
Abstract

Soft-sediment deformation structures have been recently recognized within Lower Badenian deposits of the Carpathian Foredeep 

in the outcrop near Oslavany (Moravia, Czech Republic). The deformed unit is sandwiched between undeformed foreshore deposits. 

The lithology (medium to fine, fine and very fine grained sands and silty sands) of both the deformed and the undeformed units is 

very similar. The deformation structures have been grouped into two categories, i.e. contorted and intruded. The contorted structures 

consist of convolute folds, contorted lamina sets and pillow-shaped structures. Cusps, dish and pillar structures, and sandy flame 

structures represent the intruded structures. The deformation mechanism is interpreted to be due to liquefaction/fluidization, and the 

seismic activity in the area under study is assumed to have been the trigger mechanism.

Synsedimentäre Deformationsstrukturen in unverfestigten Sedimenten konnten in Ablagerungen des Unteren Badenium in der Kar-

patischen Vortiefe in einem Aufschluss bei Oslavany (Mähren, Tschechische Republik) gefunden werden. Die deformierte Einheit ist 

zwischen ungestörten Ablagerungen eingeschaltet. Sowohl die deformierten als auch die ungestörten Sedimente sind lithologisch 

ähnlich und bestehen aus mittel- bis feinkörnigen, feinkörnigen und sehr feinkörnigen Sanden sowie siltigen Sanden. Bei den Defor-

mationsstrukturen wurden gedrehte („contorted”) und eingedrungene (“intruded”) Strukturen unterschieden. Zu den gedrehten Struk-

turen zählen „convolute folds” (eingerollte Falten), “contorted lamina sets” (verbogene laminierte Abschnitte) und “pillow-shaped 

structures” (polsterförmige Strukturen). Die eingedrungenen Strukturen setzen sich aus „cusps” (höckerförmige Strukturen), “dish 

and pillar structures” (schüssel- und säulenförmige Strukturen) und “sandy flame structures” (sandige Flammenstrukturen) zusam-

men. Die Deformation wird durch Fluidisierung der Sedimente erklärt. Als Auslösungsimpuls wird die seismische Aktivität in diesem 

Gebiet angenommen.

__________________________________
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1. Introduction

Soft-sediment deformations are created in unconsolidated 

sediment and are relatively common in sandy sediments (Lowe, 

1975, 1976; Van Loon, 2009; Owen and Moretti, 2011). De-

formation often occurs rapidly, close to the surface, during or 

shortly after deposition.  Soft-sediment deformation processes 

transform progressively with increasing pore-fluid pressure 

from plastic deformation to liquefaction and from liquefaction 

to fluidization (Lowe, 1975).

Numerous natural processes can induce soft-sediment defor-

mations (Lowe, 1975). A number of them are external to the 

depositional environment (i.e. allogenic triggers, including seis-

micity, glaciation and thermal activity), whereas others are part 

of the depositional environment (i.e. autogenic triggers, inclu-

ding rapid deposition, impact of waves) (Owen et al., 2011; 

Owen and Moretti, 2011). Certain triggers are extreme events 

that represent geohazards, and analysis of the structures can 

contribute to the assessment of their recurrence intervals (pa-

laeoseismic studies) (e.g. Allen, 1986; Jones and Omoto, 2000; 

Bowman et al., 2004; Taşgin et al., 2011). Seismites, sediments 

with earthquake-induced deformations have been recorded in 

numerous sedimentary environments (e.g. Seilacher, 1984; 

Owen, 1995; Rossetti, 1999; Montenat et al., 2007; Taşgin and

___________________________

Türkmen, 2009).

The aims of this contribution are: (1) to describe types of 

soft-sediment deformation structures (SSDS) in Early Bade-

nian marine deposits in the Moravian part of the Carpathian 

Foredeep in an area where they were previously unrecogni-

zed,( 2) to describe the processes recorded within these de-

posits, and (3) to discuss their probable trigger mechanism.

The position of the locality is presented in Figure 1a (GPS 

location 49°06.820 N and 016°20.237 E) and a simplified geo-

logical map of the studied area is presented in Figure 1b.The 

studied Neogene deposits belong to the Moravian part of the 

Carpathian Foredeep (MCF). The MCF extends southwards to 

the Austrian Molasse Basin (the North Alpine Foreland basin) 

and eastwards to the Polish part of the Carpathian Foredeep. 

The MCF is a peripheral foreland basin bounded by a steep, 

tectonically active eastern margin formed by the overthrust 

front of the Western Carpathians and a gently sloping western 

margin that onlaps onto the crystalline of the Bohemian Massif 

and its Palaeozoic and Mesozoic sedimentary cover. Thrust 

loading resulting from the prograding Carpathian nappes indu-

_
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ced flexural subsidence of the western margin of the Bohemi-

an Massif. Several stages of evolution of the MCF resulted in 

a highly varied shape and extent of the basin due to the comp-

licated evolution of thrusting in both the Eastern Alps and Wes-

tern Carpathians, also as a result of the complex tectonic and 

geological history of the basement (Nehyba and Šikula, 2007). 

The deposition in the MCF began in the Egerian/Early Eggen-

burgian and continued in the area under study up to the Early 

Badenian (Brzobohatý and Cicha, 1993). The shift in the ori-

entation of the compression vector of the Carpathian orogenic 

wedge from NNW-NW towards NNE-NE occurred during the 

Late Karpatian - Early Badenian (Kováč, 2000), which was con-

nected with a significant reconstruction of the basin (Nehyba 

and Šikula, 2007). The Lower Badenian deposits of the MCF 

reveal a maximum thickness of more than 700 m (Nehyba et 

al., 2008) and are represented by coarse-grained deltas, coas-

tal and shallow marine, lagoonal and deeper-marine deposits, 

together with restricted occurrences of algal and bryozoan 

limestones, calcareous sandstones and horizons of distal air 

fall tephra (Nehyba, 1997). Isolated relics of the Lower Bade-

nian deposits can be found far to the west of the present ex-

tent of the preserved basin (Nehyba and Hladilová, 2004).

The studied outcrop at Oslavany represents a holostratotype 

of the Lower Badenian deposits (Cicha in Papp et al., 1978).

__

The former sand pit is no longer active and the original extent 

of the profile (see Cicha in Papp et al., 1978) has been seve-

rely reduced. The presently exposed strata were interpreted 

as a product of deposition in foreshore and shoreface (clastic 

coast of the Early Badenian Sea/ “passive”margin of the fore-

land basin). Five lithofacies (Sl, Sr, Ss, Sp, and M) were re-

cognised (Nehyba et al., 2009).

The microfauna indicates Middle Badenian (sensu Hohen-

egger et al., 2014) assemblages of the “Lower Lagenid zone” 

(Nehyba et al., 2009).  Planktonic foraminiferal biostratigra-

phical correlation might be based on the co-occurrence of Or-

bulina suturalis and Praeorbulina sicana (sample OSL3), cor-

responding with the time span of 15.1-14.5 Ma (Wade et al., 

2011). Because the reworking of Praeorbulina sicana cannot 

be excluded, the studied sediments may be younger. The cal-

careous nannoplankton assemblages can be correlated with 

the upper part of the NN5 Zone due to the occurrence of Sphe-

nolithus heteromorphus and the absence of Helicosphaera 

ampliaperta and Helicosphaera waltrans (14.36-13.34 Ma; 

Abdul Aziz et al., 2008; Gradstein et al., 2012). This confirms 

the younger age of the sediments as 14.5 Ma and the rewor-

king of P. sicana. The relative abundance of reworked calca-

reous nannoplankton was also recognised. Oligocene (Cycli-

cargolithus abisectus, Reticulofenestra bisecta) and Cretace-

________________________

Figure 1: Location of the study area within the Carpathian Foredeep in the area of the Czech Republic. A) Simplified location map. B) Schematic 

geological map based on the geological map of the Czech Republic.__________________________________________________________________
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Figure 2: Schematic vertical log with the various lithofacies and position of all samples under study.

ous taxa (Watznaueria sp., Arkhangelskiella sp., Micula sp.) 

are the most common; occasionally Eocene Chiasmolithus sp. 

was also recorded. Among the planktonic foraminifera, Creta-

ceous Globotruncana sp. and the Early Miocene Cassigeri-

nella occur rarely (Holcová et al., 2013).

The sedimentary facies were studied using detailed logging, 

with local palaeocurrent directions following methods given by 

Walker and James (1992) and Nemec (2005). The grain size 

(18 samples) was analysed through the combined techniques 

of sieving and laser diffraction. Samples were systematically 

taken to demonstrate all facies and their grain-size variations. 

An AS 200 Fritsch sieve machine with a standard set of 7 sie-

ves (4 mm-0.063 mm) was used for the analyses of the coar-

_________________

3. Methods and Terminology

ser grains and a Cilas 1064 laser diffraction granulometer for 

the finer ones (0.5-0.0004 mm). Ultrasonic dispersion, distilled 

water and washing in sodium polyphosphate were applied pri-

or to the analyses in order to avoid flocculation of the analy-

sed particles. The used grain size parameters were calculated 

according to Folk and Ward (1957).

A number of alternative names, definitions and classifications 

(e.g. Lowe, 1975; Van Loon, 2009; Owen et al., 2011) have 

been proposed for SSDS. They are classified here according 

to their morphology and deformation style, and grouped into 

two categories (i.e. contorted and intruded structures). The 

general term “contorted structures” is used for features with 

different degrees of crumpling or complicated folding of the 

laminae within the sand bed. The term “intruded structures” is 

used for structureless masses of sand displaying different sty-

_____________________

les of elongated shapes that have 

intruded into other deformed sand 

beds (Rossetti, 1999).

The schematised vertical log with 

the recognized lithofacies is presen-

ted in Figure 2. The view of the wall 

of the sand pit in Oslavany with its 

deformed unit is presented in Figu-

res 3 a, b. The grain size characte-

ristics of the studied sands are pre-

sented in Table 1.

The undeformed unit consists main-

ly of tabular laminated beds of light 

yellow-brown sand to silty sand. Grain 

size differences occur at a decimetre 

scale. The planar parallel lamination, 

due to the alternation of slightly coar-

ser- and finer-grained lamina, with 

coarser lamina richer in shell debris 

and with a low angle of inclination 

(max. 5°), represents the dominant 

Sl facies. The content of clay is ve-

ry low (1.5 - 3%), whereas the silt 

content varies considerably (9.6% - 

22.3%). Sands are very fine to fine, 

fine or fine to medium-grained, mo-

derately well to poorly sorted and 

leptokurtic to very leptokurtic (samp-

les 2, 3, 15, 16 and 18 in Table 1). 

The granule fraction is dominantly 

formed by shell fragments. Rare iron 

concretions (up to several centime-

tres in diameter), granules of schists 

and quartzes, and extremely rare 

small mudstone intraclasts (max. 1 

cm) were also observed. The occur-

rence of rippled fine to very fine silty

___________

_______________

4. The Sedimentological 

Setting
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sand of the Sr facies was rare in the profile, usually forming 

about 5 cm thick interbeds within the dominant beds of the Sl 

facies. A higher content of silt and clay, poorer sorting, meso-

kurtic and very leptokurtic kurtosis were recognized in the Sr 

facies (samples 1, 17 in Table 2) than in the Sl facies. The Sl 

and Sr facies were interpreted as foreshore deposits (Nehyba 

et al. 2009).

The deformed unit has a roughly planar shape with a maxi-

mum visible thickness of approx. 120 cm (Fig. 3A, B). Both 

the basis and the top of the unit are sharp. The basis is undu-

latory with a relief of up to 12 cm. The top is sharp and slightly 

inclined. Packages of undeformed sand occur below and above 

the deformed unit. The deformed unit is composed of two subu-

nits. The lower subunit has a roughly tabular shape; its thick-

ness ranges from 55 to 70 cm and can be traced along the 

whole outcrop over a distance of 15 m. The upper subunit has 

a wedge shape and it wedges out generally towards SE-ESE. 

The maximum thickness of the upper subunit was 73 cm and it

can be traced to a distance of more 

than 10 m. The further lateral extent 

of both subunits is uncertain due to 

collapsed pit walls.

The deformed sands (Sd facies) 

are light yellow-brown and medium- 

to fine-grained.  The contorted struc-

tures are represented here by con-

volute folds, contorted-lamina sets 

and pillow-shaped structures. These 

structures are surrounded by relati-

vely coarser medium to fine, or fine 

sand; rarely silty sand; this sand is 

relatively well to poorly sorted, lepto-

kurtic to very leptokurtic. The primary 

lamination may be partly preserved 

or homogenised (structureless). The 

silt content is usually low. The con-

tent of clay is particularly low (samp-

les 7, 8, and 13 in Table 1).

Convolute folds (Fig. 4a-d) are re-

presented by folded and contorted 

to distorted stratification, which forms 

laterally alternating convex- and con-

cave-upward morphologies. In cer-

tain cases, the folds are upright and 

cuspate, with rounded synclines and 

sharper anticlines, while in other ca-

ses a more chaotic style prevails. 

These folds are 5-30 cm high and up 

to 60 cm wide. The spacing of wide 

synclines and narrow anticlines is re-

latively irregular. The shape, width, 

height, and orientation of the over-

turned parts often change laterally 

without any preferred orientation. The 

convolute folds are formed by fine to

______________

_______

very fine silty sand, moderately to relatively poorly sorted and 

very platykurtic (samples 6 and 11 in Table 1).  A very low con-

tent of medium and coarser sand is characteristic. The internal 

lamination and bedding, although distorted, is partly preserved, 

being parallel to the basal surface and bent upward towards 

the anticlines. The thickness of the folded layer is about 5 cm 

and several superimposed folded layers are present. They are 

surrounded by structureless sand with intruded structures. The 

convolute folds are generally coherent and do not increase in 

intensity (Jones and Omoto 2000) from the base to the top of 

the deformed unit. However, the convolute folds become dif-

fuse laterally in the upper subunit, grading into almost unde-

formed undulated to planar parallel laminated silty fine to very 

fine sand (sample 12 in Table 1). This is related with the con-

tinuous thinning and final wedging out of the interbeds of the 

fine to very fine silty sand and also the wedging out of the up-

per subunit. No lateral variation in the intensity of deformation 

is present in the lower subunit._________________________

Figure 3: The sand pit at Oslavany. A) View on the wall (person for scale), B) Line drawing of 

the wall of sand pit Oslavany. Note that the deformed unit is sandwiched between undeformed beds 

of planar parallel laminated sand.______________________________________________________
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Figure 4: Examples of soft-sediment deformation structures: photographs (A, C) and line 

drawings (B, D). Explanations of abbreviations: CF - convolute folds, DS – dish structures, PS – 

pillar structures, PSS – pillow-shaped structures. Note the vertical repetitions of discrete hori-

zons of convolute folds (10 cm for scale).___________________________________________

The contorted-lamina sets (Fig. 5a, b) typically exhibit con-

torted fine laminae with upturned margins. The alternation of 

slightly coarser laminas of medium and fine sand is charac-

teristic. The structure is up to 50 cm long and 8-20 cm thick. 

Medium to fine sands and rarely silty sands are relatively 

poorly sorted, very leptokurtic (samples 5, 9 and 10 in Table 

1). The occurrence of granules, a relatively higher content of 

coarse and very coarse sand, and a relatively lower content 

of silt and clay than in the adjacent intruded structures or con-

volute folds are typical for the sands with contorted-lamina 

sets. This disrupted bedding is typically present in the super-

position of cusps.

The pillow-shaped structures (Fig. 6A, B) are characterised 

by broad synclinal morphologies. They are formed by fine to 

very fine silty sands, poorly sorted and very platykurtic (sample 

14 in Table 1) with a slightly increased silt content. The indivi-

dual synclines are usually asymmetrical (without any preferred 

orientation) and partly overturned, ranging from 5 to 20 cm in 

width and they are maximally 10 cm high. The thickness of 

the deformed sand layer is usually only a few centimetres. 

The structures are internally almost massive with extremely 

poorly preserved internal laminae that are conformable with

___________________________________

the synclinal shape. A complete loss of structure continuity 

and “floating” structured parts within the surrounding “host” of 

coarser fine to medium structureless sand with intruded struc-

tures are typical.

The intruded structures consist of cusps, dish and pillar struc-

tures, and sandy flame structures. They were all identified with-

in generally structureless slightly coarser sands, partly (dish 

and pillar structures, sandy flame structures) in superposition 

of sands with contorted structures.

The cusps consist of short upward curved protuberances of 

relatively finer sand into relatively coarser sand along the 

sharp boundaries between two sand layers. They are colum-

nar, generally straight and vertical, sometimes morphologi-

cally similar to large flame structures, although the cusps re-

present masses of underlying deformed sands that intrude 

into the overlying sand beds. The cusps consist of fine silty 

sand, moderately well sorted and very leptokurtic (sample 4 in 

Table 1). The height of the cusps varies between 5 and 20 cm; 

they are up to 15 cm wide and internally structureless (Figs. 

5a-d, 6c, d). They protrude into fine- to medium-grained silty 

sand, very poorly sorted and very leptokurtic (sample 5 in 

Table 1). These sands are either structureless or exhibit con-

______________________
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torted-lamina sets. The principal difference between protruding 

sand forming cusps and the sand around it is in the relative 

proportion of fine and very fine sand, and medium, coarse and 

very coarse sand, whereas the content of silt and clay is very 

similar (see samples 4 and 5 in Table 1).

The dish structures are small (several cm thick and long) 

structures reflecting the upward escape of pore water (Fig. 4, 

6e, f). The dishes are concave upward features, roughly equi-

dimensional in shape, typical for a relative enrichment of finer 

sand within the coarser sand.

The pillar structures consist of discrete, subvertically elon-

gated to slightly sinuous paths (Figs. 4-6) enriched with rela-

tively finer sand. The pillars are up to 8 cm long and less than 

3 cm wide. They are present in the superposition of cusps or 

convolute folds, isolated or irregularly grouped, and locally 

form bifurcated paths.

The sandy flame structures are small scale structures, which 

look like thin sandy irregular dykes and sills. They are up to 

10 cm long and up to 2 cm thick, sometimes terminated by 

irregular lenses, which are up to 3 cm long and about 2 cm 

high (Fig. 5). Sandy flame structures are composed of fine to 

very fine silty sand within slightly coarser host sand. They are 

often situated above or close to the disrupted anticlines of the 

convolute folds, or to cusps (Fig. 5 c, d). The structure often 

laterally changes their shape, length and height, as well as 

the orientation, but orientation generally parallel to the bed-

ding seems to be most common.

The vertical succession of cusps-contorted lamina sets-con-

volute folds and structureless sands with pillow-shaped struc-

tures, dish and pillar structures and sandy flame structures 

could be generally followed in both subunits from their bases 

to the tops. Structureless sands are also present above the 

cusps and contorted lamina sets.

_________________

__________________________

________________________________

_______________________

_______________________

5. The Deformation Mechanism

The deformation mechanism of SSDS must be determined 

correctly for a reliable reconstruction of the trigger (Allen, 1986; 

Owen, 1987; Maltman and Bolton, 2003). Several processes 

may act together during the deformation (Lowe, 1975; Ros-

setti, 1999). Similarly, several possible explanations exist for 

the genesis of SSDS.

The studied SSDS were formed in loose, unconsolidated 

water-saturated foreshore sands. The lithological similarity 

between the deformed and undeformed sediments is clear 

(see Table 1). The original stratification and bedding were 

folded, disrupted or even totally destroyed (homogenised), 

with new structures being generated. The deformation occur-

red in-place without substantial lateral transport. The intensity 

of deformation within the deformed unit varied. The wedging 

out of the upper deformed subunit and lateral variations in the 

intensity of deformation in this subunit are related to the wed-

ging out of the thin interbeds of very fine to fine silty sand 

within coarser medium to fine sand. This observation points 

to a principal role of the initial multi-layered succession with 

the superposition of thicker beds of coarser medium to coarse 

sand (“relatively heavy”) on thinner beds of finer very fine to 

fine silty sand (“relatively light”). This is a driving force system 

(Owen, 1987) related to a gravitational instability, in the form 

of a reversed density gradient (Moretti and Ronchi, 2011). In 

each reversed density system, the heavier sands may sink 

into the lighter sands and silts, accompanied by a drastic de-

crease or complete loss of the shear strength of the sedi-

ments (Allen, 1982; Owen, 1987; Moretti and Ronchi 2011). 

The deformation of the primary lamination shows that the 

decrease of shear strength was induced by liquidization. This 

is further supported by the association of SSDS (more and 

less liquefied or fluidized sands) and by the absence of mud

________________________________

Table 1: Grain size characteristics of samples of the studied Lower Badenian deposits. Explanations of abbreviations: VCS – very coarse sand, 

CS – coarse sand, MS – medium sand, FS – fine sand, VFS – very fine sand, Mz – average grain size/mean, σI – dispersion/sorting, Kg – kurtosis, Φ - 

phi value.
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Figure 5: Examples of soft-sediment deformation structures: photographs (A, C) and line drawings 

(B, D). Explanations of abbreviations: CLS – contorted-lamina sets. CU – cusps, DS – dish structures, 

PS – pillar structures, Sf – sandy flame structures (Spatula for scale).__________________________

layers in the succession (Owen, 1996b; Rossetti, 1999).  The 

observed cusps, convolute folds, pillow-shaped structures and

sandy flame structures are formed in very fine to fine silty 

sands, whereas the contorted lamina sets and structureless

sands are connected with coarser 

medium to fine sands.  Liquidization 

is most likely to develop in loosely 

packed water-saturated deposits of 

well sorted coarse silt to medium 

sand grain size with low cohesion 

(Mills, 1983; Obermeier, 1998; Mo-

retti et al., 1999; Owen and Moretti, 

2011). Such sediments might lose 

cohesion and liquefy, following an 

excess of pore pressure under wa-

ter-saturated conditions.

The contorted structures indicate 

limited particle movement, which de-

formed the primary structure without 

obliterating it (cf. Lowe, 1975). The 

preservation of lamination demon-

strates that the sands did not under-

go turbulence during liquefaction, but 

rather remained coherent to semi-

coherent. Massive structureless beds 

of sand may reflect a longer duration 

of the liquidized state and full support 

of the grains in the fluid (fluidization). 

Fluidization, which is capable of se-

parating grains according to their 

particle size, is a more likely cause 

of the loss of the primary structures 

and the elutriation of finer grains (Col-

linson et al., 2006). The association 

of contorted and intruded structures 

points to limited upward and side-

ward flowage of sediment and water.

Further supporting evidence for li-

quidization includes: a) the perva-

sive, ductile character of the SSDS 

(cf. Bryant and Miall, 2010); b) the 

partial preservation of stratification 

(cf. Doe and Dott, 1980; Owen, 1987); 

and c) the upward variations in the 

degree and complexity of deforma-

tion in the deformed subunits (Mo-

retti et al., 1999; Owen, 1996b). Van 

Loon and Wiggers (1976) attributed 

deformation units with remnants of 

vaguely bedded parts to “false-body 

thixotropy”.

The water-escape features can be 

directly related to gravitational read-

justment (upward-directed movement 

of underlying light sands), and/or it 

can be the result of beds with diffe-

rent selective fluidization processes

_________
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arising from the restoration of grain-supported packing after 

complete liquefaction (Allen, 1982; Owen, 1987; Moretti et al., 

1999).

The final morphology of the interface between two layers 

with a reversed density gradient is related to several parame-

ters (e.g. the dynamic viscosity, the duration of the liquefied 

state,…) nevertheless, this interface generally is deformed in 

a more or less regular way (Moretti and Ronchi, 2011). How-

ever, the studied structures are irregular, varying laterally in 

size and morphology. This can be explained by the lateral va-

riations in the thickness of the beds and by the different kinds 

of lamination (i.e. planar parallel lamination, ripple cross-lami-

nation) that induce the irregular distribution of packing and

porosity in the initial multi-layered unstable density system. 

Such a complex initial sedimentary column implies the action 

of another possible driving force system during and after lique-

faction, this is called unequal loading by Allen (1982).

A simplified model of the formation of the SSDS under study 

is presented in Figure 7. The explanation for the differential 

liquefaction or fluidization of the studied sediment is connec-

ted with contrasting packing and porosity between adjacent 

layers, which cause potentially instability and susceptibility to 

deformation (Maltman, 1994). The formation of the initial multi-

layered succession is the result of fluctuations in the current 

power and variations in depositional rates. The result is the 

formation of a vertical succession of foreshore deposits with

______

Figure 6: Examples of soft-sediment deformation structures: photograph (A, C, E) and line drawing (B, D, F). Explanations of abbreviations: PSS 

– pillow-shaped structures, PS – pillar structures, DS – dish structures, CU – cusps, Sf – sandy flame structures (10 cm for scale in A, B, 40 cm for 

scale in C, D).
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Figure 7: Schematic model of the formation of soft-sediment defor-

mation structures in the studied sediments. A) Starting conditions with 

an alternation of thicker beds of medium to fine grained sand with pla-

nar parallel stratification (Sl) and thinner interbeds of fine to very fine 

silty sand with planar parallel or ripple lamination (Sl/Sr), B) Starting 

liquefaction of sandy beds with different rheological behaviour (1 and 

2). Contorted lamina sets are formed within the more liquidized thicker 

beds of coarser, better sorted coarser sands, whereas folding started 

to deform less liquidized thinner beds of the finer grained, poorly sor-

ted silty sand, C) final state of the deformation - intruded structures 

within more liquidized beds of structureless coarser sand (3) and con-

volute folds represent the dominant structure of less liquidized beds of 

finer sand (4). Explanations of abbreviations: CF - convolute folds, DS 

– dish structures, PSS – pillow-shaped structures, PS – pillar structu-

res, Sf – sandy flame structures.______________________________

alternations between (A) thicker beds of better sorted, coarser-

grained, leptokurtic medium to fine sand with an admixture of 

coarser grains and a very low content of silt, and (B) thinner 

interbeds of less sorted, finer-grained, mesokurtic to leptoku-

ric fine to very fine silty sand (Fig. 7a). In other words, thinner 

beds with a closely packed framework, lower initial porosity

and lower potential for instability alternate with thicker less-

closely packed beds with a higher initial porosity and a higher 

potential for instability. Such a situation led to the differential 

liquefaction or fluidization of adjacent beds and to the com-

plexity of the SSDS.

Liquidization generated a contrast between these sandy beds 

with different rheological behaviour, which finally led to the 

formation of a deformed unit where intruding structures are 

present in structureless coarser sand and where convolute 

folds represent the dominant structure of discontinuous beds 

of finer sand (Fig. 7b, c). The convolute folds were formed 

when less liquefied, thus more compacted sediment sank to 

replace the underlying sand removed by fluidization. As the 

deformation became more pronounced, sandy flame structu-

res or pillow-shaped structures were formed. Irregular convo-

lute folds are probably related to more intense/liquefied sedi-

ments due to their pronounced deformation. The contorted-

lamina sets were formed where liquefied sediment replaced 

the underlying sand that was removed by the liquidization of 

associated structureless beds. The associated massive sands 

represent the lowest degree of sediment compaction and the 

most intense liquidization/fluidization (Rossetti, 1999). The 

sinking parts of beds were accompanied by simultaneous up-

ward, or even sideward, flowage of water and sediment. Cusps, 

dish and pillar structures are interpreted as representing flow 

paths with fluidized sediments that were injected from the sur-

rounding strata as a result of increasing interstitial pore pres-

sure (Owen, 1996a). Cheel and Rust (1986) described dish 

structures as the last of a series of liquefaction products.

Most deformation mechanisms are initiated by the action of 

a “trigger.” Many natural agents and processes can act as a 

trigger for liquidization in a foreshore setting (Owen and Moretti, 

2011). There is no direct and simple relationship between the 

type of soft-sediment deformation and the triggering agent, due 

to the principal role of the driving force and initial sedimentary 

succession. Moreover, more than one trigger mechanism tend 

to occur in a given deformation episode (Shiki, 1996; Jones 

and Omoto, 2000). However, the analysis of sedimentological 

features in the entire succession can be a useful tool to distin-

guish between the possible triggers (Moretti and Ronchi, 2011).

The results of the sedimentological study of the deformed 

and undeformed units of the Oslavany outcrop show that: (1) 

deformation is induced by liquidization in a multi-layered suc-

cession with initial unstable density gradients; (2) deformation 

involves marine foreshore deposits; (3) deformation is absent 

in the beds that are located below and above the disturbed 

bed; and (4) deformed and undeformed beds show similar li-

thologies and sedimentary fabric (especially sedimentary tex-

tures). The last two properties point to an external trigger. 

Seismic shocks are thought to be the trigger of liquefaction 

and fluidization in the studied case. Seismites, sedimentary 

layers with earthquake induced deformations, have been recor-

ded in numerous sedimentary environments (e.g., Seilacher,

__________________________________

___
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4)

5)

6)

1984; Owen, 1995; Rossetti, 1999; Montenat et al., 2007; Taş-

gin and Türkmen, 2009), although they were only recently 

found in the Lower Badenian of the MCF.

The more or less generally accepted seismite criteria (Jones 

and Omoto, 2000; Montenat et al., 2007; Hilbert-Wolf et al., 

2009; Owen and Moretti, 2011) are:

1)

2)

3)

________________

_____________________

Association with one or more faults likely to have been ac-

tive during sedimentation. Although numerous faults were 

recognized in the area under study (see Fig. 1b), the most 

suitable fault for the production of high-magnitude earth-

quakes is the Eastern Marginal Fault of the Boskovice Ba-

sin, located approx. 3 km E of the outcrop. The fault has a 

SSW-NNE orientation and a length of more than 40 km. 

This structure separates the principal geological units of 

the Bohemian Massif, i.e. the Moldanubian unit, the Mora-

vian unit, the Letovice and Zábřeh Crystalline Complexes 

to the West; the Brno Massif and Moravo-Silesian Palaeo-

zoic deposits (Culm facies) to the East. The Boskovice Ba-

sin (an extensional basin/half graben), with a more than 3 

km thick Permo-Carboniferous sediment infill, was formed 

along this fault (Nehyba et al., 2012). Significant differen-

ces in the thickness, preservation, stratigraphy and facies 

of the Neogene deposits of the MCF occur along the eas-

tern margin of the Boskovice Basin. Quaternary tectonic 

activity of the area described Leichmann and Hejl (1996) 

and Roštínský et al. (2013). All these observations point to 

important and long-term activity of the fault, therefore such 

activity may well have taken place also during the Early 

Badenian.

The observed deformation should be consistent with defor-

mations with a known seismic origin. The SSDS under stu-

dy are all well comparable with SSDS reported from the 

geological record that were induced by earthquakes (Bow-

man et al., 2004; Mazumder et al., 1998a, b; Ross et al., 

2011; Moretti et al., 1999), as well as with those produced 

experimentally (Seilacher, 1984; Nichols et al., 1994; Owen, 

1996b; Scott and Price, 1988).  However, experiments have 

shown that the SSDS morphology depends on the initial 

sediment conditions and driving forces, rather than on the 

liquefaction trigger (Jones and Omoto, 2000).

The criterion of widespread occurrence of deformation struc-

tures and the criterion of lateral continuity of the horizons 

with seismically triggered SSDS (Hibert-Wolf et al., 2009) 

are difficult to apply in such a poorly exposed area as the 

MCF. Furthermore, the criteria have some critical points: 

Greb and Archer (2007) and Alfaro et al. (2010) demonstrate 

how seismically deformed beds can disappear laterally as a 

result of thickness changes and/or lateral facies variations.

The lower deformed subunit has been followed over a dis-

tance of about 15 m. Further tracing was impossible due to 

collapse of the walls of the sand pit. The upper subunit is 

not continuous, which is connected with the wedging out of 

interbeds of silty very fine sand within relatively coarser fine 

sand, and thus also with the disappearence of the initial 

unstable density gradient. The limited lateral extent of the

__________

upper subunit bed can be explained in this way.

The exclusion of other potential causal mechanisms is a 

further criterion. The main triggers for liquefaction-induced 

SSDS in the foreshore environment include: (1) pressure 

fluctuations associated with water waves, in particular storm 

waves (Alfaro et al., 2002; Molina et al., 1998; Owen, 1987); 

(2) the impact of breaking water waves (Dalrymple, 1979, 

1980); (3) tsunamis (Matsumoto et al., 2008); and (4) rapid 

sediment accumulation and sediment loading (Oliveira et 

al., 2009; Postma, 1983). Studies which have inferred the 

action of a non-seismic trigger have either noted the ab-

sence of evidence for a seismic trigger or used an assess-

ment of the overall sedimentological and palaeoenviron-

mental context.

The deformed unit is about 1.2 m thick and continuous on 

the outcrop scale; the deformation involves well-defined 

generally horizontal beds with various kinds of lamination 

reflecting different depositional conditions. There is no evi-

dence of mass deposition, nor was there the significant 

forward displacement of sediment. This excludes a slope 

related gravity flow origin of the SSDS, thus the high in-

stantaneous sedimentation rate can be excluded as a trig-

ger. Common criteria for strong oscillatory flows such as 

storm waves are bedforms such as hummocky cross-stra-

tifications and symmetrical ripples (Sherman and Green-

wood, 1989; Cheel and Leckie, 1993), or isolated slump 

bodies on the upper stoss side of mega-ripples (Dalrymple, 

1979). These structures and bedforms were not identified 

in the studied sedimentary succession. This also holds for 

the erosional and depositional evidence that might indicate 

“tsunamiites” (Dawson and Stewart, 2007).

Molina et al. (1998) reported casts and isolated water es-

cape structures due to storm waves. The SSDS under stu-

dy are not isolated; they show a wide variety of structures. 

Moreover, no differences were recognised in the composi-

tion of benthic foraminiferal assemblages, especially when 

comparing samples from deformed and undeformed units 

(Holcová et al. 2013).

A cyclic repetition of deformed layers is expected in seismic 

zones as a result of successive seismogenic triggers. Al-

though only one deformed unit, divided in two subunits, oc-

curs in Oslavany, the vertical repetitions of discrete horizons 

bearing similar SSDS were identified within both subunits.

A key criterion in determining the action of an allogenic trig-

ger is the presence of undeformed beds, identical in litho-

logy and facies to the deformed horizon above and below 

it (Moretti and Ronchi, 2011). The deformed unit sand-

wiched between undeformed deposits and lithological and 

facies similarities are present, indeed, in the studied case.

Sims (1975) and Wheeler (2002) mentioned several addi-

tional criteria for deformation features of seismic origin, i.e. 

A) evidence of sudden formation; B) evidence of synchro-

neity; and C) exhibition of a zoned distribution. The occur-

rence of SSDS in both subunits in Oslavany demonstrates 

at least approximate synchroneity of their formation, and

_________

__________________________________

_____________

______________________________
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their abundance provides evidence of the suddenness of 

formation.

The SSDS under study are the first described physical evi-

dence of seismic activity along the passive margin of the MCF 

during the Early Badenian. Seismically-induced deformations 

have also been described in the Ukrainian part of the Carpa-

thian Foredeep Basin (Wysocka et al., 2012). The passive 

margins of the peripheral foreland basins are often subjected 

to the synsedimentary reactivation of basement faults (Bau-

mont, 1981; Gupta, 1999). The existence of numerous isola-

ted relics of Lower Badenian deposits (Nehyba and Hladilo-

vá, 2004) with evidence of relatively deep marine conditions 

(Brzobohatý, 1997; Zágoršek et al., 2009) preserved on the 

foreland of the MCF and oriented almost linearly in the NW-

SE direction (almost perpendicular to the basin axis) often 

along the basement fault reflect such a situation.

The earthquake magnitude was large enough to produce a 

significantly enhanced pore pressure leading to sediment de-

formation (cf. Hilbert-Wolf et al., 2009). The magnitude of the 

seismic events can be roughly estimated by examination of 

trends of liquefaction versus the epicentral distances of mo-

dern earthquakes (Galli, 2000). Liquefaction is unlikely to have 

developed in earthquakes of a magnitude of less than 5, and 

earthquakes of a higher magnitude may have triggered lique-

faction over a wider area (Allen, 1986; Galli, 2000). A magni-

tude of less than 5 causes little or no liquefaction beyond a 

radius of 4 km; at a magnitude of 7, there is little or no lique-

faction beyond a radius of 20 km (Scott and Price, 1988; Jo-

nes and Omoto, 2000; Taşgin and Tűrkmen, 2009). The Eas-

tern Marginal Fault of the Boskovice Basin is located at a dis-

tance of approx. 3 km E of the outcrop. The fault shows a 

SSW-NNE orientation and a length of more than 40 km. Fur-

ther evidence of seismic activity along this fault might be hid-

den within the Neogene or possibly Quaternary deposits in 

the area. This may help determine the recurrence intervals of 

a major seismic event, as well as the risk assessment and 

the reconstruction of the long-term patterns of seismicity in 

the study area. According to Owen and Moretti (2011), the 

extrapolation of the relationship between earthquake magni-

tude and distance to the farthest liquefaction effects indicates 

that extremely infrequent, very high-magnitude earthquakes 

could liquefy susceptible deposits across an entire sedimen-

tary basin. Wagreich et al. (2008) supposed Early/Mid Bade-

nian earthquake induced gravity flows in the Vienna Basin. 

Intense seismic activity in the Vienna basin could also led to 

deformation of the deposits of the MCF.

Due to the relationship between earthquake energy and the 

intensity of soft-sediment deformation, attempts have been 

made to develop soft- sediment deformation scales to qualita-

tively measure soft- sediment deformation, hence earthquake 

energy. The studied structures can be compared with catego-

ries 3 and 4 of the semi-quantitative seismite intensity scale 

of Hilbert-Wolf et al. (2009).

7. Discussion

__________

_________________

___________________________

8. Conclusions
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