truncations and onlap surfaces (Fig. 6.2) within the Lower and Middle Miocene.  

The main erosional surface within the pre-Pannonian Miocene is the green  horizon on Fig. 

6.2. Its exact age is questionable, because the formation definitions and age data from 

various sources are often contradicting. According to internal reports of MOL, based on well 

log characteristics and some available micropaleontological data, this horizon marks the top 

of the Pétervására Sandstone (Eggenburgian). The next correlated formation above this on 

Fig. 6.2 is the top of the Karpatian age Garáb Schlier. Between these horizons, the 

Salgótarján Lignite was described in some boreholes, but, from the available dataset, could 

not be unequivocally correlated, similarly to the Gyulakeszi Rhyolite Tuff (both formations of 

Ottnangian age). So, the age of this erosional surface (indicative of uplift) is constrained 

between the latest Eggenburgian and the early Karpatian, i.e. most likely in the Ottnangian 

(around 18-17 Ma; Piller et al. 2007).  

In the Monor Area additional truncation and onlap surfaces (Fig. 6.2) can be traced within 

the Pétervására Sandstone and around the top of the Garáb Schlier (if the standard 

formation definitions of MOL are accepted). These are also indications of synsedimentary 

uplift during the Eggenburgian and Karpatian, respectively. 

Early Miocene uplift is corroborated by data of Báldi et al. (1988): in the Nagykáta-1 well, the 

Szécsény Schlier, hosting questionable NP24 age nannoflora, is overlain by Karpatian 

formations, thus eroding e.g. the otherwise generally present Pétervására Sandstone (that 

was formed in the NP25-NN2 zones, as constrained in adjacent wells; Báldi et al. 1988). In 

the Tóalmás-3 well, NP25 age Szécsény Schlier is also overlain by Middle Miocene (Báldi et 

al. 1988).  
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The uplift of the northwestern margin of the Adony Basin is constrained by onlapping 

formations, as well as footwall deposit ages (Fig. 4.28). Correlating from the Ráckeve-1 

borehole in the heavily faulted zone, the former formations most likely equal to the 

Karpatian to Badenian succession below the salt, while the latter ones are Late Badenian or 

even slightly younger. This indicates the Middle Miocene uplift of this basin margin. 

A similar setting exist in the northwestern part of the Bugyi Area, where a steep (probably 

transpressive), southeast verging thrust was mapped on some sections (Figs. 4.14, 4.15, 

4.19), and was also validated by restoration (Fig. 5.2). This fault seems to crosscut (almost) 

all reflections below the Pannonian, and is thus assumed to be Middle Miocene in age. 

6.2 Sarmatian−earliest Pannonian inversion, Pannonian strike-slip 
deformation, neotectonics 

These phases are treated together because they were all basically related to sinistral shear 

within the Mid-Hungarian Shear Zone from the latest Middle Miocene on. 

6.2.1 The inversion phase  

The Bugyi High was interpreted as a sinistral pop-up, being superposed on earlier Miocene 

thrusts (Chapter 4.2.2). The onlapping of Pannonian horizons onto the basement high 

indicates a pre-Pannonian, or earliest Pannonian uplift of the high, but no direct evidence 

was found regarding the precise timing of this event. Also, the rounded shape of pre-

Pannonian formations on the high suggests a sufficiently long time for (possibly subaerial) 

erosion. In this sense, the Bugyi High is the most important structure formed during the 

Sarmatian−Early Pannonian inversion event in the study area. Beside the Bugyi High, no 

other structures directly related to the inversion phase were detected. 

However, the base Pannonian unconformity, present in the whole study area except the 

Adony Basin, is related to the regional uplift and erosion during the inversion phase. The 

exclusion of the Adony Basin from the inversion episode might be related to strike-slip 

related salt tectonics: inversion on the basin margins most likely resulted in gravity sliding on 

the salt, adding sediment to the basin, instead of elevating and eroding its infill. This idea is 

corroborated by section restoration (Fig. 5.2): the detachment fold in the basin already 

existed in the Sarmatian. 
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6.2.2 A possible indication of vertical axis rotation 

In the eastern part of the Monor 3D survey, a NW-SE trending, slightly bent (Fig. 4.2), or 

even segmented (Fig. 4.5) structure was detected, and interpreted as a shallow half-graben. 

The dip-slip offset along this zone is minimal. Based on its gentle shape in some sections (Fig. 

4.17), it might rather be regarded a minor syncline. However, 3D seismic correlation of the 

top Eocene proxy horizon across this zone could hardly be accomplished, although in a single 

section view (Fig. 4.17) a continuous setting is seen. This means that some, probably only 

minor dislocation occurred along this zone. The dip-slip component being minimal, strike-slip 

motion can be inferred. Because only the lowermost Pannonian reflections are bent into the 

depression, a similar (earliest Pannonian, or slightly earlier) age is inferred. 

The northwestern end of this zone is cut by the Tóalmás Zone, running approximately 

perpendicular to the general structural trend. From this, a transfer function of this structure 

can be inferred, probably related to rotation.  

Although alternatives of the idea elaborated below cannot be excluded, it is believed to 

provide a plausible explanation for the lack of discrete Sarmatian−earliest Pannonian 

inversion structures apart from the Bugyi High. The present day structural trend of the Bugyi 

High is parallel to the thrusts and folds in the Monor Area (Fig. 7.2). In this latter zone, no 

evidence for inversion was detected.  

Pure strike-slip does not necessarily produce observable structures in section view. Inversion 

at the Bugyi High was more influenced by compression, than it would have been if oriented 

at a somewhat smaller angle to the maximum horizontal stress during its formation. So, if 

the Bugyi High were rotated back at from its present day geometry an angle of about 10-15° 

in a clockwise manner around a vertical axis for the Sarmatian or earliest Pannonian, the 

strike-slip dominated deformation style (generally characteristic for the onsetting 

Pannonian) would change to a more shortening dominated transpression (Fig. 7.1g).  

It is believed that this rotation (being a counterclockwise one in "forward time", and termed 

rotation R3 in the following) is related to the described transverse zone at the southeastern 

margin of the Monor 3D survey. This event might explain the speciality of the Bugyi High 

pop-up, and is incorporated into the tectonic model in Chapter 7.1 (Fig. 7.1g).  

The other boundaries of the suspected rotating unit are less well defined, the steep eastern 

margin of the Adony Basin being the preferred candidate. 
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6.2.3 General characteristics of strike-slip 

The sinistral character of the Tóalmás Zone in the Early 

Pannonian (compatible with the ideas of Csontos and 

Nagymarosy (1998), Fodor et al. (1999) and 

Ruszkiczay-Rüdiger et al. (2007) is constrained by the 

restraining step-over at Tóalmás (Fig. 4.2) and also by 

the interpretation of the Adony Basin as a pull-apart 

basin (Palotai and Csontos 2013). Steep NNE-SSW 

striking faults as synthetic Riedel shears at Gomba, 

Pánd and in between, as well as east of Tóalmás, also 

suggest widespread left-lateral movements (Palotai 

and Csontos 2010). All these features corroborate the 

idea that sinistral displacement was not restricted to 

the Tóalmás zone, but distributed in a wider 

deformation belt, presumably including the whole 

Mid-Hungarian Shear Zone (Fig. 6.3).  

Figure 6.3. Simplified Sarmatian and Pannonian fault 
pattern of the study area over the base Pannonian TWT 
depth map. (Violet and red are high, blue and green lower 
elevations.) Sinistral strike-slip penetrates the whole shear 
zone, with maximal intensity in the Tóalmás Zone. Normal 
faults and thrusts play an auxiliary role. For more details 
see Figs. 4.1, 4.9, 4.21.  

Although still a problem to be solved, the splayed 

character of the Tóalmás Zone near Tóalmás (Fig. 4.2) 

proves that the eastern termination of the zone has to 

be close to the present study area. So far, no clear 

correlation with structures further to the E/NE, e.g. 

the Darnó zone (Fodor et al. 2005b), has been found, 

but similarities in the Paleogene tectonic style and 

shortening directions of the Darnó zone and the 

eastern parts of the mapped area suggest that these 

regions could have been connected to each other. In 
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any case, the sinistral strike-slip zone ends around Tóalmás. The other ending is suspected at 

the western termination of the Adony Basin, where the continuity of shallow strike-slip 

faulting is lost. 

6.2.4 Geometry of strike-slip structures 

As mentioned before, Pannonian age strike-slip faulting was distributed throughout the Mid-

Hungarian Shear Zone along partially linked oblique fault segments (Fig. 6.3). The majority of 

deformation, however, was taken up by the Tóalmás Zone. In the following, the main 

features of this zone are discussed, followed by the evaluation of Pannonian age folds and 

thrusts. 

6.2.4.1 The Adony Basin 

On the base Pannonian level, the length of the lazy-S-shaped (Mann et al. 1983) pull-apart 

basin at its longest diagonal is 12.4 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, but does not 

deviate significantly from the average of pull-apart basins (Fig. 6.4, Aydin and Nur 1982, 

Barbeau 2003). 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 below). Taking the salt detachment horizon as the basin floor, the 

thickness up to the basin margin Pa3 level is around 2.5 km (Palotai and Csontos 2013).  

 

Figure 6.4. Length and width dimensions of various pull-apart basins worldwide (black triangles; data 
from Barbeau 2003) and the pull-apart basins in this study (red circles). 
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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. 4.22). This is attributed 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).  

The southern termination and the whole southeastern margin of the Adony Basin lies 

outside the 3D seismic coverage (Fig. 4.25); here the exact geometry 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. These differences are attributed to the local occurrence of salt in 

the study area. However, as the thickness of the Adony salt sequence is much less than that 

e.g. 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 my 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 (Palotai and 

Csontos 2013).  

The lateral extent of the Adony pull-apart is most likely controlled by two factors: 

1, The extent of the salt unit, that acted as a detachment horizon, and created the floor of 

the pull-apart basin. 

2, The shape of the pre-Pannonian flexural basin, namely the thrust front geometry on both 

sides. These fronts would then be reactivated as pull-apart basin sidewall faults in the 

Pannonian. 
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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 intermediate stage pull-aparts along the Tóalmás Zone in the JTM 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. 4.25h) indicating ongoing shortening within a 

strike-slip regime (Palotai and Csontos 2013). 

6.2.4.2 The Mende-Sülysáp Basin and the Tóalmás restraining stepover 

Defining base Pannonian as the basin floor, the length of the Mende pull-apart is minimum 

13 km, whereas the Sülysáp basin is around 12 km. The basin width is less than 2 km (Fig. 

4.2), and the marginal faults are consistently straight. This extremely narrow shape of both 

sub-basins fits into the spindle shaped pull-apart category of (Mann et al. 1983, Mann 2007) 

and indicates an initial stage of basin development. With the well defined cross-basin fault 

separating the Mende and Sülysáp sub-basins running sub-parallel to the basin sidewall 

faults, a similar setting can be assumed for the suspected western termination of the Mende 

Basin around the western edge of the Monor 3D (Fig. 4.2). The basin sidewall faults lack the 

asymmetry of the Adony Basin marginal faults. The extremely narrow geometry of the basin 

suggests a pure strike-slip regime, similarly to the Adony pull-apart.  

Despite the lack of seismic control in the northeastern continuation of the Tóalmás Zone, the 

sharp restraining stepover at Tóalmás (Fig. 4.2, Palotai and Csontos 2010) is interpreted in 

relationship with the Mende-Sülysáp Basin. Together they form a paired bend sensu 

Cunningham and Mann (2007). No sign of paired bend bypass fault could be determined in 

the seismic data set (Fig. 4.2), indicating that the fault zone has not yet reached a late stage 

of evolution (Mann 2007).  

Whereas the Adony pull-apart is superposed onto an earlier flexural basin, no direct seismic 

indication of pre-strike-slip deformation was determined in the Mende-Sülysáp area. For 

indirect evidence from regional correlation see Chapter 7.1. Also, the eastern parts of the 

Tóalmás Zone (i.e. the Mende-Sülysáp Basin and the Tóalmás stepover) lack any indication 

for the existence of salt-related deformation.  
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6.2.5 Estimating the offset along the Tóalmás Zone  

No markers were found at either side of the Tóalmás Zone that could be correlated and 

would determine the amount of sinistral strike-slip along the zone. This is also hampered by 

the fact that the Tóalmás Zone is superposed on the dextrally transpressive Balaton Line, the 

offset of which is questionable, but definitely much larger than the superposed sinistral 

offset. The following ideas help to constrain the offset of the sinistral phase.  

1, The splayed character of the strike-slip zone at Tóalmás (Fig. 4.1) indicates that the 

continuous fault zone ends around the eastern edge of the Tóalmás 3D survey. The other 

ending of the fault is assumed at the western margin of the Adony Basin, where the fault 

continuity is lost again (Chapter 4.3.1.5). Although the kinematic link to other fault segments 

in Somogy is not excluded, the offset along the Tóalmás Zone is assumed to be linked to the 

length of the continuous fault zone, which is around 95-100 km (Fig. 6.3). Maximal offset is 

expected in the central part of the fault zone, i.e. in the Monor Area, with decreasing offset 

towards the ends. Correlating the length and the offset of continental strike-slip faults, 

Ranalli (1977) described a rough, but generally usable empirical equation  

          

where Y is the total fault offset, X is the fault length, and a is a logarithmically increasing 

function of fault length. With a typical value of a=0.05 (Ranalli 1977), this would − in 

accordance with Kim and Sanderson (2005) − result approximately 10 km maximum offset 

along the Tóalmás Zone. 

2, The spindle-like shape of the Mende-Sülysáp pull-apart indicates an initial stage of basin 

development (Mann et al. 1983), and thus also an initial stage of the strike-slip zone. The 

wider Adony pull-apart basin is partly detached on the salt by listric normal faults at its 

margins, which, despite the 'lazy-S' shape of the basin, might also indicate that the strike-slip 

offset was not large in this special case. Notably, both the Adony Basin and the two sub-

basins of the Mende-Sülysáp Basin have a length of 12-13 km (see above). The restoration of 

fault movement at that length (as shown by Walker and Jackson 2002) would thus close all 

three pull-apart basins, resulting in a smooth pre-offset (initial) fault geometry. 

Based on the above, the maximal sinistral offset along for the Tóalmás Zone related to the 

formation of pull-apart basins is in the magnitude of 10 km, most likely around 12-13 km. 
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These ideas are only a lower estimate on strike-slip offset, as indefinite amounts of slip can 

occur on straight fault segments. However, no significant additional offset is assumed for the 

sinistral phase.  

6.2.6 Folds and thrusts of Pannonian age 

NE-SW striking thrusts and related folds were formed during the Late Oligocene and Early 

Miocene in a compression dominated transpressional regime (Chapters 6.1, 7.1, 7.2), and 

proliferated in the pre-Pannonian Miocene. Base Pannonian depth maps (Figs. 4.2, 4.25, 6.3) 

show that these features continued to exist in the Pannonian. In section view (e.g. Figs. 3.1, 

4.3), Pannonian formations are indeed folded into gentle folds, with the majority of 

deformation taking place in the earliest Pannonian. This can be attributed to two processes, 

with their composite effect regarded as most likely. 

1, These folds are related to differential compaction above deep sedimentary basins and 

elevated basement highs. 

2, Strain was partitioned in the Pannonian between sinistral strike-slip faults and the earlier 

formed thrusts and folds. These thrusts are assumed to have acted as weakness zones that 

were reactivated during the strike-slip phase. This model is in accordance with the idea of 

Pogácsás et al. (2011), but does not mean that the Pannonian tectonic regime had to be a 

transpressive one: adequately oriented thrusts could be reactivated in a pure strike-slip 

regime as well. 

6.2.7 Timing of deformation 

Because the present day topography of the area is relatively flat, the TWT depth map of the 

base Pannonian surface (Fig. 6.3) provides an estimate on Pannonian and post-Pannonian 

sediments thickness, indicative of bulk subsidence. Extremely thin Pannonian covers the 

Bugyi High. Pannonian is relatively thin on the Bugyi Area and large parts of the Monor Area, 

followed by the Tóalmás high. Pannonian formations reach their greatest thickness in the 

Adony Basin. The larger surroundings of the Adony Basin, as well as large parts of the 

Tóalmás and Jászberény 3D surveys feature mediocre thicknesses, with an elongated 

depression in the Jászberény area. 

Seismic interpretation in all depressions (the Adony and Mende-Sülysáp pull-apart basins, 

and the Jászberény syncline) indicates that the largest subsidence occurred in the early 
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Pannonian, and showed a decreasing trend with younging. Although there are a number of 

onlap surfaces throughout the Pannonian in many sections, the majority of these is found in 

the earliest Pannonian. In the Adony Basin, where age-constrained (Magyar 2009) horizons 

were mapped, the Pa1 surface at ~11 Ma marks the top of most intensely subsiding basin 

evolution. Basin subsidence and infill is not unequivocally related to faulting intensity. 

Assuming strike-slip with an almost horizontal regional pitch, however, the velocity of pulling 

apart of strike-slip related basins is roughly indicated by the relative depths in various time 

intervals. Based on this, the most intense strike-slip deformation took place in the early 

Pannonian, and decreased with time. This is also corroborated by the folds of Pannonian age 

(see previous Chapter). 

The onset of sinistral strike-slip is questionable, and lacks direct evidence from seismic 

interpretation. Because the previous inversion episode was also basically characterized by 

sinistral strike-slip, no change in the stress field is assumed in the earliest Pannonian. This 

means that the Tóalmás Zone and related structures might have already been active since 

the Sarmatian. 

6.2.8 Neotectonics 

Being out of focus of the study, only some remarks are made related to the young, 

neotectonic inversion (Bada et al. 1999, 2007, Magyari et al. 2005, Fodor et al. 2005a, 

Ruszkiczay-Rüdiger et al. 2007) phase. In the strike-slip tectonic regime (Bada et al. 2007), 

active faulting was distributed in wide zones within the Pannonian Basin. 

The last documented phase affects even Upper Pannonian deposits in the JTM Area. Thrusts 

as well as segments of the Tóalmás Zone were reactivated during this event. This is 

corroborated by the doming of Upper Pannonian at Tóalmás (Fig. 4.3; Palotai and Csontos 

2010), as already observed by Fodor et al. (2005a) and Ruszkiczay-Rüdiger et al. (2007). The 

southern tilt at Jászberény (Fig. 4.6) is also attributed to this phase. West of Tóalmás, 

however, no signs of similar tilting or doming were detected. As no detailed 

sedimentological mapping for the Pannonian and post-Pannonian has been undertaken in 

the JTM Area, the absolute age of this phase remains to be solved.  

Lacking absolute age data in the Bugyi Area, the burial of the Bugyi High cannot be 

completely constrained, but, in accordance with Ruszkiczay-Rüdiger et al. (2007), the post-

burial activity of the Tóalmás Zone (Fig. 4.20) can be postulated. Similar consequences can 
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be drawn from the high resolution river seismic at Adony (Fig. 4.33), where folding is 

assumed to continue in the Quaternary. 

In these latter cases, however, the differential compaction of sediments above deep basins 

and elevated highs should be kept in mind. This process might blur tectonic effects. 

6.3 Salt-related phenomena 

6.3.1 Origin of salt and the extents of the salt basin 

Apart from the Ráckeve-1 well (Fig. 4.21, 4.28), no salt is known in any borehole nearby, so, 

further studies and boreholes will be needed to define the spatial and temporal extents and 

sedimentary environment of the salt basin. A sedimentary origin of the salt is preferred, with 

tectonically induced thickness variations. If this is the case, then the age of salt is Badenian 

(if the conclusion of the report is accepted), 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. 

The Ráckeve-1 well being at the margin of the basin, the sedimentary thickness of the salt 

sequence is assumed to be even greater than the drilled thickness of around 200 m. It is 

quite strange that the salt reflection characteristics neither around the well (Fig. 4.28), nor 

within the deep basin (Figs. 4.22, 4.26, 4.27, 4.28) are similar to seismic facies commonly 

associated with salt (Bally 1983, Tari et al. 2000, Krézsek and Bally 2006, Van Gent et al. 

2011). 

A likely analogue of evaporite formations is the Sarmatian Zsámbék basin NW of the study 

area (Jámbor 1968, 1969; Boda 1974; Görög 1992; Cornée et al. 2009) hosting some thin 

gypsum and anhydrite layers. Its extents to the SE are not clear, and the observed thickness 

is far less than in the Ráckeve-1 well.  

The Badenian of the central part of the Pannonian Basin is generally not evaporitic, however, 

thick Badenian salt deposits of this age are known in the Transylvanian Basin (Krézsek and 

Filipescu 2005; Krézsek et al. 2010, Fig. 1.1). These formations − and other, Middle Badenian 

evaporites common in the Central Paratethys − are of deep marine origin (Báldi 2006). 

Another potential source of evaporites could be the Carnian of the Transdanubian Range 

(Fig. 1.2), 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 
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basin margin would form a salt canopy (Hudec and Jackson 2009). Without any seismic 

evidence for 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. 

Based on the above, the local existence of a Badenian salt basin seems the most likely origin 

for the Adony Basin salt (Palotai and Csontos 2013).  

On some seismic sections in Somogy (e.g. Fig. 71 of Törő 2011, but also on other lines), 

Pannonian age faults seem to detach within the high amplitude reflection package of 

suspected Miocene age, and form roll-over anticlines. These features are somewhat similar 

to the Adony Basin salt tectonics, and infer that a ductile unit (possibly salt) exists in those 

basins as well. Without borehole control, this can only be suspected, but may suggest that 

(apart from the Transylvanian Basin, Fig. 1.1) the Adony Basin salt is not a completely unique 

feature within the Cenozoic of the Pannonian Basin.  

6.3.2 Deformation related to salt 

6.3.2.1 Salt tectonics related to strike-slip  

The location of salt tectonics at the Adony Basin is restricted to the releasing bend of the 

master fault, i.e. to the pull-apart basin, as expected from the mechanical properties of salt 

(Hudec and Jackson 2007). In contrary to the models of Hudec and Jackson (2007), however, 

no diapirs are formed in the case of Adony. 

The salt-cored, non-cylindrical folds (domes and basins) are not arranged in an en échelon 

manner (Fig. 4.25f, g, h), excluding 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 (Figs. 4.25f, g, h, Fig. 4.26), no evidence for differential loading or passive downbuilding 

(Hudec and Jackson 2007) was detected (Palotai and Csontos 2013).  

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. 5.2). A similar, gravity-driven process is suggested for the 
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southwestern part of the basin (Fig. 4.26), although this margin, with a ramp-flat geometry 

of the salt unit, is less steep (Palotai and Csontos 2013). 

6.3.2.2 Possibilities of thrust-related salt tectonics 

The suspected nappe at the northwestern margin of the Adony Basin (Chapters 4.3.2, 6.1) is 

quite unusual within the Mid-Hungarian Shear Zone (cf. Csontos and Nagymarosy 1998, 

Csontos et al. 2005, Fodor et al. 1999, Fodor 2010, Várkonyi 2012 and others) and, without 

wells reaching the level in question, lacks undisputable evidence. The at least 200 m thick 

halite-dominated sequence drilled by the Ráckeve-1 well, which is probably much thicker 

within the basin, is also unexpected. Any large scale thrust structure necessitates the 

existence of a ductile detachment horizon, evaporites being a preferred lithology in this 

case. If a continuous evaporitic layer existed within the Adony Basin, this would facilitate 

thrust movements. It is therefore proposed that the main thrust ramp at the northern 

margin of the Adony Basin (and probably also other, smaller sheets) detached on the salt. 

This would imply thrust movements being younger than the evaporites. Some problems 

arise related to this: 

1, If the salt is taken as Badenian (see above), then the time interval of thrusting would 

become much shorter, and, more importantly, younger, in contrast to the discussion in 

Chapter 4.3.2.3. The upper time constraint for thrusting is the change of structural style into 

sinistral strike-slip around the very beginning of the Pannonian, or slightly earlier within the 

Sarmatian (Horváth 2007, Fodor 2010). 

2, Regional correlation into the Monor Area constrained by well data (Chapters 4.1.2, 4.1.3) 

or in Somogy (Csontos et al. 2005) show that the main thrusting and folding phase should be 

within the Late Oligocene and Early Miocene (Chapter 6.1.4). If this is accepted for the 

Adony area, then the salt sequence should be much older (i.e. an undefined Oligocene age) 

than previously described. In this case, no analogue formations or sedimentary 

environments can be found at all. 

3, No Cenozoic age nappe (or large scale thrust) exists at all at the northwestern margin of 

the Adony Basin. In this case, the continuous reflection package below the drilled Triassic 

(Fig. 4.28) is either autochtonous (Permian?), or consists of formations below a nappe of 

Alpine (Cretaceous) age. Based upon the discussion in Chapter 4.3.2.2, this solution is not 

favoured, but cannot be totally excluded. 
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4, Complying with the earlier discussion (Chapter 6.3.1), salt is younger (most likely 

Badenian) than the main thrusting event (in the Late Oligocene to Early Miocene). This 

would eliminate the mentioned age problems, and mean than salt occurrence would be 

restricted into the area of the pull-apart basin and its margins (as salt was drilled in a 

marginal position). The (reverse fault-related or transpressional) uplift of the basin margin 

clearly postdates salt deposition. In this case, however, other detachment horizons would be 

needed for the main early, non-transpressional thrust phase. The Oligocene of the region 

(Chapter 2.2, Báldi 1983) hosts marine clays and shales that, especially if overpressurised, 

could act as suitable detachments.  

Velocity distortion effects of the seismic data within the deep basin hosting a salt sequence 

of (yet) unknown thickness also have to be kept in mind. 

Not excluding the mentioned alternatives, the fourth possibility is regarded as the most 

likely one, and adapted in the following.  

6.4 Comparison with previous studies in the region 

In the following, the results of this work are compared against some representative earlier 

studies. 

Coinciding with large parts of the present study area, Csontos and Nagymarosy (1998) 

identified the main structures also dealt with in the current study (Figs. 6.5, 6.7). 

 

Figure 6.5. Simplified fault and fold pattern in this study (from Fig. 7.1h) superposed on the structural 
map of Csontos and Nagymarosy (1998). Green polygons: area boundaries in this study. 

Although Fig. 6.5 is indeed complex, at a careful look it reveals the common ideas and also 

the main differences between the results of Csontos and Nagymarosy (1998) and the 
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present study. The Tóalmás Zone basically fits the interpretation in the current study, but 

significant differences exist around the Adony Basin. Also, the Mende-Sülysáp area as a pull-

apart basin was defined only in the current work. The Bugyi High was interpreted as a SE 

verging thrust unit of Pannonian age by Csontos and Nagymarosy (1998), being regarded a 

Sarmatian to earliest Pannonian age sinistral pop-up in this work. Probably the main 

difference is in the vergence of Oligo-Miocene thrusts, being opposite in the two studies 

within the Mid-Hungarian Shear Zone; their locations do not fully match either. Also, the 

previous authors interpreted a number of NW-SE striking normal faults, which were 

regarded of minor importance in most cases during the current study. One notable 

exception is the boundary fault (related to the R3 rotation; see Chapters 4.2.3.3, 6.2.2) 

between the Bugyi and Monor Areas, which aligns quite well in the two studies. NE-SW 

striking normal faults were detected in both studies, but their accurate locations do not 

completely match. 

Focusing on neotectonics of the Gödöllő Hills, and thus overlapping with the current study 

area, Fodor et al. (2005a) and Ruszkiczay-Rüdiger et al. (2007) defined the Late Miocene to 

Quaternary sinistral activity of the Tóalmás Zone, and attributed landforms and earthquakes 

to the ongoing inversion-related deformation. The location of the Tóalmás Zone almost 

exactly matches in the mentioned previous works and in the present study (Fig. 6.6). Even 

the two subparallel segments in the Monor Area of the fault zone were mapped by the 

earlier authors. However, the interpretation of this part as a set of spindle-shaped pull-apart 

basins, as well as the recognition of the Tóalmás restraining stepover (Fig. 4.2) and other, 

oblique structures related to strike-slip, are novelties of this study. The elongated Sári-Pánd-

Jászberény high and related features, probably active in the Early Pannonian, were not 

recognised by Fodor et al. (2005a) and Ruszkiczay-Rüdiger et al. (2007). Normal faults north 

of the Tóalmás Zone in the present study align well to similar structures defined by the 

earlier authors (Fig. 6.6). 
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Figure 6.6. Pannonian structures mapped in the present study (red lines, from Figs. 4.2, 6.3) 
superposed on the pre-neotectonic structural map of Ruszkiczay-Rüdiger et al. (2007). Orange 
polygons: area boundaries of this study. 

Differences in the concept of tectonic interpretation of Csontos and Nagymarosy (1998), 

Fodor et al. (2005a) and Ruszkiczay-Rüdiger et al. (2007), and this study, respectively, are 

revealed on Fig. 6.7. The interpretation of this 2D seismic line was published by all 

mentioned previous authors. (As the related work of Ruszkiczay-Rüdiger et al. (2007) was 

based on Fodor et al. (2005a), only the latter study will be cited below.) From the present 

study, the 3D geological model of the Tóalmás 3D seismic survey was intersected by the 

section plane to create a 2D view along the chosen profile. 
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Figure 6.7. Interpreted seismic section of (A) Csontos and Nagymarosy (1998), Section 2 on their Fig. 
3, (B) Ruszkiczay-Rüdiger et al. (2007), their Fig. 6 after Fodor et al. (2005a), and (C) this study, along 
the same section trace at the same scale. (D) location map of the section over the Bouguer anomaly 
map (Gulyás 2005). 

The Pannonian was interpreted similarly in the three studies, with Fodor et al. (2005a) being 

more focused on neotectonic inversion and structures potentially related to land surface 

evolution. Also, the interpretation of the Tóalmás Zone was similar, only the level of 

complexity on the drawings differed. Note that the earlier studies were based on 2D seismic 

sections, with smaller fault segments not correlated across the area, whereas in the current 

work, all lines shown on Fig. 6.7 are results of 3D correlation. Naturally, a more detailed 

drawing can be made on any chosen section without detailed lateral control. It is to be noted 

that the strike-slip fault detached on a NW dipping plane in the section of Csontos and 

Nagymarosy (1998). 

The unconformity within the Paleogene−Early Miocene of Csontos and Nagymarosy (1998) 

correlates with the base Miocene proxy of the current study (Fig. 6.7). This phenomenon was 

not evaluated by Fodor et al. (2005a), who the treated the Eocene to Middle Miocene 

sequence as a single unit. In most areas, the Lower and Middle Miocene of Csontos and 

Nagymarosy (1998) seems to be concordant. 
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Significant differences appear in the structural interpretation of the pre-Pannonian 

sequence. Here, the concept of Fodor et al. (2005a) is much closer to the present study. 

Without giving detailed interpretation in the text, these authors imaged the NW verging 

thrust pile similarly to the interpretation in this study (Fig. 6.7), whereas the main vergence 

on the section of Csontos and Nagymarosy (1998) is opposite to this. However, note small 

scale faults of Csontos and Nagymarosy (1998) that resemble (opposite sense) faults of the 

present study (not present in the section of Fig. 6.7), even more, as on other, parallel 

sections of Csontos and Nagymarosy (1998), these faults (adjacent to the Tóalmás Zone) 

were generally interpreted as thrusts, similarly to the present study. (Also note that the 

definition of 'ALCAPA basement' in the sense of Csontos and Nagymarosy (1998) includes the 

Mid-Hungarian Unit). Taken from a slightly smoothed 3D model, the (definitely small) thrust 

offsets shown from the present study might be somewhat larger than imaged on Fig. 6.7. 

The basement map of Haas et al. (2010) (Fig. 6.8, cf. Fig. 1.2b) shows a strike-slip duplex 

(Woodcock and Fischer 1986) interpretation of the Mid-Hungarian Shear Zone. The main 

differences from the present study are as follows. The Balaton Line is shown to run more to 

the north in the Adony area, based on the Triassic dolomite drilled in the Ráckeve-1 well 

taken as part of the Mid-Hungarian Unit, in contrary to the present study (see also Kovács 

and Haas 2010). Quite good agreement is found on the location of the Tóalmás main fault, 

with its continuation to the NE being out of the scope of this work. The magmatites and 

melange formations regarded as part of the Szarvaskő-Darnó Unit (Haas et al. 2010) drilled 

at Tóalmás align well to the suspect salient to the Balaton Line (Chapter 7.1, Fig. 7.1b), 

although the geometry defined on the basement map necessarily differs from the 

interpretation given in this study. The NW verging thrusts in the JTM Area crosscut unit 

boundaries of Haas et al. (2010); these were only assumed to be third order tectonic lines 

defined by a sparse set of boreholes. In the present work, the Bugyi High is regarded in a 

somewhat different sense than by Haas et al. (2010): a common structural unit including the 

Bugyi wells, the Sári-2 and Pánd-1 boreholes is assumed, only separated by a late transfer 

fault. The general structural trend, however, is similar in the two studies. 
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Figure 6.8. Simplified fault and fold pattern of this study (from Fig) superposed on the pre-Cenozoic 
basement map of Haas et al. (2010). Black polygons: area boundaries in this study. Formation codes 
on the base map as follows. 40-45: Transdanubian Range Unit. 40: Upper Triassic to Lower Jurassic 
platform limestones; 42: Carnian-Norian platform dolomites; 45: Ladinian-Carnian platform 
dolomites; 58-61: Mid-Hungarian Unit. 58: very low-grade metamorphic Triassic-Jurassic slope and 
basin formations; 59: Lower Triassic shallow marine claystones, marls, limestones; 60: Upper 
Paleozoic and Mesozoic formations in general; 61: Permian shallow marine siliciclastic and carbonate 
formations.
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7 Tectonic evolution of the Mid-Hungarian Shear Zone 

7.1 Tectonic evolution model 

In order to summarise the deformation history, a semiquantitative map series was 

constructed to show the sequence of deformation phases in various time intervals (Fig. 7.1). 

The present day geometry slide (Fig. 7.1h) aligns with the mapped structures (Fig. 7.2), but 

the retro-deformed position maps (Fig. 7.1a to 7.1g) are sequentially less precise depictions 

of the actual structural pattern. The individual steps of reconstruction do not necessarily 

conserve area. In this sense, the map series is not the result of a balancing workflow (as 

defined in Chapter 3.4), but is believed to serve as a valuable tool to detect spatial 

relationships and timing of structures. Note that the presented scheme is a simplified one, 

so individual structures do not necessarily match the ones mapped on the seismic surveys. 

Following the guideline of the map series, the tectonic evolution of the study area is 

analysed below. 

(A) A simple continuous belt of convergent thrusts formed in the earliest phase (Fig. 7.1a). In 

present day directions, the strike of all structures is SW-NE. In between the thrusts, a 

continuous synsedimentary syncline (a flexural basin) is assumed. The northwestern 

thrusted unit is regarded as the Transdanubian Range Unit that is upthrusted onto the Mid-

Hungarian Unit. By definition (Chapter 2.1), this means that the northwestern thrust has to 

be the Balaton Line. As the exact position and style of the Mid-Hungarian Line could not be 

determined in the present study, this cartoon set also does not include the Mid-Hungarian 

Line. The southeastern upthrusted unit is composed of Mid-Hungarian Unit rocks as known 

from many boreholes between the Bugyi High and Jászberény (Kőrössy 2004). The basement 

of the flexural basins also belongs to the Mid-Hungarian Unit.  

In the JTM Area, the basin fill age is well constrained by borehole data (Báldi et al. 1988, 

Kőrössy 2004), and implies the main age of folding and thrusting to be Late (?) Kiscellian to 

Ottnangian in age, with much thicker deposits in the SW than in the NE. As the structural 

style in the Bugyi Area, as well as at the Adony Basin is similar, similar ages are inferred for 

the infill of these basins. However, drilling exploration would be needed to precisely 

determine the stratigraphic buildup within these western basins. The onset of shortening 

was during the Kiscellian. 
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Figure 7.1. Map series on the tectonic evolution scheme of the Mid-Hungarian Shear Zone (approximately to scale). Note that the maps are not northwards 
oriented. Red/blue pairs of arrows show the inferred horizontal stress axes. Detailed interpretation in the text.  



112 
 

(B) Based upon the location of thickness maxima of Oligocene sediments in the Monor and 

Jászberény areas, the synsedimentary synclines are shifted (Fig. 4.7). This might be related to 

two processes that acted still during the Late Oligocene (Fig. 7.1b):  

1, The folds were arranged in an en échelon manner, and were generated by dextral wrench 

faulting. This would involve transpressional movements in the whole Mid-Hungarian Shear 

Zone in this phase, and include a synthetic (Riedel-type) transfer fault between the thrust 

fronts. Based on the discussion in Chapter 6.1.4, this is possible from the latest Kiscellian or 

earliest Egerian on. 

2, The complexity of originally continuous thrusts on the northwestern side increased by the 

addition of a new thrust sheet. This can be regarded as a salient to the main Balaton thrust. 

Because the Tóalmás wells reaching this unit reached Mid-Hungarian Unit basement, the 

frontal thrust of the salient cannot be the Balaton Line in a paleogeographic sense. In this 

case, a lateral ramp is assumed to connect the thrust fronts. This would be a pure 

compressional solution. (Note that this is a simplified scenario, as actually two SW verging 

thrusts were mapped around Tóalmás (Fig. 4.7), which might have been connected by a 

more complex relay structure than described here.) 

From the available dataset it was not possible to give an unequivocal solution on the above; 

Fig. 7.1b shows a composite image of the two ideas.  

As described in Chapters 4.1.3, 4.3.2, 6.1.4, the Kiscellian−Egerian shortening in the SW 

exceeded the one in the NE, manifested by the increased thickness of Upper Oligocene 

sediments towards the SW in the flexural basin. This might be partly due to the addition of a 

SW verging thrust in the Adony−Bugyi−Monor area (Fig. 7.1b), that would shift the synclines 

in its foreland. However, the main difference of the larger surroundings of the Adony Basin 

and the Bugyi Area relatively to the eastern parts is caused by the following:  

(C) The R1 clockwise rotation of the Bugyi Area (most likely coupled with the Adony Area; 

Fig. 7.1c) is synthetic to dextral shear, and is the first indication of transpression. In the 

model, ~25° clockwise rotation was applied, but no clear data support this value. Rotation 

induced increased shortening in the rotated unit, which is in complete agreement with the 

large scale thrusts at the margins of the Adony Basin (especially the suspect nappe on the 

northwestern side) and also with the uplifted character of the (paleo-) Bugyi High.  

As R1 is the first direct indicative of extrusion tectonics, the earlier compressional phases 

might have occurred still within the Alpine realm. However, if the transpressional character 
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of phase B (Fig. 7.1b) is accepted, extrusion might have started somewhat earlier, but still 

not earlier than the Late Kiscellian.  

The age of R1 precedes the base Miocene proxy event, but is most likely Egerian. 

Constrained by age data of Báldi et al. (1988) regarding the base Miocene proxy erosional 

surface, the first, and probably largest culmination of uplift and erosion within the Mid-

Hungarian Shear Zone occurred in the Egerian (27-23 Ma, Fig. 7.1c). The preferred cause of 

this phase is the R1 rotation. The differential erosion between the northeastern and 

southwestern zones at the base Miocene proxy might be explained by the rotation event. 

(D) The R2 clockwise rotation (Fig. 7.1d) of the Monor−Tóalmás region induced increased 

shortening in the SW of the rotated Monor block, which is justified by the uplifted position 

of the Monor thrust unit and the decreased pre-Pannonian Miocene thickness on it (Fig. 4.5), 

as well as at the Bugyi High. A similar increase of shortening is assumed around the eastern 

boundary of the rotated unit on its northwestern side, i.e. at the Balaton Line. Due to the 

lack of data, this is, however, unconstrained. Because the Jászberény area remained in a 

fixed orientation during the R2 phase, the diffuse eastern boundary of rotation resulted in 

the present day trend deviation of the earlier formed structures on the Jászberény Ridge 

relatively to the other parts of the study area. 

The R2 phase is constrained in age between the base Miocene proxy and the Sarmatian 

inversion. Because it involved significant shortening, uplift and erosion were expected during 

this event. Based on Chapter 6.1.4, the most likely age for this phase is Ottnangian. 

The first and largest counterclockwise rotation of ALCAPA occurred between 18.5 and 17.5 

Ma (Márton et al. 2007a), i.e. in the Ottnangian. Based on the above, the small scale 

clockwise rotation of the Mid-Hungarian Shear Zone is linked to this larger event. In this 

case, the rotation of large parts of the shear zone (Fig. 7.1d) might be a real event, not just a 

technical artefact related to the drawing technique.  

The regional stress field is assumed to have remained relatively constant throughout the 

phases described above, i.e. from the (Late) Kiscellian to the late Early Miocene (Karpatian). 

The maximum horizontal stress direction was around NW-SE, the structural style being 

shortening-dominated transpression  

(E) Fig. 7.1e shows a Middle Miocene (Badenian) state. This phase is less constrained than 

the previous and following ones, but probably was the time of stress field change (Fodor 

2010) and slip sense reversal. The Tóalmás Line as a sinistral strike-slip fault (transfer fault; 
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Tari et al. 1992) might have initiated in the Late Badenian, although no direct evidence 

regarding this was detected. In the Adony Basin, probably extending towards the Bugyi Area, 

salt was deposited in the Middle (Báldi 2006) Badenian. Transpression on this basin margin is 

assumed. Although uncertain, the suspected Karpatian unconformity (Fig. 6.2) might be 

related to the counterclockwise rotation event of ALCAPA (Márton and Fodor 2003) in the 

Badenian.  

(F) The uplift of the Bugyi High as a sinistral pop-up (first described here) is related to the 

Sarmatian to earliest Pannonian inversion interval, a result of the soft collision of ALCAPA 

with the European margin (Sperner et al. 2004) and the subduction rollback at the Tisza 

subduction front (Fodor et al. 1999, Horváth 2007). No similar larger pop-ups are known in 

other parts of the Mid-Hungarian Shear Zone.  

(G) The assumed R3 counterclockwise rotation of the Bugyi Area slightly after, or 

synchronously to the transpressional uplift might be responsible for the speciality of the 

Bugyi High. This means that strike-slip (simple shear) dominated transpression (Teyssier et 

al. 1995) might have played a more important role in the Sarmatian inversion of other 

structures, and only those at Bugyi were inverted in a compression-dominated (pure shear-

dominated, Teyssier et al. 1995) transpressional style during that time. Due to drawing 

technique limitation, the exact geometry of rotation might be more complex than depicted 

on Fig. 7.1g, meaning that this restoration step does not conserve area. Despite this, the 

boundary faults are assumed to have behaved basically as strike-slip faults in this phase.  

(H) Based on borehole data (Kőrössy 2004), the Sarmatian (Late Badenian? Cf. Tari et al. 

1992 and Chapter 6.2.7) to recent (Fodor et al. 2005a, Ruszkiczay-Rüdiger et al. 2007, 2009) 

sinistral Tóalmás Zone (Palotai and Csontos 2010, 2013) generally (but not unequivocally; 

see below and Fig. 7.2) coincides with the Balaton Line, in the sense that it separates 

basement rocks belonging to the Transdanubian Range and to the Mid-Hungarian Unit (Balla 

et al. 1987, Haas et al. 2010). The offset of the Tóalmás Zone is assumed to be in the 

magnitude of 10 km (Chapter 6.2.5), and thus cannot be regarded as a large scale tectonic 

boundary. This paradoxon is, however, easily resolved if the superposition of the Tóalmás 

Zone on the weakness zone of the Oligocene to Middle Miocene age, dextrally transpressive 

Balaton Line is assumed (Fig. 7.1h). This is in perfect agreement with the model results, and 

also with the concept of Csontos and Nagymarosy (1998) (Fig. 6.7). Consistently with the 
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results of this study and the model in Fig. 7.1, the 

main thrust at the northwestern boundary of the 

Adony Basin is regarded the Balaton Line. 

In the Adony Basin area, the Pannonian age pull-

apart is developed above the earlier flexural 

basin, with the branches of strike-slip fault zone 

being around the fronts of the earlier thrusts. SE 

verging thrusts of Oligocene to Early (and partly 

Middle) Miocene age without well defined 

hinterland flats were mapped in the Bugyi Area 

(Figs. 4.12, 4.13, 4.14, 4.15, 4.18, 4.19), as well as 

east of Sülysáp in the Tóalmás and Jászberény 3D 

surveys (Fig. 4.3, 4.7). All these structures are cut 

at depth by different segments of the Tóalmás 

Zone. Thus, their hinterland flats have to exist on 

the opposite side of the Tóalmás Zone, indicating 

an anastomosing crosscutting relationship of 

earlier structures with the Tóalmás Zone (Fig. 7.2). 

In this sense, these thrust ramps are genetically 

related to the thrusts at the northwestern side of 

the Adony Basin, only that the latter ones have 

not been offset by strike-slip faulting. This means 

that the SE verging thrust sheet(s) mapped in the 

Adony area continued towards the east-northeast 

at least into the Bugyi Area, but probably even 

farther towards Tóalmás as parts of the Balaton 

Line or related structures (Fig. 7.2).  

Figure 7.2. Simplified fault and fold pattern (Fig. 7.1h) for the Pannonian and pre-Pannonian 
structures on the base Pannonian TWT depth map (Fig. 6.3). Minor structures omitted. Note the 
anastomosing crosscutting relationship of the Tóalmás Zone and earlier structures. 
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7.2 Geodynamic implications 

The data and interpretations presented in this study are based on and related to the central 

part of the Mid-Hungarian Shear Zone between Adony and Jászberény (Fig. 1.2), so no 

established consequences could be drawn regarding its northeastern termination (Tischler et 

al. 2007, Márton et al. 2007b), or its southwestern continuation towards the Alps and 

Dinarides (Fodor et al. 1998, Tomljenović et al. 2008). Because of this, the large scale 

tectonic model described below and shown on Fig. 7.3 is meant to be valid for the parts of 

the zone in central Hungary. 

 

Figure 7.3. Schematic block diagram of large scale tectonic features in the central part of the Mid-
Hungarian Shear Zone for the Late Oligocene and Early Miocene (simplified, not to scale). Strain 
related to the oblique convergence of the Tisza and ALCAPA Units was partitioned between the 
Balaton Line characterized by dextral strike-slip, and the Mid-Hungarian Line as a large scale thrust, 
and coupled structures. Dextral transpression resulted in the clockwise rotation of the sheared units. 

In the large scale tectonic model for the Late Oligocene to Early Miocene evolution of the 

central part of the Mid-Hungarian Shear Zone (Fig. 7.3), the Mid-Hungarian Line is regarded 

as the primary plate boundary. The Mid-Hungarian Unit is interpreted (in agreement with 

Schmid et al. 2008) to override the Tisza Unit, although the contact itself (lying outside the 

study area below thick volcanics) was not revealed. This contact was most likely 

characterised by perpendicular shortening. 

The evaluation of the Balaton Line is more complex. This is due to three aspects: 
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1, The superposition by, and crosscutting relationships with the Tóalmás Zone during the 

(Middle to) Late Miocene.  

2, Issues related to the distinction of Triassic carbonates of Transdanubian Range (ALCAPA) 

and Mid-Hungarian Unit origin (Kovács and Haas 2010).  

3, The definition of the Balaton Line of (a) a paleogeographical boundary between ALCAPA 

(Transdanubian Range) and Mid-Hungarian Unit basement units ("paleogeographic" Balaton 

Line in the following), or (b) as the continuation of the dextral Periadriatic Line in a kinematic 

sense ("structural" Balaton Line in the following). 

Based on the reconstruction of Fig. 7.1, the paleogeographic Balaton Line runs along the 

Tóalmás Zone throughout the JTM Area. The pre-Middle Miocene structure (structural 

Balaton Line) itself, however, could not be defined, partly because only limited information 

was available regarding this zone at the margins of the 3D surveys. The slight deviation of 

the Balaton Line and Tóalmás Zone (shown on Fig. 7.1g) in the Bugyi Area is not fully 

constrained in the 2D seismic realm without borehole data, and might be just a drawing 

artefact. 

At the northwestern margin of the Adony Basin, the paleogeographic Balaton Line is taken to 

coincide with the Pannonian strike-slip zone. This is based on the Ráckeve-1 well, where the 

Upper Triassic dolomite is regarded as the Hauptdolomit of the Transdanubian Range, in 

agreement with internal reports of MOL. In this case, the paleogeographic Balaton Line is the 

large thrust at the basin margin. This fault, however, cannot be equal to the strike-slip 

continuation of the pre-Ottnangian Periadriatic Line in a kinematic sense (structural Balaton 

Line). 

Haas et al. (2010) interpreted the dolomite in the Ráckeve-1 well as part of the Mid-

Hungarian Unit, and showed the Balaton Line to run between the Tököl-1 (Fig. 4.21) and 

Ráckeve-1 wells. On Fig. 4.28 only a minor thrust was interpreted, that would lie 

approximately in the correct position for this. It is, however, possible, that the indeed 

existing pre-Middle Miocene strike-slip fault (structural Balaton Line) was not detected in 

this area, being out of focus of this study. In this sense, the structural and paleogeographic 

Balaton Lines do not necessarily coalign (Fig. 7.3). 

In any case, vertical axis rotation corroborates the idea of strike-slip within the Mid-

Hungarian Shear Zone. As the observed Late Oligocene to Early Miocene structures were, 

however, rather compressional, strike-slip is inferred to be mainly related to the structural 
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Balaton Line and coupled structures. This means a significant amount of strain partition 

within the generally transpressional orogen sensu Cunningham (2005, 2007). 

The existence of the structural Balaton Line as a large scale strike-slip fault (or zone) is not 

denied, only no direct data were found regarding this feature. Based on this, an oblique 

convergence setting for the Mid-Hungarian Shear Zone can be inferred (Fig. 7.3), regionally 

characterized by transpression. 

The relative importance of strike-slip and thrust faults in a transpressional orogen is 

determined by the orientation of structures to the regional maximum horizontal stress, 

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 rotation of the individual structures in a 

constant stress field (Cunningham 2007). In contrast to the Mongolian mountain belts 

(Cunningham 2005, 2007), which seem to rotate in regionally consistent blocks, it is argued 

that the Mid-Hungarian Shear Zone behaved in a more complex manner (see above). The 

small size of rotating blocks may reflect a relatively shallow detachment depth; the thin-

skinned deformation style was justified by seismic interpretation. Because shortening across 

the Mid-Hungarian Shear Zone was more important than strike-slip, the described orogen 

fits into the pure shear dominated type of transpression (Teyssier et al. 1995; Figs. 7.1b, c, d, 

7.3). Note, however, that deeply eroded and/or tectonically overprinted strike-slip faults, 

even if present, would have been hard to detect in the seismic dataset. 

7.3 Comparison with earlier regional compilations 

From the Oligocene to the Early Miocene, the North Hungarian Paleogene Basins were 

regarded as a retro-arc flexural basin of the Western Carpathians (Tari et al. 1993). The 

thrust-related origin and flexural style of the basin is accepted here, but in a geodynamic 

context, the Paleogene age basins within the Mid-Hungarian Shear Zone are interpreted to 

be in an intermittent setting between the ALCAPA and Tisza units, directly unrelated to the 

Carpathian subduction.  

The piggyback basin model for the North Hungarian Paleogene Basins (Csontos and 

Nagymarosy 1998), based on the assumption of ALCAPA overriding Tisza, would imply rather 

asymmetric, S-SE verging structures at the piggyback. Based on the convergent, partly strike-

slip setting identified in this study, a more symmetric arrangement will be preferred. Some 
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elements of the internal deformation of the shear zone (e.g. the generally shortening style of 

observed features; uplift and erosion culminating in the Ottnangian), however, might be 

explained by the opposite rotations of the ALCAPA, as proposed by Csontos and Nagymarosy 

(1998). Also, the general setting of ALCAPA being in an upper plate position is accepted, 

although no actual data exist within the current study area regarding the position and style 

of the Mid-Hungarian Line. 

Strain partitioning in an oblique convergence belt between the dextral strike-slip Balaton 

Line and the compressional Mid-Hungarian Line played an important role in the model of 

Schmid et al. (2008) and Ustaszewski et al. (2008), but is also mentioned by Fodor (2010). 

Because the actually mapped structural elements were rather compressional, but indirect 

evidence for strike-slip from vertical axis rotations was inferred, this idea was incorporated 

into the model above. Based on borehole data (Kőrössy 2004, Haas et al. 2010), it is, 

however, denied that immediately east of the Danube (i.e. in the current study area), 

ALCAPA would directly (without the intermittent Mid-Hungarian Unit) override the Szolnok 

unit (part of Tisza) as proposed by Schmid et al. (2008).  

Although NW verging thrusts dominated in the study area during the Late Oligocene and 

Early Miocene, conjugate features (especially the suspect Adony nappe, but also SE verging 

thrusts at Tóalmás and Bugyi) also played an important role. Based on this, there is no need 

for the working hypothesis of Palotai and Csontos (2010) that the Mid-Hungarian Shear 

Zone, intermittent between the Tisza and ALCAPA units, overrode ALCAPA. Note, however, 

that the cited work was only based on the JTM Area, where NW verging thrusts indeed 

dominate. 

Fodor et al. (1999) inferred a generally transpressional stress field with the maximum 

horizontal stress in the NW-SE to E-W direction (Fodor 2010), with many local perturbations 

during the Late Oligocene to Early Miocene. In the Mid-Hungarian Shear Zone, the ENE-WSW 

striking, NNW verging thrusts and their footwall syncline on the large scale maps align well 

with the Bugyi-Jászberény ridge and related features mapped in detail in this study. Even the 

bending of these structures around Jászberény was depicted on the related maps, although 

no explanation of this feature was given in the cited earlier papers.  

Based on the results of this study showing the dominance of compressional structures, the 

strike-slip duplex (Woodcock and Fischer 1986) model of Fodor et al. (1999) and Haas et al. 
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(2010), conceptually continued from the observations of Fodor et al. (1998) in Slovenia 

towards the current study area (Fodor 2010), is not agreed on.  

Late Oligocene to Early Miocene thrusting and folding, culminating in the Late 

Eggenburgian−Ottnangian, is inferred from the study of Csontos and Nagymarosy (1998). 

This is generally accepted, but the deformation ages can be refined, based on the discussion 

in Chapter 6.1.4. The onset of deformation is assumed in the Kiscellian in this study. The 

culmination of uplift and erosion (related to thrusting) is defined by the base Miocene proxy, 

i.e. the NP25-NN1 nannoplankton zones within the Egerian, probably close to the 

Oligocene−Miocene boundary. Followed by an erosional event in the Eggenburgian, another 

major (although less significant than the base Miocene proxy) uplift event was identified in 

the Ottnangian; in this, the interpretation of Csontos and Nagymarosy (1998) is agreed on. 

The assumedly Karpatian erosional event also justifies early Miocene shortening. 

While shortening is regarded to be dominant here, the R1 clockwise rotational event of the 

Bugyi Area, synthetic to dextral shear, corroborates a transpressive setting in the central 

part of the Mid-Hungarian Shear Zone. As already suggested by Fodor (2010), this paradoxon 

might be resolved by strain partitioning, although a pure shear dominated transpressional 

setting (Teyssier et al. 1995) is proposed here. This setting requires a NW-SE to NNW-SSE 

maximum horizontal stress direction.  

The age of the R1 rotation precedes the base Miocene proxy. Thus, roughly in accordance 

with Fodor et al. (1999), the onset of strike-slip in the Mid-Hungarian Shear Zone is regarded 

as late(st) Kiscellian or earliest Egerian. The generally compressional style in the earliest 

phases (Chapters 5, 6.1) however, contradicts the concept of Fodor (2010), in which the 

Lutetian to Early Kiscellian phase was already partly characterised by strike-slip. 

The concept of Fodor et al. (1999) and Fodor (2010) differs regarding the activity of the 

Balaton Line around Tóalmás (and possibly throughout the current study area) during the 

early Miocene. Whereas the latter work regarded this fault as strike-slip, in the previous 

paper a SSE verging thrust component was also expressed. As the large scale thrust at the 

Adony Basin, and smaller, similar structures in the JTM Area are well established, the 

concept of Fodor et al. (1999) is agreed on, although the larger relative importance of 

shortening is emphasized here. 

Convergent thrusts in the Mid-Hungarian Shear Zone have been known from Somogy to the 

south of Lake Balaton (Balla et al. 1987, Csontos et al. 2005, Schmid et al. 2008, Törő 2011). 
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Thus, the basin type described in this study (after Palotai and Csontos 2010, 2013) is not 

completely new for the Pannonian Basin, despite the lack of major proven imbricates in 

Somogy. 

The R2 rotation phase is constrained between the base Miocene proxy and the Sarmatian 

inversion. This event complies well with the model of Fodor et al. (1999) by inferring dextral 

shear in the Mid-Hungarian Shear Zone in the Early Miocene.  

As constrained by paleomagnetic data (Márton and Fodor 2003), the dextral extrusion of 

ALCAPA terminated in the Ottnangian, related to the counterclockwise rotation of ALCAPA 

that resulted in a bend of the previously straight Periadriatic Line−Balaton Line (Fodor et al. 

1999). Because of this, strike-slip ceased in the Ottnangian, resulting in increased shortening 

in the contact zone between the main units (Csontos and Nagymarosy 1998). The 

Ottnangian erosional surface (Chapter 6.1.4) is an indication of this event. 

Because no mountain chain is found in the Mid-Hungarian Shear Zone, and even the crust is 

strongly thinned (Kilényi and Sefara 1991), Csontos and Nagymarosy (1998) proposed 

significant orogen-parallel, i.e. NE-SW oriented stretching. Detailed mapping in this study, 

however, failed to detect such large scale extensional structures in the Paleogene and Early 

Miocene, suggesting that the loci of Late Paleogene-Early Miocene stretching were 

elsewhere (see also Tomljenović and Csontos 2001, Csontos et al. 2005). Eventually, the 

Middle Miocene syn-rift phase (Royden et al. 1983) can be accounted for the elimination of 

pre-existing crustal thickening. 

The Karpatian−Badenian syn-rift phase of the Pannonian Basin (Royden et al. 1983, Tari et al. 

1992, Tari 1994) quite strangely resulted in the continuation of thrusting and folding within 

the Mid-Hungarian Shear Zone, in contrast to the neighbouring normal faulting at Gödöllő 

(Fodor 2010). Although relatively few information regarding the Karpatian−Badenian was 

obtained during seismic mapping, this idea is agreed on, and is corroborated by the assumed 

Karpatian erosion event in the Monor Area, as well as by some sections where even the 

uppermost reflections truncated by the base Pannonian unconformity are folded (e.g. Figs. 

3.1, 4.4). Onlaps at the northwestern margin of the Adony Basin indicate (most likely) 

Badenian uplift in this zone. 

Fodor (2010) separated episodes within the rifting phase, and his interpretation might 

explain some issues regarding the Middle Miocene. Whereas in the Ottnangian to Early 

Badenian (18.5-15 Ma, "early syn-rift") the Balaton Line would have acted as a dextral 
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transfer fault (with folding and thrusting being continued in the Mid-Hungarian Shear Zone, 

as shown in this study above), in the late Middle Miocene (14-11 Ma, "late syn-rift") 

shortening would have ceased, and the slip on the Balaton Line reverted to sinistral. This 

change would be induced by the change in extension direction from NE-SW to E-W (Fodor 

2010). Regarding the present study, this model has the following consequences. While 

shortening (coupled with dextral strike-slip) probably continued until the Karpatian, as 

constrained by numerous evidence described above, no clear structural interpretation can 

be given for the Badenian (although this is at least partly due to the fact that pre-Pannonian 

Miocene formations were not mapped separately). The change in regional stress field might 

explain why the compressional structures ceased to continue in these times. In a wide rift 

setting (Tari et al. 1999, Horváth 2007) this is, however, rather expected than surprising. 

Direct evidence on the Balaton Line exists at the Adony Basin, where the main thrust 

(regarded the paleogeographic Balaton Line) on the northwestern basin margin thrusts 

Transdanubian Range (ALCAPA) onto Mid-Hungarian Unit rocks. The described stress field 

change (Fodor 2010) and, as a consequence, the change in fault kinematics in the Badenian, 

would determine the change from the "Balaton Line" term (as a dextrally transpressive fault) 

to the usage of "Tóalmás Line" (as a sinistral strike-slip fault), as defined in Chapter 2.1.  

Accepting this, the transfer fault model of Tari et al. (1992) is agreed on. So, although no 

direct evidence for the pre-Pannonian (or pre-Sarmatian, Chapter 6.2.7) sinistral activity of 

the Tóalmás Zone exists, it might have initiated during the Late Badenian. 

The normal faults terminating against the Tóalmás Zone were interpreted in the present 

study in a similar fashion to Fodor et al. (1999).  

The Late Sarmatian to Early Pannonian (~12-10.5 Ma; Fodor 2010) inversion was expressed 

by folding and thrusting in Somogy (Csontos et al. 2005), but other structures within the 

Mid-Hungarian Shear Zone were hardly documented before. Only the small scale 

reactivation of earlier structures was described (Fodor et al. 2005a) within the shear zone. 

Here, the uplift of the Bugyi High (superposed on earlier thrusts) is interpreted as a sinistral 

transpressive pop-up structure related to the mentioned inversion episode (Figs. 4.10, 4.11, 

6.3). The only slightly buried basement high at Bugyi is a unique feature within the Mid-

Hungarian Shear Zone. The R3 rotation event (Chapter 6.2.2) is also related to the inversion 

phase.  
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During the post-rift phase in the Early Pannonian (Horváth and Royden 1981, Royden et al. 

1982), deformed by E-W to NW-SE oriented extension or locally transtension (Fodor et al. 

1999) sinistral movements occurred in a wide belt, ranging from the Mid-Hungarian Shear 

Zone in the NW (Tari 1988, Ruszkiczay-Rüdiger et al. 2007, Palotai and Csontos 2010, 2013, 

and this study) to the Derecske Basin (Windhoffer et al. 2005) and the Paks-Kisújszállás zone 

(Pogácsás et al. 1989, Tóth and Horváth 1998, Balla 1999, Lőrincz et al. 2002). In the study 

area, a pure strike-slip regime is preferred, with the most significant deformation occurring 

at the Tóalmás Zone. The first known estimation of sinistral strike-slip offset along this fault 

zone (Chapter 6.2.5) is in the range of 10 km. 

7.4 Possible analogies for the Oligo-Miocene deformation in the Mid-
Hungarian Shear Zone 

Although flexural basins related to convergent thrusting are not very common, they occur in 

a number of orogens. Some examples are presented below that may be analogous to the 

Mid-Hungarian Shear Zone. 

A purely compressional example is the Eocene to Late Miocene age Rioja Trough in Northern 

Spain, between the Pyrenean orogen and the Cameros-Demanda massif (Muñoz-Jiménez 

and Casas-Sainz 1997). There, converging thin-skinned thrusts with more than 20 km 

horizontal offset created a 35 km wide symmetric foreland basin (Fig. 7.4). The basin infill is 

folded and thrusted, and features a number of syntectonic unconformities. This basin is 

analogous to the extreme nappe-related interpretation of the Adony Basin. 

 

Figure 7.4. Cross-section of the Rioja Trough (Muñoz-Jiménez and Casas-Sainz 1997). 

Intraplate strike-slip tectonics in the Altai and Gobi Altai, as well as in the Tien Shan is driven 

by the India-Eurasia collision, resulting in a wide zone of transpressional deformation 

(Cunningham 2007 and references therein). In some restraining bends, ramp basins are 

formed between subparallel pop-up structures. With respect to the maximum horizontal 

stress, and related to vertical axis rotation, the relative amount of strike-slip and 

compression changes with the strike of structures, resulting in strike-slip- and thrust-
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dominated domains. One of the classic thrust-dominated examples is the Issyk-Kul Basin in 

the western Tien Shan, being deformed mainly by thrusting and folding (Delvaux et al. 2013). 

Although these central Asian orogens, and also their individual segments, are significantly 

larger than the Mid-Hungarian Shear Zone, some features (e.g. pop-down synclines at the 

western termination of the Issyk Kul Basin; Delvaux et al. 2013) can be regarded as 

analogies.  

The examples above (among many others) can be used as analogies for individual structures. 

In large scale (plate) tectonic setting, however, they do not necessarily resemble the Mid-

Hungarian Shear Zone. The speciality of the Mid-Hungarian Shear Zone arises from its 

rotational origin between the ALCAPA and Tisza terranes. Regarding this, the tectonic setting 

of the Adriatic foreland between the converging fold and thrust belts of the Southern 

Alps/Dinarides and the Apennines on the conjugate margins (Fig. 7.5, Argnani and Frugoni 

1997, Carminati and Doglioni 2012 and references therein), is highly similar.  

 

Figure 7.5. Simplified tectonic map of northern Italy and adjacent regions (Carminati and Doglioni 
2012) showing convergent thrusts between the Southern Alps and the Apennines. 

Partly related to the counterclockwise rotation and north-northeast drift of the Adria 

microplate (Bada et al. 2007, Ustaszewski et al. 2008), regional shortening occurs between 

the two orogens. From the Po Plain to the Torino foothills, the area of maximum 

interference between the Alps and the Apennines, where the intermittent foreland was 
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narrowest, an extremely deep (>5 km since the Miocene) foreland basin was formed 

between advancing thrusts from both margins (Fig. 7.6, Carminati and Doglioni 2012). The 

structural style was mainly thin-skinned ramp-flat thrusting (Bello and Fantoni 2002, Ravaglia 

et al. 2006).  

 

Figure 7.6. Schematic cross-section of the Po basin, intermittent between the Southern Alpine 
retrobelt and the Apennine accretionary prism (Carminati and Doglioni 2012). 

The scale of the Po Basin (and the whole Adriatic foreland basin) is somewhat larger than the 

equivalent basins within the Mid-Hungarian Shear Zone, but they are still comparable. 

Whereas in the Pannonian region the opposite rotation of ALCAPA and Tisza units (neither of 

them fixed) is inferred (Márton and Fodor 1995), in the analogue setting the orientation of 

the Alps was basically fixed relatively to Europe (Bada et al. 2007, Carminati and Doglioni 

2012), and the Apennines rotated in a counterclockwise manner. However, the scissors-like 

closure (cf. Mészáros 1984) of the intermittent parts is quite similar in the two regions, only 

that opposite shear is expected for the two settings.  

In the Mid-Hungarian Shear Zone, the strike-slip component of deformation cannot be 

denied, while in Italy, shortening is driven by subduction in both orogens (Carminati and 

Doglioni 2012) without the fundamental importance of strike-slip. The geometry of some 

transverse thrusts (Bello and Fantoni 2002, Ravaglia et al. 2006) could, however, be related 

to a strike-slip component of the overall shortening deformation.  

The tectonic evolution model of Mosca et al. (2010) for the Alps−Apennines junction (Fig. 

7.7), regarded as an approximately 100 km wide deformation zone as the result of the 

Europe−Adria convergence and the associated counterclockwise rotations, is of primary 

importance in assessing potential analogue settings. 
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Fig 7.7. Paleotectonic maps illustrating the Late Eocene to Miocene evolution of the Alps−Apennines 
junction (Mosca et al. 2010). 

There, the Late Eocene to Late Oligocene phase (Fig. 7.7a) was dominated by the southern–

southeastern advance of the Alpine sector, resulting in the exhumation of metamorphic 

units, while creating a depression in their foreland. A major sinistral transfer zone, the Celle-

Sanda fault system initiated (shown in the central part of the image) during this time. Some 

depressions more to the south (SR and MR on Fig. 7.7a) were also deformed by ENE-WSW 

striking sinistral faults. In the Late Oligocene to early Miocene (Fig. 7.7b), the tectonic 

scenario was dominated by the convergence of the northeast to north-verging Ligurian units 

from the south, and the south-verging Southern Alpine units from the north. Beside the 

formation of overthrusted basins in the central parts, this involved at least some transfer 

faulting in the intermittent zone. Regional basin inversion and the uplift of the thrusted units 

is marked by angular unconformities in the Early Miocene. North-verging thrusting of the 

Ligurian units and the related uplift in large areas was characteristic for the Middle and Late 

Miocene (Fig. 7.7c) (Mosca et al. 2010). 

This evolution scheme resembles the ALCAPA−Tisza convergence and opposite rotation in 

many aspects. Flipping and rotating the Late Oligocene−Early Miocene phase cartoon of 
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Mosca et al. (2010), an analogous setting to the Mid-Hungarian Shear Zone can be inferred 

as shown on Fig. 7.8). 

 

Fig. 7.8. Flipped and rotated model of the Late Oligocene−Early Miocene tectonic setting in the 
Alps−Apennines junction (Mosca et al. 2010), with its analogue elements in the Pannonian region. 
MHSZ: Mid-Hungarian Shear Zone, BL: Balaton Line.  

The rotating Apennines can basically be correlated with ALCAPA in this setting, while the 

analogy of the Southern Alps would be the Tisza unit, the intermittent, deformed zone being 

similar to the Mid-Hungarian Shear Zone. The generally transpressional Celle-Sanda fault 

might be regarded as the counterpart of the BL, albeit with a smaller offset. 

.
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8 Conclusions 

Evaluating the structural evolution of the central part of the Mid-Hungarian Shear Zone on 

the base of seismic datasets, the following conclusions can be drawn. 

The Mid-Hungarian Shear Zone was a narrow fold and thrust belt in the Late Oligocene to 

Early Miocene, made up by a set of convergent thrusts. The structural trend was ESE-WNW 

between Adony and Farmos, but turned NNE-SSW around Jászberény. In the northeastern 

parts, the Jászberény-Tóalmás-Monor Area, NW verging thrusts were dominant within the 

available seismic coverage, but conjugate thrusts were also detected. These latter structures 

were also identified at Bugyi, while SE verging thrusts were the main structural element at 

Adony. The general geometries of the zone were described before (Csontos and Nagymarosy 

1998, Fodor et al. 1999, 2005a), but the present study gives an unprecedented detail of 

these. 

Convergent thin-skinned thrusts formed a synsedimentary syncline (ramp basin sensu 

Cobbold et al. 1993) in their footwalls, being deformed as a flexural basin in between. The 

thrust belt started to build up at Jászberény, with no compressional structures found east of 

it. As defined during seismic interpretation, and corroborated by the results of section 

restoration, the intensity of shortening increased southwestwards. The Tóalmás and Monor 

region was shortened by 7-8%, while more than 30% cumulative Oligo-Miocene shortening 

resulted from the Bugyi and Adony sections. 

Growth strata of Kiscellian age mark the onset of deformation, initiated within the Alpine 

realm, prior to (or at the beginning of) the extrusion of ALCAPA. The culmination of 

shortening in the Egerian (nannoplankton zones NP25-NN1; Báldi et al. 1988) is defined by a 

regional erosional truncation and onlap surface, most likely related to rotation R1 (see 

below). Following some minor erosional events, regional uplift was documented from the 

Ottnangian again (most likely related to rotation R2; see below). Shortening continued 

throughout the Early Miocene, although the Karpatian age deformation is less well 

constrained.  

The first internal rotation event (R1) within the Mid-Hungarian Shear Zone occurred in the 

Egerian. Rotating the Bugyi and Adony Areas in a clockwise manner, this phase is the first 

indication of dextral strike-slip in the Mid-Hungarian Shear Zone, related to extrusion 
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tectonics of ALCAPA. R1 is justified by reverse offset preceding the base Miocene proxy 

horizon (NP25-NN1 nannoplankton zones; Báldi et al. 1988) on a steep scissors-type 

transverse fault in the Bugyi Area. This phase resulted in increased uplift and erosion of the 

Bugyi Area and the margins of the Adony Basin, where even a suspected thrust nappe was 

formed above the Paleogene (and also earliest Miocene during the next phase). There, 

probably larger parts of the flexural basin were overthrusted, than those that remained free 

of basement loads. 

The R2 clockwise internal rotation occurred in the time span defined by the base Miocene 

proxy and the base Pannonian unconformity, the most likely age being the Ottnangian. This 

event is justified by the now reversed offset along the scissors-type transverse fault active 

during R1, and is related to the large scale counterclockwise rotation of ALCAPA (Márton et 

al. 2007). The Monor and Tóalmás parts were rotated 15-20° in a clockwise manner. The 

southwestern boundary of the rotated unit is well established, while in the NE, diffuse 

bending occurred, resulting in the present day trend deviation of the Jászberény Ridge from 

its southwestern continuation, the latter one being rotated during this phase, while the 

Jászberény Ridge kept its orientation. Rotation resulted again in increased shortening and 

uplift of the (paleo-) Bugyi High. 

The R1 and R2 rotations are synthetic to dextral shear of the zone, and infer a strike-slip 

component of the generally compressional deformation zone. Based on this, but keeping the 

dominantly shortening character of interpreted structures in mind, the Mid-Hungarian Shear 

Zone is interpreted as a compression dominated (Teyssier et al. 1995) transpressional 

orogen (Cunningham 2005) during the Late Oligocene to Early Miocene. Because the large 

scale pre-Ottnangian dextral strike-slip of the Balaton Line (Fodor et al. 1999) is accepted 

(although no direct evidence regarding this was found in the available dataset), significant 

strain partitioning is inferred.  

The small size of individually rotated blocks is an indicative of their shallow detachment 

depths, an idea also corroborated by the thin-skinned style of deformation. 

While the Mid-Hungarian Line lies out of the study area below volcanics, and thus could not 

be investigated, the Balaton Line, in a paleogeographical sense, was defined as the main 

Adony thrust in the southeast. The ”structural” Balaton Line, as the continuation of the 

dextral Periadriatic Line, was not detected here. In the northwest at Tóalmás, the two 
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definitions of the Balaton Line align to a single line that is superposed by the Pannonian age 

strike-slip zone (see below). 

Although it is less constrained than the previous and following phases, folding and thrusting 

continued into the Karpatian, and probably even the Badenian. Indication for this are some 

thrusts in the Bugyi Area that seem to be truncated only by the base Pannonian 

unconformity, as well a number of minor erosional surfaces within the assumedly late Early 

and early Middle Miocene age formations. The uplift of northwestern margin of the Adony 

Basin in the Badenian (?) is attributed the transpressional activity of the main thrust. 

In the Badenian, a salt basin was formed in the parts of the Adony Basin that were not 

overthrusted. This basin is a unique feature (first described here), as apart from the 

Transylvanian Basin and the Carpathian foredeep, no Cenozoic evaporites are known within 

the Pannonian Basin beside this occurrence. 

According to the results of regional studies (Tari et al. 1992, Fodor 2010), the onset of 

sinistral strike-slip along the Tóalmás Zone was regarded as Sarmatian, or probably Late 

Badenian. From the available dataset neither supportive, nor contradictionary evidence was 

found on this matter. 

Sinistral transpression during the Late Sarmatian−earliest Pannonian inversion formed the 

pop-up structure of the Bugyi High (first described here in relative detail), being superposed 

on an earlier thrust. Onlapping Pannonian horizons show that the high was buried only in the 

Late Pannonian, probably in the Pliocene. 

The lack of other inversion structures in the study area is explained by the R3 rotation in the 

Late Sarmatian−earliest Pannonian, slightly preceding, or coeval to the uplift of the Bugyi 

High. The rotation event is justified by a bent transverse fault with minor, but definite strike-

slip offset in the southwestern part of the Monor 3D survey, bounding the Bugyi Area. In this 

phase, the Bugyi Area rotated in a counterclockwise manner, synthetic to sinistral shear 

within the strike-slip belt. Rotating the present day geometry of the Bugyi High back by this 

event, the relative change in stress directions can be accounted for the transpressional uplift 

of the Bugyi High, while no dip-slip evidence of this phase was detected in other parts. 

During the Pannonian, strike-slip was distributed in a wide belt within the Mid-Hungarian 

Shear Zone. However, most localised deformation occurred along the Tóalmás Zone (being 

defined by Tari et al. 1992 and Fodor et al. 2005a). Based on pull-apart basin size and fault 

length correlations, the maximum sinistral offset along the Tóalmás Zone was in the range of 
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10 km, most likely 12-13 km. The detailed geometry of Pannonian age structures is described 

and imaged in this study. 

Maximal intensity of strike-slip and related basin subsidence is inferred for the Early 

Pannonian, before 10-11 Ma as constrained by data of Magyar (2009). The spindle shaped 

Mende-Sülysáp pull-apart basin (defined in this study) indicates that the Tóalmás Zone has 

only reached an initial stage of fault development.  

In the Adony Area, a lazy-S-shaped pull-apart basin was superposed on that part of the 

earlier flexural basin that was not overthrusted. Detaching on the salt, gravity sliding from 

the margins formed roll-over anticlines and detachment folds, and even resulted in welding. 

Corroborated by section restoration, these rare examples of strike-slip related salt tectonics 

initiated in the Sarmatian, with the maximal intensity of salt tectonics being in the Early 

Pannonian. 
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Summary 

This industrial seismic based doctoral project aims at the detailed tectonic evaluation of 

Oligocene and Miocene structures in the central part of the Mid-Hungarian Shear Zone, 

between Jászberény and Adony. Four partly overlapping 3D seismic surveys provided the 

base of the study, and were supplemented by 2D seismic sections and some well data. 

Seismic interpretation results were corroborated by section restoration.  

The Mid-Hungarian Shear Zone was a narrow, NE-SW striking convergent fold and thrust belt 

in the Late Oligocene to Early Miocene, characterised by thin-skinned thrust ridges and 

synsedimentary synclines, also regarded as flexural basins. The intensity of shortening 

increased southwestwards, related to vertical axis rotational events within the shear zone. 

The thrust belt started to built up around Jászberény. The Tóalmás and Monor Areas were 

only mildly deformed, while the Bugyi and Adony Areas suffered intense shortening, uplift 

and related erosion in several phases. 

A first clockwise rotation occurred during the Egerian, and resulted in increased shortening 

of the southwestern parts, most likely even a thrust nappe in the Adony area. This was 

followed by a second clockwise rotation (most likely) in the Ottnangian.  

Being in the convergence and translation zone between the oppositely rotating ALCAPA and 

Tisza terranes, the Mid-Hungarian Shear Zone is regarded a pure shear dominated 

transpressional orogen in the Late Oligocene to Early Miocene, with strain partitioning and 

internal rotations being important factors in the deformation history of the zone. 

The Bugyi High is a Sarmatian−earliest Pannonian age sinistral pop-up structure superposed 

on an earlier thrust, related to a counterclockwise rotation event within the shear zone. 

During the Pannonian (or slightly earlier), sinistral strike-slip movements initiated in a wide 

zone, with localised deformation being mainly along the Tóalmás Zone. This resulted in the 

spindle-shaped Mende-Sülysáp pull-apart basin and related structures. The strike-slip zone, 

being essentially superposed on the Balaton Line, crosscut earlier thrusts and basins at acute 

angles, thus resulting in complex geometries. 

The Adony Basin is an early Pannonian pull-apart basin of the Tóalmás Zone superposed on a 

Late Oligocene to Middle Miocene flexural basin. Strike-slip faulting was partly detached 

from the basement on local salt of Badenian age. The margins of the basin coincided with 

the fronts of earlier thrusts. In the basin, gravity sliding on the steep margins resulted in salt 

welds and detachment folds.  
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Összefoglalás 

Doktori munkám során a közép-magyarországi deformációs zóna középső szakaszának 

oligocén és miocén deformációtörténetét elemeztem reflexiós szeizmikus felvételek alapján. 

Az Adony és Jászberény közötti kutatási területen rendelkezésemre állt négy, majdnem 

összefüggő 3D szeizmikus tömb, az ezeket összekötő regionális 2D szelvényháló, valamint 

fúrási adatok is. A szeizmikus értelmezés eredményeit szelvények kiegyenlítésével is 

alátámasztottam. 

A késő-oligocén és kora-miocén során a közép-magyarországi zóna északkelet-délnyugati 

csapású redős-feltolódásos övként működött. Az összetartó, sekélyen lecsatoló feltolódások 

között szinszediment szinklinálisok (hajlított medencék) jöttek létre. Belső forgásokhoz 

köthetően a rövidülés mértéke délnyugat felé nőtt. A feltolódásos öv Jászberény térségében 

kezdett kialakulni. Míg Tóalmás és Monor környékén viszonylag kis mértékű volt a 

deformáció, Bugyi és Adony térségében több fázisban is jelentős rövidülés történt. 

A nyírózónán belül az első, órairány szerinti forgási esemény az egri korszakban mutatható 

ki, és a délnyugati területre korlátozódott. Az ottnangi során ezt egy hasonló, órairány 

szerinti forgás követte a kutatási terület középső szakaszán. Számos kisebb léptékű 

feltolódás mellett az Adonyi-medence peremén valószínűsített takaró létrejötte is e 

fázisokhoz köthető. 

A közép-magyarországi zóna az ellentétesen forgó ALCAPA és Tisza egységek közti 

konvergencia és nyírás fő térszíneként jelentősen deformálódott. A nyírózóna késő-

oligocén−kora-miocén szerkezetét rövidülés által uralt transzpressziós orogénként 

értelmezem. A belső forgások mellett fontos szerepet tulajdonítok a deformáció 

megoszlásának a rövidüléses és eltolódásos, illetve a feltolódásos és redős stílus közt.  

A Bugyi magaslat szarmata vagy legkorábbi pannóniai kiemelkedése balos transzpresszióhoz 

köthető, amely a nyírózónán belüli, órairánnyal ellentétes forgáshoz kapcsolódik. A 

pannóniai korszakban (vagy nem sokkal korábban) balos eltolódás kezdődött egy széles 

zónában, bár a deformáció zöme a Tóalmási Zónához köthető. Az eltolódási övben az orsó 

alakú, széthúzásos Mende-Sülysápi-medence, valamint kapcsolt szerkezetek alakultak ki. A 

Tóalmási Zóna a korábbi Balaton-vonal felújulásának tekinthető, de azt helyenként 

hegyesszögben átmetszi.  

A kora-pannóniai Adonyi-medence a Tóalmási Zóna széthúzásos medencéje, amely a késő-

oligocén−kora-miocén hajlításos medencére települt. Az eltolódás részben lecsatolt a 

medencekitöltés badeni korú, a pannon térségben egyedülálló sóképződményén. A 

széthúzásos medence peremei a korábbi feltolódások frontjai voltak. A meredek peremeken 

történő gravitációs lecsúszás során lenyesett és rábukó redők jöttek létre, akár teljesen 

kicsípve az evaporitos képződményt.  


