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Abstract 23 

Lake-floor morphologies may be significantly different from seafloor topographies of other 24 

basins, typically observed in passive or active continental margins. The bathymetry of large 25 

paleo-lakes is often overwritten by subsequent tectonic evolution, burial beneath thick 26 

overburden and inherent compaction effects. We study the evolution of such an initial 27 

underfilled, balance fill and finally overfilled large paleo-lake basin by the interpretation of 2D 28 

and 3D seismic data set corroborated with calibrating wells in the example of the Neogene 29 

Pannonian Basin of Central Europe. Lake Pannon persisted for about 7-8 Myr and was 30 

progressively filled by clastic material sourced by the surrounding mountain chains and 31 

transported by large rivers, such as the paleo-Danube and paleo-Tisza. We combined 32 

sedimentological observations with a backstripping methodology facilitated by well lithology 33 

and porosity data to gradually remove the sediment overburden. This approach has resulted in 34 

a morphological reconstruction of the former depositional surfaces with special focus on the 35 

prograding shelf-margin slopes. Our calculations show that the water depth of the lake was 36 

more than 1000 meters in the deepest sub-basins of the Great Hungarian Plain of the Pannonian 37 

Basin. The significant compaction associated with lateral variations of Neogene sediment 38 

thicknesses has created non-tectonic normal fault offsets and folds. These features have 39 

important effects on fluid migration and hydrocarbon trapping. We furthermore compare the 40 

geometries and effects of such non-tectonic features with the activity of larger offset sinistral 41 

strike-slip zones using 3D seismic attributes. 42 

Keywords: Lake Pannon, bathymetry, compaction, Pannonian Basin, shelf-margin 43 
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1. Introduction 45 

Deep lake basins formed in intra-continental settings affected by large amounts of 46 

extension can record the deposition of kilometres thick sediments (Katz, 1990). Paleo-water 47 

depth and the sedimentary architecture are controlled by several external forcing factors; their 48 

effects and interactions show marked differences from open marine environments (Martins-49 

Neto and Catuneanu, 2010; Sztanó et al., 2013). Lakes are more sensitive to regional climate 50 

by the primary control of the local balance between precipitation and evapotranspiration (e.g., 51 

Carroll and Bohacs, 1999). In contrast to passive margins, the subsidence and/or uplift rates in 52 

intra-continental settings are also more variable (Xie and Heller, 2009). Lakes are sensitive to 53 

episodic (dis)connections with other neighbouring basins through the separating gateways, 54 

which are controlled by tectonics and lake level variations (e.g, Leever et al., 2011; ter Borgh 55 

et al., 2013; Matenco et al., 2016). This overall interplay between tectonics, lake level 56 

variations, sedimentation rates and transport routing results in spatially and temporally 57 

heterogeneous depositional environments (Garcia-Castellanos et al., 2003; de Leeuw et al., 58 

2012; ter Borgh et al., 2015). 59 

A typical example where a high-resolution data set is available for the analysis of the 60 

formation and evolution of a paleo-lake is the Pannonian Basin of Central Europe (Fig. 1).  The 61 

paleo-Danube and paleo-Tisza rivers discharged large volumes of sediments into Lake Pannon 62 

during Late Miocene - Early Pliocene times in a sink area that roughly comprised the Vienna, 63 

Pannonian and Transylvanian basins. The lake persisted for 7-8 Myrs and was progressively 64 

filled by, and buried under, clastic material sourced by the surrounding mountain chains (e.g., 65 

Magyar et al. 2013). The long-standing hydrocarbon exploration activity of the basin has 66 

resulted in the availability of high-resolution geophysical data including well logs and 2D/3D 67 

seismic data (e.g., Bérczi and Phillips, 1985; Royden and Horváth, 1988; Pogácsás et al., 1988; 68 

Juhász, 1991; Grow et al., 1994; Vakarcs et al., 1994; Saftic et al., 2003; Magyar et al., 2006; 69 
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Sztanó et al., 2013) that allow a high prospectivity for conventional and unconventional geo-70 

resources including geothermal energy (e.g., Cloetingh et al., 2010; Horváth et al., 2015). 71 

Lacustrine organic-rich shales define good hydrocarbon source rocks, while deep-water 72 

turbidites, deltaic and fluvial sand bodies are important reservoirs (Saftić et al., 2003; Magyar 73 

et al., 2006; Tari and Horváth, 2006).  74 

 75 

Figure 1. Tectonic map of the Pannonian Basin and adjacent areas showing the neotectonic 76 

fault pattern and active differential vertical movements (modified after Bada et al., 2007) 77 

overlain by the depth of the pre-Neogene basement. The tectonic units of the pre-Tertiary 78 

basement outcropping on the flanks of the basin are simplified after Schmid et al. (2008). GHP 79 

– Great Hungarian Plain, Vb – Vienna basin, MHFZ – Mid-Hungarian Fault Zone, Bal – 80 

Balaton Fault zone, TR – Transdanubian Range, Ny – Nyírség sub-basin, Já – Jászság sub-81 

basin, Al – Alpár sub-basin, Ma – Makó Trough, Vé – Vésztő Trough, Tú – Túrkeve Trough, 82 

DTI – Danube-Tisza interfluve, Da – Danube basin, Za – Zala sub-basin, Dr – Drava Trough, 83 
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Sa – Sava Trough, Mo – Morovic depression, Ap – Apuseni Mountains. Well locations of 84 

Figure 4 (a,b,c) are marked by red cross symbols. 85 

 86 

Figure 2. Interpreted composite seismic section from the eastern part of the Great Hungarian 87 

Plain (modified after Balázs et al., 2016). For location see Fig. 1. Note the long wavelength 88 

folding of the young sediments partly caused by compaction effects. 89 

In order to understand the morphology of depositional surfaces and evolution of such a 90 

deeply buried lacustrine system, we have performed 2D and 3D seismic interpretation and 91 

backstripping in the up to ~7 km thick Pannonian Neogene sediments (Fig. 2). Paleo-92 

bathymetric estimates were derived by successive decompaction of prograding shelf-margin 93 

slope clinoforms based on the available lithology and porosity data from wells in different 94 

regions of the Pannonian Basin. We have analysed the spatial and temporal variation of 95 

clinoform geometries and shelf-edge trajectories (e.g., Helland-Hansen and Hampson, 2009; 96 

Henriksen et al., 2011; Rabineau et al., 2014) controlled by the interplay between high sediment 97 

fluxes, inherited pre-Neogene basement geometries, paleo-water depth, the rate of subsidence 98 

interrupted by periods of tectonically-induced uplift and climatically controlled lake level 99 

variations. We have furthermore analysed the effects of the few kilometres thick overburden 100 

and the variable relief of the basin floor in creating significant compaction effects, such as long 101 

wavelength folds and differential compaction induced faults (e.g., Magara, 1978; Williams, 102 

1987; Xu et al., 2015). 103 
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2. Evolution of the Pannonian Basin and Lake Pannon 104 

 The Pannonian basin of Central Europe is a Neogene continental back-arc basin, where 105 

the 220-290 km of Miocene extension is accommodated by the roll-back of the Carpathians and 106 

Dinaridic slabs (Fig. 1, Ustaszewski et al., 2010; Matenco and Radivojevic, 2012; Faccenna et 107 

al., 2014; Horváth et al., 2015 and references therein). Extensional basin formation followed a 108 

pre-Neogene orogenic evolution that resulted from the opening and subsequent closure of two 109 

oceanic realms, the Triassic-Cretaceous Neotethys and Middle Jurassic – Paleogene Alpine 110 

Tethys (e.g., Schmid et al., 2008 and references therein). 111 

 112 
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Figure 3. Tectono-stratigraphic chart of the Great Hungarian Plain part of the Pannonian Basin 113 

with correlation of the standard and Central Paratethys stages, the generalized Miocene 114 

lithostratigraphy of the study area and the main tectonic phases affecting the basin (modified 115 

after Balázs et al., 2016). Note that the syn-rift/post-rift boundary and the onset of the latest 116 

stage basin inversion are older in the SW and progressively younger E-NE -wards. 117 

 Starting from the late Eocene times the uplift of the Alpine – Himalayan mountain belt 118 

has gradually fragmented the larger Tethys Ocean and formed the Paratethys branch. The area 119 

of the future Pannonian Basin became part of the Central Paratethys, a semi-enclosed marine 120 

to lacustrine basin system (Báldi, 1989; Nagymarosy and Müller, 1988; Rögl and Daxner-Höck, 121 

1996). Lower Miocene sediments were deposited in fluvial, lacustrine and locally marine 122 

conditions (Báldi, 1986; Nagymarosy and Hámor, 2012). The Middle Miocene is the time when 123 

the subsidence associated with extension resulted in the deposition of deep basinal sediments 124 

in the centre of extensional (half) grabens, while deposition along their margins was dominated 125 

by near-shore to shallow-marine conditions (Kováč et al., 2007; Nagymarosy and Hámor, 126 

2012). The uplift of the Carpathians and Dinarides (ter Borgh et al., 2013) and further mantle 127 

dynamics (see Balázs et al., 2016) led to the formation of an unconformity between the Middle 128 

and Upper Miocene strata marking the disruption of connections with the Paratethys Sea and 129 

development of the large, brackish, isolated Lake Pannon (Fig. 3; Magyar et al., 1999).  An up 130 

to 7 km thick sedimentary succession was deposited during Late Miocene to recent times in the 131 

Great Hungarian Plain, the area with recording most of the stretching in the Pannonian Basin 132 

(Figs. 1, 2, Horváth et al., 2015). The basin fill recorded an initial transgression resulting in a 133 

period of underfilled stage. It was followed by shelf margin and slope progradation fed by the 134 

influx of sediments via fluvial systems resembling the present-day Danube and Tisza rivers. 135 

The largest spatial extension of Lake Pannon was at ~9.5 Ma (Magyar et al., 1999), covering 136 

the Vienna, Pannonian and Transylvanian basins. The shelf-margin prograded about 500 km in 137 
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6 Myrs until the early Pliocene from the NW and NE in a ~S-SE direction, while minor 138 

progradation was recorded from other directions (Pogácsás et al., 1988; Vakarcs et al., 1994; 139 

Magyar et al., 2013; ter Borgh et al., 2015). The coeval sedimentation reflects the deposition of 140 

several diachronous lithostratigraphic formations (Fig. 2) that were deposited in response to the 141 

progradation from deep to shallow lake environments (Fig. 3, Bérczi and Phillips, 1985; Juhász, 142 

1991; Sztanó et al., 2013). These associations are laterally variable from deep hemi-pelagic 143 

deposition (Endrőd Formation), turbidites (Szolnok Formation), shelf-margin slope (Algyő 144 

Formation) and delta (Újfalu Formation) to alluvial plain sediments (Zagyva Formation). Their 145 

typical seismic expression provides an excellent lateral correlativity of seismic facies units. 146 

 Extension and subsequent thermal subsidence in the Pannonian Basin was followed by 147 

a period of basin inversion that started at ~8 Ma (Uhrin et al., 2009), observed by accelerated 148 

differential vertical movements and fault reactivations (Horváth and Cloetingh, 1996; Fodor et 149 

al., 2005; Bada et al., 2007; Dombrádi et al., 2010). Active sinistral faults with ENE-WSW 150 

strike are interpreted in the centre of the basin and dextral shear zones with WNW-ESE strike 151 

at its southern margin (Fig. 1, Horváth et al., 2006). Several unconformities are observed during 152 

these times in the basin fill (e.g., Vakarcs et al., 1994). One unconformity is dated at ~6.8 Ma. 153 

Another unconformity is observed near the boundary between the Miocene and Pliocene (e.g., 154 

Vakarcs et al., 1994), being angular and locally erosional near the basin margins and passes to 155 

a correlative conformity towards the basin centre. These unconformities are variably interpreted 156 

as either related to basin inversion (Sacchi et al., 1999; Magyar and Sztanó, 2008; ter Borgh et 157 

al., 2015), or formed in response to major lake level variations (Csató et al., 2015), or 158 

representing cross-over zones of different progradational directions reflected by onlap patterns 159 

in slope deposits (Magyar and Sztanó, 2008). 160 

 161 

3. Data and methods 162 
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 We have analysed a large array of 2D and 3D seismic data calibrated by a dense network 163 

of exploration wells.  This analysis is illustrated by the selection of several key seismic lines 164 

and wells, generally oriented parallel with the direction of sediment transport (e.g., Fig. 4). The 165 

signal/noise ratio and resolution of the seismic sections are variable, and reflect the availability 166 

of data, from recent 3D seismic surveys to older 2D seismic lines. The vertical resolution 167 

averages 20-30 meters at the depth of 2-3 kilometres. Well-logs were tied to seismic sections 168 

using standard VSPs and check-shots, the error-bar is generally below the seismic resolution 169 

(see also Mészáros and Zilahi-Sebess, 2001). 170 

 171 

Figure 4. Seismic sections parallel with the direction of progradation and gamma ray logs 172 

showing the characteristic seismic facies and lithology of the prograding shelf-margin slope 173 

sediments. Slope clinoforms are indicated by green lines, green box indicates the interval of 174 
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slope sediments on well logs. Note the low-amplitude seismic facies, fine grained lithology of 175 

the unit and the gentle tilting post-dating the deposition of the slope sediments. Well locations 176 

(a-c) are displayed in Figure 1. 177 

 Our interpretation is focused on the prograding shelf-margin slope clinoforms 178 

connecting the shelf with the deep part of the basin. The slope sediments are associated with a 179 

medium to low amplitude, continuous-discontinuous alternating, high frequency seismic facies 180 

grouped in overall clinoform geometry (Figs. 4, 5 and 6, see also Magyar et al., 2013). In 181 

seismic lines oriented perpendicular to the direction of progradation (Fig. 7e) the seismic facies 182 

of the slope sediments is rather hummocky to chaotic. They often show incisions or canyons of 183 

variable magnitudes near the shelf or along the slope as well as turbidite channels and turbidite 184 

channel-levee complexes at the base of slope (see also Juhász et al., 2013; Sztanó et al., 2013). 185 

 186 

Figure 5. Methodology used for paleobathymetrical calculations. The TWT version of the 187 

seismic line (a) is converted to depth (b) and subsequently flattened (c) by using a horizon 188 

located immediately above the prograding clinoform sequence (in the overlying delta deposits, 189 
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indicated as 0 m depth). (d) We use a lithology dependent porosity-depth function available for 190 

these sediments in the Pannonian Basin (after Szalay, 1982) to decompact sediments and 191 

calculate the height of shelf-margin slope (e). The distance between topset and bottomset is 590 192 

m and 950 m before and after decompaction, respectively. 193 

We have performed first a sedimentological and seismo-stratigraphic interpretation by 194 

detecting reflection terminations and separating seismic facies units (e.g., Posamentier and 195 

Walker, 2006) It was followed by calculating a number of seismic attributes in 3D seismics that 196 

allowed a better differentiation of faults and sedimentary features (e.g., Cartwright and Huuse, 197 

2005; Chopra and Marfurt, 2005). These attributes are particularly suitable to highlight paleo-198 

geomorphological and structural features. We have used seismic amplitude values extracted on 199 

mapped horizons to highlight amplitude anomalies related to sharp acoustic impedance 200 

contrasts connected, for instance, with sharp lithological changes. We have also used spectral 201 

decomposition (e.g., Partyka et al., 1999) to produce amplitude and phase spectra for targeted 202 

windows over horizons. Different discrete frequency values were RGB colour blended and 203 

displayed on the interpreted horizon. We have calculated coherency attribute cubes based on 204 

the cross-correlation of seismic traces in selected windows to highlight structural features.  205 

 The bottom morphology of Lake Pannon was derived in a gradual procedure (Fig. 5). 206 

Seismic lines were converted to depth (Fig. 5a, b). On top of the lacustrine strata, the upper part 207 

of the basin fill is composed by delta and alluvial sediments deposited over a low and flat 208 

morphological relief (Sztanó et al., 2007). These sediments show deformation generally 209 

characterized by large open folds locally affected by faults with small vertical offsets. The areas 210 

affected by local faulting were generally avoided for lake morphology calculations. The effects 211 

of the gentle folding were restored by flattening the seismic lines to the first continuous reflector 212 

representing the paleo-horizon in the delta and alluvial sediments that is laterally continuous 213 

above the clinoforms along the seismic line. The distribution of these sediments (Újfalu and 214 
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Zagyva Formations) in seismic lines is very well controlled by available wells, where these 215 

have characteristic well-log expressions (Fig. 4, Bérczi and Phillips, 1985; Juhász, 1991). In 216 

seismic lines the first deposition of the delta deposits is observed as coherent high amplitude, 217 

low frequency continuous reflections facies overlying the topsets and clinoforms of the 218 

lacustrine progradation (Fig. 5). Given the resolution of the seismic lines, this type of restoration 219 

is a very good approximation of the morphology of Lake Pannon, affected by the subsequent 220 

compaction. 221 

 The seismo-stratigraphic interpretation has separated seismic facies units and seismic 222 

facies associations (e.g., Fig. 7) in the prograding clinoforms, which were converted into 223 

lithological facies units based on available well-logs (mostly gamma-rays, e.g., Fig. 4). The 224 

shelf-margin slope foresets are built up by about 80% mudstone combined with 20% sandstone 225 

(see also Szalay and Szentgyörgyi, 1988), only the upper and lowermost parts contain higher 226 

amounts of sand. Decompaction of the progradation geometry to derive the original 227 

morphology of Lake Pannon was achieved by a standard modelling technique (e.g., Angevine 228 

et al., 1990) based on the lithology dependent porosity-depth data available for the Great 229 

Hungarian Plain (Szalay, 1982; Dövényi, 1994). This 1D modelling was performed in 230 

successive places in the basin (Table 1). Note that the first continuous reflector of the delta and 231 

alluvial seismic facies may be at different depth across one section, due to the 232 

progradation/aggradation geometries. In places where a smaller scale delta progradation was 233 

detected in the shelf facies, the flattening was performed at the first continuous reflector 234 

overlying this secondary progradation. By connecting successive 1D decompacted geometries, 235 

the evolution of the lake morphology was reconstructed along each studied seismic line. This 236 

lake morphology gives a minimum estimation of the water depth. These calculations have a 237 

resolution close to the seismic one in the proximity of the lake shelf-margin slope, while at 238 

farther distances these estimates are less precise (Steckler et al., 1999). Based on existing 239 
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sedimentological interpretations (Juhász, 1991; Sztanó et al., 2013), an additional 0-75 m water-240 

depth characterized the shelf of the lake (where part of the deltaic sedimentation is located), 241 

while at farther distances from the progradation our calculation are just minimum estimates, the 242 

paleo-bathymetry could have been much deeper. It is likely that the overall paleo-bathymetry 243 

decreases with the approaching progradation by the distal infill of deep-water turbidites and 244 

more pelagic sedimentation. 245 

 246 

4. Paleobathymetry of Lake Pannon 247 

 The general extensional geometry of the Pannonian Basin is characterized by individual 248 

sub-basins filled by 1 - 3.5 km of Lower to Upper Miocene syn-kinematic deposits, overlain by 249 

a 1.5 - 3.5 km thick post-extensional sedimentary cover. Here we focus on the prograding shelf-250 

margin slope clinoforms that post-date the syn-extensional sedimentation to derive the 251 

paleobathymetry of the Late Miocene to Pliocene Lake Pannon.  252 

4.1 Paleobathymetric calculations 253 

 Based on the flattened height of the Upper Miocene to Pliocene prograding shelf-margin 254 

slope clinoforms, paleobathymetric estimations by decompaction have been carried out in 8 255 

representative sub-basins (Fig. 6, Table 1). Seismic section from the Nádudvar sub-basin of the 256 

central Great Hungarian Plain (Fig. 6b) shows the initial distribution of Pannonian sediments 257 

by prograding shelf-margin slope and delta sediments over deep-water marls and turbidites. 258 

This was followed by a base level rise at ~7.5 Ma (Juhász et al., 2007) associated with a major 259 

retrogradation and renewed deposition of deep-water sediments over the deltaic succession, 260 

overlain by renewed progradation and filling of the basin by deltaic and alluvial sediments in 261 

the upper part of the section (Fig. 6b). The calculated evolution of the lake morphology 262 
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indicates 650 meters for the older clinoforms, up to few tens of metres for the deltaic 263 

environment and 200 meters of paleo-bathymetry for the upper, younger clinoforms. 264 

 265 
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Figure 6. a) Positions of consecutive prograding shelf-margin slopes during the Miocene – 266 

Pliocene sedimentation (modified after Magyar et al., 2013). Blue circles indicate our calculated 267 

water depth values, different colours correspond to the paleo-water depth scale. Red cross 268 

symbols with small letters (a-c) show the well positions of Figure 4. B-F are the locations of 269 

the seismic sections in this figure showing the shelf-margin slopes used for paleobathymetric 270 

estimations; b) Seismic line in the Nádudvar sub-basin; c) Seismic section in the Danube-Tisza 271 

interfluve; d) Seismic section in the Alpár sub-basin; e) Seismic section in the Makó Trough; 272 

f) Seismic section in the Danube Basin; g) Seismic section in the Zala Basin.  273 

Location Age (Ma) Section Compacted 
height (m) 

Decompacted 
height (m) 

Jászság sub-basin ~ 7 Ma Figure 7 440 690 

Jászság sub-basin ~ 7 Ma Figure 7 450 690 

Jászság sub-basin ~ 7 Ma Figure 7 370 580 

Túrkeve sub-basin ~ 5.7 Ma Figure 9, location a) 290 510 

Túrkeve sub-basin ~ 5.7 Ma Figure 9, location b) 350 630 

Túrkeve sub-basin  ~ 5.7 Ma Figure 9, location c) 255 470 

Túrkeve sub-basin  ~ 5.7 Ma Figure 9, location d) 455 740 

N Nyírség sub-basin ~ 10 Ma Figure 8, delta, location 1 48 70 

N Nyírség sub-basin ~ 10 Ma Figure 8, slope, location 2 91 150 

Makó Trough ~ 5.7 Ma Figure 6e 425 750 

Nádudvar sub-basin ~ 7.5 Ma Figure 6b upper blue line 180 200 

Nádudvar sub-basin ~ 8.6 Ma Figure 6b lower blue line 400 650 

Danube Basin ~ 10 Ma Figure 6f 280 550 

Zala Basin ~ 8 Ma Figure 6g 340 600 

Alpár sub-basin ~ 7 Ma Figure 6d 420 675 

Danube-Tisza 
interfluve 

~ 7.5 Ma Figure 6c 75 130 

Vésztő Trough ~ 5.3 Ma Figure 5 590 950 

Sava Trough ~ 6.5? Ma * 185 275 

Morovic depression ~ 4.5? Ma * 350 525 

Table 1. Height of the clinoforms before and after decompaction, the latter represents a 274 

minimum estimation of the paleo-water depth. *Seismic data used for our paleobathymetric 275 

estimation for the Sava Trough and Morovic depression are from Ustaszewski et al. (2014) and 276 

ter Borgh et al. (2015), respectively.  277 

 278 
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Seismic section from the central part of the Great Hungarian Plain between the present-day 279 

Danube and Tisza rivers (Figs. 1 and 6c) shows a thin prograding sequence with decompacted 280 

paleo-bathymetries of ~130 m that is laterally slightly higher in the area above the Middle 281 

Miocene (half) grabens. To the northeast, seismic sections form the Alpár sub-basin (Fig. 6d) 282 

show an inverted basement high to the NW, while the depth of this basement increases SE-283 

wards. The calculated paleo-water depth is ~675 meters, the age of progradation in this area 284 

being 7-6.8 Ma (Magyar et al., 2013). We note that multiple phases of inversion and strike-slip 285 

deformation observed in the sediments overlying the Alpár sub-basin have also created a large 286 

incised canyon system at ca. 6.8 Ma (Juhász et al., 2013). Subsequently it was followed from 287 

~5.3 Ma by continuous differential vertical movements creating the tilting observed in our 288 

seismic line (Fig. 6d). To the southeast, the ~5.7 Ma progradation observed in the Makó Trough 289 

(Sztanó et al., 2013) has ~750 m calculated paleobathymetries (Fig. 1, 6e), in the centre of this 290 

very deep sub-basin, decreasing to 650 m over its flanks (Balázs et al. 2015). In the western 291 

part of Lake Pannon, the SE-ward progradation of the paleo-Danube took place between 10-6.8 292 

Ma (Magyar et al., 2013). The calculated paleo-bathymetries for this area are 550 m for the NW 293 

in the Danube basin (Figs. 1, 6f), 550 m for the Zala (Fig. 6g) and ~600 m for the Drava sub-294 

basins (see also Balázs et al., 2015). These values are in agreement with earlier predictions in 295 

this area (Uhrin et al., 2009). In the southern part of the Pannonian Basin, paleo-bathymetric 296 

calculations in the Sava Trough and Morovic Depression (Fig. 1, seismic lines in Ustaszewski 297 

et al., 2014 and ter Borgh et al., 2015, respectively), indicating E-wards prograding clinoforms 298 

paleobathymetries of 275 m and N-ward prograding clinoforms paleobathymetries of 525 m, 299 

respectively. 300 

 301 

4.2 The paleo-morphology of Lake Pannon 302 
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An appropriate place where the fine interplay between the creation of accommodation and 303 

sedimentation can be observed is the Jászság sub-basin of the northern part of the Great 304 

Hungarian Plain (Fig. 1). This sub-basin was filled by sediments transported by both the paleo-305 

Danube from WNW and the paleo-Tisza from NE directions between ~8-6.8 Ma (Magyar et 306 

al., 2013). Two seismic lines (Figs. 7a,b) parallel with the local direction of progradation show 307 

the geometries of the shelf-margin slope, delta progradation on the shelf and toe of slope 308 

sediment complexes. An angular unconformity between the Miocene and Pliocene sediments 309 

(green line in Figs. 7a,b) marks the boundary of delta and alluvial environments as well. Shelf-310 

edge trajectories (Fig. 7f) infer interplay between normal regression, forced regression 311 

(reflecting base-level drop of ~80 m), transgression and retrogradation (reflecting a base-level 312 

rise of ~200 m). Seismic lines perpendicular to the direction of progradation show that shelf 313 

incisions took place during both relative water-level rise and water-level fall (Fig. 7e). This 314 

means that such observed incisions or canyons are not necessarily subaerial. They can be also 315 

the result of slope failure during rapid transgression (cf., Fongngern et al., 2016). 316 
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 317 

Figure 7. Seismic sections a) and b) oriented parallel with the direction of progradation in the 318 

Jászság sub-basin. Interpretation (c, d) shows typical progradational (in orange), aggradational 319 

(in yellow), forced regression (red), and retrogradational patterns in the Great Hungarian Plain 320 

(location in Figure 1). Note the turbidite complexes at the toe of slopes (in green). Green half-321 

arrows are reflection terminations. Green line is the unconformity between Miocene and 322 
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Pliocene sediments, yellow line is the flattening level; c) and d) are the flattened version of the 323 

seismic lines above; e) seismic section in the same area perpendicular to the direction of 324 

progradation. Vertical dashed lines are intersections with profiles displayed in Figures 7a and 325 

7b. This seismic line shows (1) delta progradation over the shelf area; (2,3) large-scale incisions 326 

(~ up to 200 meters deep) near the transition between the shelf and the slope; (4) small turbidite 327 

channel within deep water sediments; (5) stacked channel-levee systems (~30-60 m thick); see 328 

also Sztanó et al.( 2013) and Juhász et al. (2013); f) depth converted version of part of the 329 

seismic line in Fig. 7d. Small circles denote the evolution of the shelf margin (i.e., shelf edge 330 

trajectories). 331 

 332 

4.3 Effects of inherited extensional half-grabens on the paleobathymetry of 333 

Lake Pannon  334 

 The analysis of the syn-kinematic sedimentation in the diachronous extensional half-335 

grabens is available in previous studies (e.g., Matenco and Radivojevic, 2012, ter Borgh et al., 336 

2015; Balázs et al., 2016). Here we only illustrate the structural history characterizing the 337 

evolution of the Pannonian Basin by choosing two specific zones as examples: the Nyírség sub-338 

basin in the north-eastern margin of the Great Hungarian Plain and the Túrkeve sub-basin from 339 

the deep central part. 340 



20 
 

 341 

Figure 8. a) Interpreted seismic section located in the NE part of the Pannonian Basin. Location 342 

in Figure 1. The interpretation demonstrates a buried late Middle Miocene (Sarmatian) volcano 343 

beneath the subsequent Late Miocene (Pannonian) sediments. The gentle anticline geometry of 344 

the overlying Pannonian sediments (see arbitrary blue horizon above the volcano highlighted 345 

in the white rectangle) is created by differential compaction, see chapter 5 for details. The red 346 

line is the Middle- Upper Miocene unconformity. Red area indicates further volcanic edifices 347 

and volcano-clastic sediments. Small deltas indicated by numbers are used in Table 1; b) Detail 348 

of the same seismic line showing a prograding delta, observed by downlap reflection 349 

terminations (green arrows).  350 

The region of the Nyírség sub-basin in the NE part of the Great Hungarian Plain (Fig. 1) 351 

contains significant amounts of upper Middle Miocene (Sarmatian) rhyolites, rhyodacites and 352 

dacites, domes,  lava flows and related tuffs (Pécskay et al., 2006). The analysis of a seismic 353 

line in this sub-basin (Fig. 8) shows such a buried Sarmatian volcanic geometry made up by 354 

extrusive lava flows, sills, and other intrusive complexes, surrounded by high amplitude 355 

reflectors located beneath the base Late Miocene unconformity. The Miocene depocentre is 356 

filled with Middle Miocene volcano-clastic sediments, which is a typical feature observed in 357 
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many other sub-basins located in a similar tectonic position along the Mid-Hungarian Fault 358 

Zone (e.g., Horváth et al., 2015). These Middle Miocene syn-kinematic wedges were deposited 359 

against the controlling NE-dipping normal faults (Fig. 8). The fault zone was likely reactivated 360 

during earliest Late Miocene times with low reverse and strike-slip offsets creating a flower 361 

structure (Fig. 8). Available interpretation infers that the Upper Miocene succession in the 362 

Nyírség sub-basin is characterized by geometries of deltaic and alluvial environments with no 363 

observed deeper shelf-margin slope clinoform geometries. This suggests that the rate of 364 

sedimentation has always kept pace with the local subsidence rate and the absence of inherited 365 

paleobathymetries. This is in agreement with observations in one well (Fig. 8) penetrating the 366 

entire Upper Miocene succession reporting frequent coal intercalations (Székyné et al., 1985). 367 

Laterally to the SW in the analysed seismic lines 10s of meters thick deltaic clinoforms 368 

prograding over a shallow shelf are observed within the lowermost Pannonian sediments. The 369 

height of these clinoforms increases further SW-ward in the direction of progradation where 370 

they become the much larger shelf-margin slope clinoforms observed almost everywhere in the 371 

basin. In other words, these clinoforms show the older onset of Late Miocene progradation in 372 

the basin that started with low amplitude clinoforms and that gradually increase in height with 373 

time indicating an increase of the paleo-water depth. The decompacted height of these initial 374 

clinoforms (Fig. 8b, Table 1) is in the order of 70 to 150 meters and were deposited between 375 

11.6 - 9 Ma. Their geometries are similar to the transitional slopes interpreted in the western 376 

parts of the Pannonian Basin (cf., Sztanó et al., 2015). Note the gentle anticline geometry of the 377 

younger Pannonian to Quaternary horizons above the buried volcano. The present-day Tisza 378 

river is changing its course significantly around this anticline (Fig. 1). 379 
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 380 

Figure 9. Non-interpreted (up) and interpreted (down) seismic depth-converted section from 381 

the central part of the Great Hungarian Plain (location in Figure 1) showing an Early to Middle 382 

Miocene sub-basin and typical Late Miocene seismic facies. Note that the trace of the section 383 

is a composite between a segment parallel with and one perpendicular to the direction of 384 

progradation (BC and AB, respectively). Note the wide segmented fault zone above the 385 

basement high that reflects differential compaction in the sub-basins above the basement high 386 

(see chapter 5 for details). Green arrows are reflection terminations. The four blue double 387 

arrows are locations of paleo-water depth calculations (a-d) within the slope environment. 388 

A depth converted seismic section from the Túrkeve sub-basin (Figs. 1, 9) shows a typical 389 

structure for the central part of the Great Hungarian Plain: a half-graben filled with Early to 390 

Middle Miocene syn-extensional sediments is overlain by ~3 km of Late Miocene post-391 

kinematic deposits. The half-graben is controlled by a large offset SE-dipping low-angle normal 392 
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fault, which is accompanied by lower offset normal faults. The half-graben is also slightly 393 

inverted by a positive flower structure and shows the typical unconformity also observed 394 

elsewhere in the Pannonian Basin at the transition between Middle and Late Miocene 395 

(Sarmatian to Pannonian). The structural style is otherwise similar to other such Early – Middle 396 

Miocene sub-basins (e.g., Kiskunhalas or Vésztő, see also Balazs et al., 2016). The overlying 397 

strata show gentle anticline geometry over the Dévaványa basement high (Fig. 9). The typical 398 

progradation of shelf-margin slope clinoforms is observed in the overlying Upper Miocene 399 

(Pannonian) sediments. The prograding shelf-margin slope reached this sub-basin by 400 

prograding SW-wards at about 5.7 Ma (Magyar et al., 2013). The paleo-water depth was 401 

calculated in four points along the same spatially correlated timeline (or reflector, Fig. 9, Table 402 

1). These calculations show a variable bathymetry at the base of the slope ranging from 475m 403 

over the Dévaványa basement high to 630 and 740 m in the region overlying the depocentres. 404 

Our calculations thus demonstrate that paleo-bathymetries were controlled by the inherited 405 

extensional basin geometries, the base of the slope showing higher values over the various sub-406 

basins when compared with intervening basement highs. This means that the deposition of 407 

deep-water pelagic sediments and turbidites was unable to compensate the inherited 408 

morphological differences from extensional times before the shelf-margin slope progradation 409 

arrived to a proximal position. 410 

5. Compaction-induced folds and faults 411 

Seismic sections from different sub-basins of the Pannonian Basin system show the lateral 412 

variation of basement depth created by the variable Miocene crustal thinning and subsequent 413 

ongoing differential vertical movements (Figs. 5-9). Late Miocene sediments up to ~6 km thick 414 

are affected by different amounts of compaction resulting in gentle fold geometries (Fig. 2) or 415 

differential compaction induced faults, such as the fault system above the Dévaványa basement 416 
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high. Compaction induced anticlines are interpreted, for instance, above the buried volcano in 417 

the Nyírség sub-basin (Fig. 8) or above the Battonya basement high (Fig. 2).  418 

 419 

 420 

Figure 10. Interpreted seismic data from the central part of the Great Hungarian Plain. Location 421 

in Figure 1. a) The segmented Túrkeve Fault zone affecting Late Miocene to Quaternary 422 

sediments. Note the increase in offsets upwards in the stratigraphy. The horizons a) to e) were 423 

mapped in the seismic cube and are displayed as horizon maps in Figure 11. b) 3D image of the 424 

same Túrkeve Fault segments above the basement high, surrounded by deeper basins on either 425 

side. 426 
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 427 

Figure 11. Interpreted seismic horizon maps. Blue lines indicate fault segments cross-cutting 428 

horizons. Figures a) to e) correspond to horizons a-e shown in Figure 10a. (a) Amplitude map 429 

of a horizon from the alluvial plain, illustrating a meandering river and smaller distributaries. 430 
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(b-d) Amplitude maps of horizons from anastomosing delta plain environments showing 431 

meandering and anastomosing channels. (e) Spectral decomposition attribute map of a horizon 432 

through the shelf, shelf-margin, slope and deep water environments (see text for further 433 

explanations). Note that no channel is displaced horizontally by the fault segments and, 434 

therefore, these faults do not show strike-slip displacements.  435 

The effects of compaction can be also analysed by the example of the 3-4 km thick 436 

sediments overlying the Dévaványa basement high (Figs. 9, 10). The centre of the gentle 437 

anticline overlying this basement high (Fig. 9) is cross-cut by a wide normal fault zone 438 

truncating the Late Miocene - Quaternary sediments. This fault zone has been previously 439 

interpreted either as normal growth fault (e.g., Grow et al., 1994), or a wide strike slip fault 440 

zone that is similar to other negative flower structures commonly interpreted in 2D seismic lines 441 

in many other areas of the Pannonian Basin (Horváth et al., 2006; Bada et al., 2007). 442 

Interestingly, the detailed analysis in this Túrkeve area shows that fault offsets gradually 443 

increase upwards from the basement high and furthermore decrease in the uppermost part of 444 

the section. 445 

The mechanism of formation of this system of normal faults with variable offsets observed 446 

above the Dévaványa basement high can be studied in more details on a 3D seismic cube, where 447 

individual fault segments and marker horizons cross-cut by faults were mapped (Figs. 10, 11). 448 

These faults truncate and offset Pannonian post-rift sediments. The fault with the largest offset 449 

dips SE-wards in the southern part of the studied area and changes to a NW-ward dip in the 450 

north, where the fault zone is wider (Fig. 10). The maximum throw of the fault is reached within 451 

the delta sediments of the Újfalu Formation by ~100 meters. The offset analysis in the 3D cube 452 

confirms the observation of the 2D seismic lines of a gradual increase of offset upwards from 453 

the oldest Late Miocene deep-water sediments and furthermore a decrease in the uppermost 454 

part of the section (Fig. 10). This pattern is a typical attribute of faults related to salt movement 455 
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and/or differential compaction effects (e.g., Magara, 1978; Williams, 1987; Xu et al., 2015). 456 

The absence of salt bodies in our seismic observations and previous studies infers differential 457 

compaction effects. A much clearer discrimination from strike-slip deformation is provided by 458 

the analysis of horizontal offsets. We have calculated a large number of attribute maps that all 459 

show excellent expressions of the faults system and the sedimentology of variable fluvial-460 

alluvial to deltaic environments, from meandering rivers (Fig. 11a) to turbiditic channels on 461 

slopes (Fig. 11e). Most of the larger channels are oriented parallel with the normal faults, which 462 

is also the strike of the neighbouring older extensional basins and the strike of the basement 463 

high. However, smaller channels often cross the various branches of the normal fault system 464 

but none of these sedimentary channels indicate any horizontal offset when crossing the various 465 

fault branches. As a consequence, the strike-slip kinematics of this zone can be ruled out. We 466 

conclude that differential compaction is the primary mechanism creating such structures. This 467 

interpretation is also supported by the lack inversion of the underlying basement structure. 468 

Initiation of similar extensional faults otherwise can be also associated with the inversion of the 469 

underlying basement structures.  470 

 471 

6. Discussion 472 

6.1 Controls on water depth variations and progressive infill of Lake Pannon 473 

The main observed mechanism of Late Miocene – Early Pliocene basin infill is the shelf-474 

margin slope progradation. Because the processes controlling the balance between the 475 

accommodation space and sediment supply in Lake Pannon have similar orders of amplitude, 476 

they create a local fine interplay with aggradational and progradational geometries 477 

superimposed on the overall prograding pattern (e.g., Juhász et al., 2007; Sztanó et al., 2013). 478 

The controlling factors are coeval thermal subsidence, climatic variations, massive sourcing of 479 
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sediments from the paleo-Danube and paleo-Tisza rivers, inherited extensional morphology 480 

determining bathymetrics and eventual connection at the separating gateways with other basins 481 

(e.g., Leever et al., 2010). The relative importance of these forcing factors varied spatially 482 

through time. 483 

The widespread erosional unconformity at the base of the Late Miocene sediments  and the 484 

very thin or absent late Middle Miocene (Sarmatian) succession in the centre of the Pannonian 485 

Basin (Magyar et al., 1999) suggests an overall shallow water depth or even subaerial 486 

environment during the onset of Late Miocene (Pannonian) times. Exceptions are recorded in 487 

the deepest Middle Miocene (half-)grabens, such as the Békés basin, and areas near the margins 488 

of the Pannonian Basin, like the Danube basin, where Middle Miocene subsidence outpaced 489 

sediment supply and, therefore, deep water environments could have continued. This 490 

asymmetry of shallow in the centre and deep bathymetry near the margins of the Pannonian 491 

Basin was created by the overall variability of the extensional dynamics (Balázs et al., 2016; 492 

2017). The base Pannonian unconformity probably also marks the final disconnection of the 493 

Lake from the remnant of the Paratethys (Magyar et al., 1999), although the later (Messinian) 494 

connectivity of the Pannonian and Dacian and then the Black Sea basins is still under debate 495 

(c.f., Magyar and Sztanó, 2008; Leever et al., 2010; Csató et al., 2015; Matenco et al., 2016).  496 

After a short break in extension during earliest Pannonian times, rapid subsidence continued 497 

in the Pannonian Basin (Horváth et al., 2015; Balázs et al., 2016). This subsidence was locally 498 

enhanced by the formation of other Late Miocene half-grabens, mostly concentrated in the E 499 

and SE parts of the Pannonian Basin until about 9-8 Ma. Subsidence has created a rapid 500 

transgression associated with the deposition of a deep-water facies recorded in most of the 501 

Pannonian and Transylvanian basins (e.g., Krézsek et al., 2010). These processes have resulted 502 

in highly variable paleo-bathymetries during the evolution of Lake Pannon, as reflected by our 503 

calculated heights of the subsequent shelf-margin slope progradation (Fig. 6). In the NW 504 
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Danube basin, the water depth increased to a minimum of 550 m and the basin was subsequently 505 

filled by 9 Ma with ~1.5 km thick deep water sediments. In the NE (e.g., the Nyírség sub-basin) 506 

the subsidence and water level rise kept pace with sedimentation, resulting in a small paleo-507 

bathymetrical variability of consistently shallow water prograding – aggrading – retrograding 508 

delta and alluvial environments during the entire Late Miocene - Quaternary basin evolution 509 

with only a few localized exceptions (Fig. 8). Southwards (near the Nádudvar sub-basin, Fig. 510 

6b), the general progradation was interrupted by a major flooding and retrogradation at ~ 7.5 511 

Ma. In contrast, the rate of tectonic subsidence was lower in the western parts of the Pannonian 512 

Basin resulting in a gradual basin fill by aggradation and progradation. In other words the rates 513 

of sediment supply and creation of accommodation space were roughly in balance there. In the 514 

centre of the Pannonian Basin (the Danube-Tisza interfluve, Fig. 1) the subsidence rates were 515 

low during the entire evolution and represented a basement high, therefore, the paleo-516 

bathymetry has never reached the few hundreds of meters observed elsewhere (Fig. 6). 517 

Because subsidence rates and consequently creation of accommodation continuously 518 

decreased with time after the initial Late Miocene transgression, while sediment input remained 519 

high or even increased, therefore, the entire Lake Pannon was finally filled by ~4 Ma (Magyar 520 

et al., 2013). Smaller scale water level variations are observed by the analysis of the shelf-edge 521 

trajectories. Such an isolated lacustrine system is more sensitive to regional climate and 522 

therefore lake level variations are interpreted to be climatically driven (Uhrin and Sztanó, 2011; 523 

Sztanó et al. 2013) or could be controlled by local subsidence and uplift pulses associated with 524 

the late stage inversion of the Pannonian Basin. Our reconstructed paleobathymetries between 525 

6.8 Ma and 5 Ma show that the highest water depth values of the lake reached and most probably 526 

exceeded values of 1000 m (Table 1, see also Balázs et al., 2015). The asymmetry of the 527 

transport direction dominant from the NE and NW during the continuous subsidence has created 528 

higher paleo-bathymetries in the SE where progradation was recorded at later times (Fig. 6a). 529 
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By the same reasoning, these basins contain the largest thicknesses of deep water pelagic 530 

sediments and distal turbidites reaching up to 3.5 km (e.g., Sztanó et al., 2013). 531 

 532 

6.2 Shelf-margin morphology and basin evolution 533 

Miocene-Pliocene sediments deposited on the slope connecting the shelf with the deep-534 

water basin of Lake Pannon are presently deeply buried in the Pannonian Basin. Our analysis 535 

shows that the width of the slope between the shelf-edge to the toe-slope varies between 5 and 536 

15 km at decompacted heights between 200 and 1000 m. This results in slope angles between 537 

3⁰ and 8⁰. Such values are similar to dip angles of marine slopes (Porebski and Steel, 2003; 538 

Johanessen and Steel 2009; Gong et al., 2016) that are controlled by lithology, grain size 539 

distribution or sediment influx from the source area (e.g, Gvirtzman et al., 2014).  540 

Our calculations demonstrate that paleo-bathymetries were controlled by the inherited 541 

extensional geometries, with higher values (600-700 m at the base of the slope) over the various 542 

sub-basins than over the intervening basement highs (400-500 m). This means that the 543 

deposition of deep-water pelagic sediments and turbidites was unable to compensate all the 544 

inherited morphological differences from extensional times before the shelf-margin slope 545 

progradation arrived (see also Törő et al., 2012).  546 

Our analysis of the shelf sedimentation (Fig. 7) shows progradation of tens of meters thick 547 

deltas (Uhrin and Sztanó, 2011). Their position on the inner or outer shelf is controlled by lake 548 

water level variations that typically reach ~100 m during highstands, as observed in marine 549 

domains or semi-enclosed seas, such as the Mediterranean (Rabineau et al., 2006) or the Black 550 

Sea (Porebski and Steel, 2003; Matenco et al., 2016). Our interpretation of water-level 551 

variations infer periods of ascending, descending and stationary shelf-edge trajectories (Fig. 7). 552 

Such an analysis does not necessarily take into account the small-scale variations of 553 
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accommodation on the shelf (cf., Sztanó et al., 2013), but in basins characterized by ongoing 554 

tectonic subsidence, such as the Miocene Pannonian Basin, even stationary shelf-edge 555 

trajectory indicates periods of climatically-driven water-level fall. Their amplitudes are similar 556 

to the rate of basin subsidence. However, in our case their local amplitude is only in the order 557 

of tens of meters usually. In contrast with typical passive margin settings, back-arc extension 558 

has resulted in highly variable basement morphology, such as deep half-grabens, like for 559 

instance the Makó Trough (Fig. 2) or basement highs, like the Transdanubian Range (Fig. 1). 560 

These structures also control locally the direction of sediment transport, such as in the Túrkeve 561 

sub-area, where the direction of progradation followed the strike of the inherited Middle 562 

Miocene sub-basin (Fig., 1, 9) such as in the Sava Trough. 563 

The inherited relief, spatially variable subsidence rates and lake water level variations 564 

controlled the paleo-bathymetries and created tens of metres high deltaic clinoforms over the 565 

shelf and up to 1000 meters high shelf-margin slope clinoforms (c.f., Leroux et al., 2014; 566 

Rabineau et al., 2014). Of course, between such end members the balance between the rate of 567 

sedimentation and progressively increasing base-level rise could result in the continuous 568 

transition from small scale deltas to high shelf-margin slopes (cf. Sztanó et al., 2015). Such 569 

transitional slopes are observed in the Nyírség sub-basin (Fig. 8) and its prolongation towards 570 

the deep Derecske Trough (Balázs et al., 2016), or in the Danube-Tisza interfluve. Water depths 571 

are in general higher above the former half (grabens) and lower above the separating basement 572 

highs. 573 
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 574 

Figure 12. General geometry of a strike-slip fault zone. Non-interpreted (a) and interpreted (b) 575 

seismic section crossing the Balaton Fault zone, location in Figure 1; c) Coherency cube time 576 

slice highlighting the geometry of synthetic Riedel faults and demonstrating the sinistral strike-577 

slip offset of this fault zone (see also Várkonyi et al., 2013 and Visnovitz et al., 2015).  578 

 The syn-rift extension and half-graben formation in the Pannonian Basin ultimately 579 

ceased at 8-9 Ma (e.g., Matenco and Radivojevic, 2012; Balázs et al., 2017). The subsequent 580 
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evolution was controlled by post-rift thermal cooling and the basin-wide inversion during the 581 

Adriatic indentation creating differential vertical movements (Fig. 1; Sacchi et al., 1999; Bada 582 

et al., 2007). Such inverted structures are well documented from earliest late Miocene times in 583 

the western part of the Pannonian Basin (Fodor et al., 2005; Uhrin et al., 2009), at 6-8 Ma along 584 

the Mid-Hungarian Fault zone (Fig. 6d, see also Juhász et al., 2013). Our results show that 585 

effects of basin inversion should be taken into account significantly during the calculation of 586 

the paleo-bathymetries in the entire basin. The observed contraction reached a peak at the 587 

transition between Miocene and Pliocene times, caused likely by the northward drift and CCW 588 

rotation of the Adriatic microplate (Pinter et al., 2005). This peak contraction is the main 589 

mechanism creating the widespread unconformity observed at the transition between the 590 

Miocene and Pliocene in the Pannonian Basin (e.g., Fig. 7), being replaced laterally by a 591 

correlative conformity in deeper sub-basins (Magyar and Sztanó, 2008). Our observations 592 

confirm that the Late Miocene to Recent evolution of the Pannonian Basin and associated 593 

subsidence/uplift pattern is mainly controlled by basin scale flexural effects superimposed on 594 

post-rift thermal sagging (Horváth and Cloetingh, 1996; Dombrádi et al., 2010; Jarosinski et 595 

al., 2011). 596 

 Previous interpretations assumed that the inversion was also associated with the 597 

(re)activation of strike slip zones along former structures (Fig. 1; Horváth et al., 2006, Bada et 598 

al., 2007; Visnovitz et al., 2015). Strike-slip kinematics are certainly significant in many parts 599 

of the Pannonian Basin, demonstrated by the observation of offsets and Riedel shears in 2D or 600 

3D seismics (e.g., Fig. 12, see also Várkonyi et al., 2013). However, our study demonstrates for 601 

the first time that compaction effects creating fault systems such as the one quantified above 602 

the Dévaványa basement high are certainly significant in the sediments of the Pannonian Basin. 603 

The effects should be similar elsewhere: faults with variable offsets, increasing and 604 
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subsequently decreasing towards the surface, reaching a maximum in the order of 150 m (Figs. 605 

9, 13).  606 

 607 

 608 

Figure 13. Conceptual model of the Neogene basin fill in the Great Hungarian Plain that takes 609 

into account the morphology of the bed of Lake Pannon, including inherited extensional 610 

structures and further effects, such as differential compaction over basement highs and 611 

neotectonic strike-slip fault zones (modified after Tari and Horváth, 2006). Figure also shows 612 

the main hydrocarbon play types of the basin: a) Biogenic and thermogenic fields in drape-folds 613 

above basement highs; b) stratigraphic traps in delta sandstones or connected to unconformities; 614 

c) delta or deep-water turbiditic sandstones affected by compaction induced normal faults; d) 615 

stratigraphic or structural traps in deep-water turbiditic sandstones. e) Sandstones and 616 

conglomerates at the unconformity of inverted Early-, Middle- Miocene basins; f) footwall-617 

derived fans along the boundary faults of half-grabens; g) basal conglomerates deposited onto 618 
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the basement or the fractured Neogene-basement itself. Differential compaction induced faults 619 

at the periphery of half grabens may provide migration pathways. 620 

7. Conclusions 621 

Our interpretation of 2D and 3D seismic data correlated with well logs from the Late-622 

Miocene to Quaternary sedimentary succession filling the Pannonian Basin shows a transition 623 

from an initially underfilled to a finally overfilled large lacustrine basin. Spatial and temporal 624 

variations of the external and internal forcing factors resulted in lateral changes of prograding 625 

– aggrading – retrograding shelf-margin slope geometries and paleo-water depths. Using 626 

decompacted thicknesses of the prograding shelf-margin slope clinoforms, our calculations 627 

indicate the variation of water depth values from ~75 m up to ~1 km. Highest water depth values 628 

characterized the SE part of the basin as a consequence of higher subsidence rates and more 629 

distal position from the source areas. The shelf had paleo-bathymetries of up to 75 m with a 630 

high order variability controlled by climate. Both water depth and sedimentary transport routes 631 

were primarily determined by inherited and/or active local tectonics; they controlled Late 632 

Miocene shelf-margin progradation directions as well as Recent fluvial transport routes.  633 

Latest Miocene to Recent tectonic topography appears to be basin scale folding process. 634 

Areas of uplift were subject to denudation and the eroded material continuously overfilled the 635 

generated accommodation space. Sediments up to ~6 km have been affected by this still 636 

ongoing differential vertical movement and compaction creating gentle fold geometries and 637 

differential compaction induced fault offsets, playing a major role in hydrocarbon migration 638 

and trapping (Fig. 13). Geometries of such non-tectonic faults above basement highs can be 639 

clearly distinguished from extensional or strike-slip fault geometries by the calculation and 640 

analysis of 3D seismic attributes. 641 
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