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Abstract. An extraordinary variation of plastic and brittle deformation structures with periglacial, glaciotec-
tonic and seismic features was observed within the unconsolidated, upper Pleistocene meandering river suc-
cession in the Slinkis outcrop in central Lithuania. Among these deformations, the following structures were 
described: (1) ice-wedge casts in the lower part of the sedimentary succession, linked to periglacial processes, 
(2) soft-sediment deformation structures, such as load structures (load casts, pseudonodules), flame structures 
and water/sediment-escape structures, all trapped in clearly defined layers in the upper part of the sedimentary 
succession, which are related to the propagation of seismic waves, and (3) faults occurring throughout the 
sedimentary succession, which are associated with glaciotectonic processes. To our knowledge, this is the first 
description and analysis of the combined presence of such a diverse range of deformation features caused by 
three trigger mechanisms in a meandering fluvial sedimentary succession.

Keywords: soft-sediment deformation structures; brittle deformations; seismite; periglacial features; glaciotectonic de-
formations; liquefaction; meandering river deposits

 Małgorzata Pisarska-Jamroży (pisanka@amu.edu.pl, szymon.belzyt@amu.edu.pl) Institute of Geology, Adam Mic-
kiewicz University, B. Krygowskiego 12, 61-680 Poznań, Poland; Albertas Bitinas (albertas.bitinas@gamtc.lt) Nature 
Research Centre, Akademijos 2, LT-08412 Vilnius, Lithuania; Asta Jusienė (asta.jusiene@lgt.lt) Lithuanian Geological 
Survey, S. Konarskio 35, Vilnius LT-03123, Lithuania; Barbara Woronko (bworonko@uw.edu.pl) Warsaw University, 
Faculty of Geology, Żwirki i Wigury 93, 02-089 Warsaw, Poland

IntroductIon

Different types of soft-deformation structures oc-
cur most commonly in fine-grained unconsolidated 
siliciclastic sediments and develop shortly after dep-
osition at a very early diagenetic stage. Most cases 
are observed in fine-grained lacustrine sediments (Al-
faro et al. 1997; Gladkov et al. 2016), glaciolacus-
trine sediments (Schwan, Van Loon 1979; Goździk, 
Van Loon 2007; Brooks 2018; Pisarska-Jamroży et 
al. 2018, 2019), and mass-movement sediments (Al-
sop, Marco 2011). These types of deformation struc-
ture have also been described from aeolian (Bryant et 

al. 2016) and fluvial deposits (Rana et al. 2016), 
but more rarely. In contrast, brittle and periglacial 
deformation structures can be found in all types of 
sediments, regardless of their granulometric com-
position (Evans et al. 2006; Ruszczyńska-Szenajch, 
Trzciński 2009; Pisarska-Jamroży, Zieliński 2012; 
Weckwerth, Pisarska-Jamroży 2015; Woronko et 
al. 2018).

The range of processes and agents that can induce 
soft-sediment deformation structures is wide, and for 
this reason, the reconstruction of their origin is often 
problematic. Furthermore, the overprinting of simul-
taneously or successively acting factors/triggers and 
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their overlapping traces in the sedimentary record 
(Van Loon, Brodzikowski 1987; Van Loon 2009; 
Pisarska-Jamroży 2013; Belzyt, Pisarska-Jamroży 
2017) can complicate the interpretation of the ori-
gin of the deformation structures. In glacigenic sedi-
ments, deformation structures are most commonly as-
cribed to periglacial and glacitectonic processes; such 
periglacial and glacitectonic features occurring dur-
ing the Weichselian glaciation have been widely de-
scribed across the territory of Lithuania (e.g. Aleksa, 
Bitinas 2000; Aber, Ber 2007; Baltrūnas et al. 2007, 
2010), as well as other previously glaciated areas 
south of the Baltic Sea (e.g. Dzierżek, Stańczuk 2006; 
Ewertowski 2009; Pedersen 2014; Gehrmann, Hard-
ing, 2018). It is possible that glacigenic sediments 
could be deformed during periods of ice-front fluc-
tuations under the influence of external factors such 
as the passage of shock waves resulting from seismic 
activity. It was found in the past few decades that the 
deformation of Quaternary sediments could be in-
duced by the rather frequent earthquakes triggered by 
Earth’s crustal rebound (termed GIA = glacial isostat-
ic adjustment) in front of the ice sheet (e.g. Johnston 
1987; Muir-Wood 2000; Stewart et al. 2000; Grol-
limund, Zoback 2001; Steffen, Wu 2011; Brandes et 
al. 2012; Steffen et al. 2014; Brandes et al. 2015; Van 
Loon et al. 2016). Such seismic waves may result in 
the creation of seismites, these being layers with soft-
sediment deformation structures of seismic origin 
(Hoffmann, Reicherter 2012; Brandes et al. 2012; 
Van Loon, Pisarska-Jamroży 2014; Pisarska-Jamroży 
et al. 2018; Pisarska-Jamroży, Woźniak 2019). GIA 
has mainly been thought to occur during deglaciation 
(e.g. Bitinas, Lazauskienė 2011; Bitinas 2012; Hoff-
mann, Reicherter 2012; Van Loon, Pisarska-Jamroży 
2014; Brandes et al. 2015; Van Loon et al. 2016; 
Druzhinina et al. 2017; Pisarska-Jamroży, Woźniak 
2019); however, recent studies suggest that GIA may 
also take place in front of advancing ice sheet (see 
Brandes et al. 2011; Pisarska-Jamroży et al. 2018), 
probably during ice-sheet movements.

It is also worth noting that presently seismic waves 
are commonly emitted from various sources, includ-
ing iceberg calving, basal motion, glacier hydraulics 
and englacial fracture development (e.g. Podolskiy, 
Walter 2016 and references therein). They can all 
trigger glacial earthquakes, which are detected within 
a distance of tens of hundreds of kilometres (Net-
tles, Ekström 2010), but until now, only Phillips et 
al. (2018) have noted the presence of soft-sediment 
deformation structures caused by glacial earthquakes 
in subglacial conditions.

A highly unusual discovery was recently made in 
the Slinkis outcrop in central Lithuania, where three 
groups of deformation structures caused by three dif-
ferent trigger mechanisms were found to co-occur in a 

single 5 m-high sedimentary succession (Fig. 1). The 
main goal of the study is to unravel the development 
of these deformation structures by determining the 
most probable trigger mechanisms and characterizing 
the deposition and deformation conditions. In addi-
tion, the present study aims to indicate the features 
of each of the three groups of deformation structure 
which generally could be used in the recognition of 
trigger mechanisms based on the lithological and de-
formational features of the sediments.

GeoLoGIcAL SettInG

The Slinkis outcrop is situated in the western part 
of central Lithuania (Figs. 1, 2), and is assigned to the 
Nevėžis Plain (Guobytė 1990). The relief and sedi-
ment cover of the study area were formed at the very 
end of the Last Glaciation (Upper Weichselian) and 
during the Holocene (Jusienė 2004). The hummocky 
morainic plain (till plain; at the altitude of about 
60–65 metres a.s.l.) was deposited during Last Gla-
cial deglaciation. The depressions of the hummocky 
morainic plain consist of layers of very fine-grained 
sand, silt/clay, or rarely, sand with gravel a few metres 
thick, which have been deposited from meltwaters. 
During the Holocene, the morainic plain was eroded 
by waters of the Nemunas River and its tributaries, 
and deep valleys were formed (Fig. 2).

The Slinkis outcrop, located in the area of the 
Nemunas and Dubysa River confluence (Fig. 1), is 
situated in the lower course of the Dubysa River, the 
right tributary of the Nemunas River, 3 km to the N of 
the Nemunas River valley. The investigated section 
is outcropping along the steeply incised river valley 
(Fig. 3A). The lateral extent of the outcrop is lim-
ited by the talus deposits totally covering the adjacent 
slopes of the valley (Fig. 3).

MAterIALS And MethodS

The textural and structural features of the sedi-
ments were described using a lithofacies code fol-
lowing Miall (1977), as modified by Zieliński and 
Pisarska-Jamroży (2012). A two-level subdivision of 
sediments was used, including a distinction between 
lithofacies and their associations. Two lithofacies as-
sociations were distinguished (lower and upper) and 
will be referred to as unit A and unit B, respectively, 
for the present study (see Fig. 3B). The mesoscale 
structural features (orientation of the fault planes, 
the axial planes of the folds, as well as the fault off-
sets) were measured. Their results were projected and 
mean orientation calculated using Stereonet 10 soft-
ware (lower hemisphere projection). The grain size of 
the sediments in the Slinkis outcrop is indicated ac-
cording to the Udden-Wentworth scale. Two samples 
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Fig. 2 Geological cross-section through the study area. For location see Fig. 1

Fig. 1 Geological map of the study area with the Slinkis outcrop location (modified after Jusienė 2004)
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for optically stimulated luminescence (OSL) dating 
were collected from cross-stratified sandy deposits 
of the upper part of unit A. The measurements were 
performed at the GADAM Gliwice Luminescence 
Laboratory in Poland using the standard multi-grain 
aliquots method. Equivalent doses of samples were 
determined using the single-aliquot regenerative-
dose (SAR) protocol. In addition, the results of pol-
len analysis, obtained during geological mapping 
carried out by Lithuanian Geological Survey at a 
scale of 1:50,000, were also taken into consideration 
(Jusienė 2004).

SedIMentAry SucceSSIon In the 
SLInkIS outcroP

the sedimentary succession description

The sedimentary succession in the Slinkis outcrop 
was observed in a 5 m-high and 6.5 m-wide outcrop 
orientated NE-SW and located along the left bank of 
the Dubysa River (Fig. 3). The sedimentary succes-
sion comprise two sedimentary units: lower A and 
upper B (Fig. 4A–C). The boundary between units A 
and B is erosional. Unit B is covered by a 0.5–1.2 m-
thick massive glacial diamicton (=till, lithofacies Dm; 
Fig. 4C); however, the total thickness of this diamic-
tion reaches almost 20 m in the immediate vicinity 
of the section (Fig. 3A). The deformation structures 
recognised within both units were described and in-
terpreted in the corresponding chapter.

Unit A consists mainly of sandy sediments: pla-
nar-, low angle-, trough cross-stratified and ripple-
cross laminated sands with admixtures of silts (litho-
facies Sp, Sl, St and Sr, respectively; Fig. 4D–F). The 
excavated part of the unit A is at least 2.3-m thick and 
the thickness of individual lithofacies varies from a 
few up to 50 cm. The lower and upper boundaries of 
the lithofacies are mostly sharp, and the upper bound-
aries of the lithofacies often show erosional features. 

Fig. 3 General view of the Slinkis outcrop. A: Slope of the Dubysa River valley with Holocene-age landslide which 
exposed ca. 20-metre-thick glacial diamicton. B: Sedimentary succession in the Slinkis outcrop with distinguished two 
sedimentary units A and B

The lithofacies have a lenticular shape and their lat-
eral extent varies from 2.3 to 4.6 m. The grain size 
distribution along the whole unit A shows a slight up-
ward fining. OSL dating results indicate that the up-
per part of unit A was deposited approximately 22.4 ± 
1.2 and 22.6 ± 1.4 ka (GdTL–2862 and GdTL–2863, 
respectively; Fig. 4C).

Unit B is more fine-grained than unit A. Its overall 
thickness reaches 55–65 cm, while the thickness of 
individual lithofacies varies from 7 to 22 cm (Fig. 4B, 
C). The lithofacies extend along the whole width of 
the outcrop. Unit B is composed of ripple cross-lami-
nated and wavy-laminated silt, ripple cross-laminated 
sandy silt and fine-grained sand for lithofacies Fr, Fw, 
FSr, Sr, respectively; lithofacies Sp comprise planar 
cross-stratified sand, and lithofacies Fm massive silts; 
furthermore, deformed sandy silt and silt lithofacies 
also occur (FSd and Fd lithofacies, respectively; see 
details in in the corresponding subchapter below). In 
the upper part of unit B were detected pollen (Fig. 4B) 
of Botrychium, Selaginella selaginoides, Lycopodium 
selago and Betula nana (Jusienė 2004).

the sedimentary succession interpretation

In the lower unit A, a fractional meandering suc-
cession of the compound bar (Fig. 4D) and a laterally 
accreted point bar typically occurring in meander-
ing rivers were recognized (Fig. 4E). The lower part 
of the point bar was, most probably, situated below 
the average river water level, while the upper part 
was covered by waters only during flood events (see 
Zieliński 2014). Floods caused erosion of the upper 
part of the point bar (platform or superplatform, up 
to 40 cm), resulting in the development of a chute 
(see Fig. 4E). Furthermore, the microdelt forms of the 
chute bar (from 5 up to 12 centimetres) were accumu-
lated (Fig. 4F).

Above unit A, the presence of fine-grained sedi-
ments (unit B) suggests accumulation at the distal 
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Fig. 4 Sedimentary succession at the Slinkis outcrop. A: Schematic view of the outcropping sediments. B: Two sedimen-
tary units A and B. c: Sedimentary log with two units A and B overlain by glacial diamicton and distribution of defor-
mation structures: ice-wedge casts, soft-sediment deformation structures and faults. d: Meandering river succession of 
a compound bar. e–F: Close-up view of meandering river sediments (point bars, chute bars, floodplain deposits) within 
unit A

part of the floodplain of the meandering river. The 
ripple cross-laminated sediments (lithofacies Fr, SFr, 
Sr) were deposited as flow-regime bedforms from 
slowly moving, small-volume inflows that used to 
interrupt phases of water stagnation and suspension 
fallout (lithofacies Fw, Fm). Due to successive phas-
es of deposition from suspension in water and the ero-
sion processes occurring during higher stages of the 
waters, the shape of visible layers is more lenticular 
or trough-like than sheet-like.

Both sedimentary units A and B in the Slinkis out-
crop were deposited in a meandering fluvial system 
during a cold climate, as indicated by inter alia the 
periglacial tundra type of pollen found in the upper-
most part of unit B (see Jusienė 2004; Borisova 2005). 
Cold-stage fluvial systems typically demonstrate a 
braided channel pattern with wide and shallow chan-
nels; however, the fluvial system in the Slinkis outcrop 
succession is more characteristic of meandering river 
sediments with imprints of periglacial features and 
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tundra vegetation pollen. This cold meandering system 
existed in front of the advancing Weichselian ice sheet. 
Sandy glaciofluvial sediments supplied this meander-
ing river, thus increasing its aggradational potential. 
This issue is a part of general discussion on changes 
in fluvial temperate and cold systems, as well as a lag 
in the reaction of the fluvial system to climatic change 
(see Krzyszkowski 1991, 1996; Vandenberghe et al. 
1994; Huisink 2000; Gibbard, Lewin 2002; Vander-
berghe 2008; Zieliński et al. 2016).

deForMAtIon StructureS In the 
SLInkIS outcroP dePoSItIonAL Suc-
ceSSIon

Three groups of deformation structures were rec-
ognized in the Slinkis outcrop: (1) cryostructures 
in unit A, (2) soft-sediment deformation structures 
(abbr. SSDS) in the lower part of unit B, and (3) faults 
in units A and B.

the cryostructures in unit A

Description
Two wedge-like structures (1.2 m-long and 5 cm-

long) were recognised in unit A (Fig. 5A–C). Both 
cut the chute bar deposits, with the larger also cut-

ting the overlying low-angle cross-stratified sands of 
the point bar (Fig. 4F at right side). The width of the 
larger wedge-like structure in the base ran from a few 
millimetres (thickness of 5–10 veins) to 15–20 cm in 
the uppermost part. This wedge-like structure is di-
vided into two parts: a lower part beginning in planar 
cross-laminated sands with admixtures of silt, and 
an upper one running from low-angle cross-stratified 
sands (Fig. 5C). The smaller wedge-like structure was 
found at the same level as the upper part of the larger 
wedge-like structure (Fig. 5B).

The orientation of the larger wedge-like structure 
plane axis slightly varies with depth, dipping gen-
erally to the S-SW with a nearly vertical (82–85˚) 
angle (Fig. 5C). The general trend of the plane axis 
azimuth is perpendicular to the outcrop extent (E-W,  
NW-SE).

Interpretation
The wedge-like structures were interpreted as epi-

genetic/syngenetic ice-wedge casts which grow up-
wards in response to surface aggradation. In the larg-
er ice-wedge cast, the presence of two growth stages, 
described as lower and upper (see previous subchap-
ter), implies its rejuvenation. During the first stage, 
5–10 narrow ice veins, 0.5 cm wide and more than 
100 cm deep, were formed in a thermal-contraction 

Fig. 5 Periglacially induced deformation structures in the Slinkis outcrop. A: Distribution of ice-wedge casts within sedi-
ments of unit A. B: Small ice-wedge cast with a set of syndepositional small-scale faults. c: Ice-wedge cast cutting chute 
bar deposits and stereographic projection of ice-wedge cast orientation measurements
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crack. The veins were opened in approximately the 
same place for 5–10 years. The width and depth of 
these ice veins was approximately the same through-
out their length. Some of the ice veins are infilled by 
massive grey silty clay, probably from the overlying 
active layer. Near the palaeosurface, the lower part of 
the ice-wedge cast widens, reaching 15–20 cm. The 
general narrowness of the wedge indicates that the 
sedimentation rate was relatively high and ice-vein 
accretion was low (see French 2007); however, the 
process of aggradation appears to have stopped for a 
few years between the two stages of ice-wedge cast 
development. A distinct widening towards the top of 
the ice-wedge cast in the first stage of formation sug-
gest that this structure is epigenetic in nature (French, 
Goździk 1988). During the second stage, the upper 
part of the bigger ice-wedge cast was opened in the 
same place as the lower one and it was the begin-
ning of syngenetic growth. The presence of down-
warps probably indicates that the fissure originally 
penetrated permafrost, and that voids were filled with 
sediments from the fissure walls as the ice melted 
(French, Goździk 1988). The smaller ice-wedge cast 
was developed at the same time as the upper part of 
the larger ice-wedge cast and it is epigenetic.

the soft-sediment deformation structures in unit B

Description
Two separated layers with numerous SSDS were 

recognised in the lower part of unit B (Figs. 4C, 6). 
Both deformed layers, viz. the lower deformed layer 
and the upper deformed layer, are interbedded with 
20 cm-thick undeformed sediments of a similar grain 
size as these deformed layers. The brittle deformation 
structures which accompany the SSDS, often cutting 
them, are described in the subchapter below.

Lower deformed level
The thickness of the lower layer with the SSDS 

(lithofacies FSd) ranges from 15 to 35 cm (Fig. 6A). The 
base boundary of the deformed layer is sharp while the 
top boundary has erosional features. The SSDS within 
lithofacies FSd are distributed more or less regularly 
along the visible part of the deformed layer (Fig. 6B). 
Silty sediment-escape structures, i.e. detached and 
undetached sandy load casts, have been recognised 
(Fig. 6A–H). A set of narrow, slender water/sediment-
escape structures measuring up to 12 cm long, intrude 
into the overlying ripple cross-laminated sandy deposits 
branching out in the uppermost part (Fig. 6B–D). Most 
water/sediment-escape structures have a sharp top edge 
(Fig. 6B, E–H). Sometimes, vertical and subvertical pil-
lars and channels of water/sediment-escape structures, 
measuring up to 5 cm long and less than 0.5 cm wide, 
caused deformation of underlying laminae in the down-

wards direction (Fig. 6E). The load casts have variable 
sizes of up to 14 cm length and 10 cm width, and vary 
in shape from elongated to rounded. In most cases, the 
internal laminae of the load casts are not curved, but 
straight and perpendicular to the edge of the cast, dem-
onstrating only slight local bending in the proximity of 
the load cast edge (Fig. 6B–E). The boundaries between 
the water/sediment-escape structures and the loading 
structures are sharp in most cases (Fig. 6D), but some-
times a mixture of sandy and silty sediments creates a 
narrow zone contouring each load cast, with the two do-
mains still visible (Fig. 6C).

In the deformed sandy and silty sediments there 
are visible remnants of five lithofacies (called sublay-
ers a–e) with preserved primary structures (Fig. 7A). 
In the lowermost part of the deformed layer, (a) a  
10 cm-thick horizontally laminated sandy silt (litho-
facies FSh) sublayer occurs, above (b) a massive silt 
(lithofacies Fm) sublayer 3–5 cm thick, followed by 
(c) a 5 cm-thick horizontally laminated silty sand 
(lithofacies SFh) sublayer, (d) a massive silt (litho-
facies Fm) sublayer 3–5 cm thick, and then (e) a ripple 
cross-laminated sand (lithofacies Sr) sublayer in the 
uppermost part. The latter infills shallow depressions, 
whose depth increases from NE to SW and varies be-
tween ca. 5 cm in the NE and 20 cm in the SW.

Upper deformed layer
The finer-grained, silty upper deformed layer (Fd 

lithofacies) within unit B (Figs 4C, 6A, I, J) is 6 to 
10 cm-thick and has a sharp base and top boundaries. 
In the base part, the deformed silty sediments overlie 
laminated fines. The lateral extension of the deformed 
layer is limited to the occurrence of silty sediments. In 
the topmost part, grain size grows gradually, chang-
ing into a thin layer of coarser-grained ripple cross-
laminated sand. The most commonly occurring SSDS 
in the upper part of unit B are small-scale water/sed-
iment-escape structures accompanied by flame struc-
tures, which all show a general uniform vergence, and 
irregularly shaped pseudonodules (Fig. 6I, J). The 
maximum height of single water/sediment-escape 
structures and flame structures reaches 2 cm, while 
the pseudonodules do not exceed 1 cm in diameter. 
The style of deformation (water/sediment-escape 
structures to flame structures and pseudonodule ratio) 
varies with the lateral extent of the deformed layer.

Interpretation
The type and frequency of SSDS within two well-

defined deformed layers (lithofacies FSd and Fd) 
suggests the possibility of a repeatedly occurring liq-
uefaction process. One of the first steps in seismite 
recognition is the indication of liquefaction features 
in the sediments (see Moretti, Ronchi 2011) which 
are relatively easily to recognize (e.g. water/sediment 
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Fig. 6 Soft-sediment deformation structures within lower part of unit B in the Slinkis outcrop. A: Lower and upper layers 
with soft-sediment deformation structures within unit B. Note the regular distribution of SSDS within layer. B: Water/
sediment-escape structures (mixed silty sand with sandy silt) injecting into ripple cross-laminated fine-grained sandy 
sediments. c: Close-up view of liquefaction features (white arrows). Note the rotated load structures. d: Set of narrow 
and slender water/sediment-escape structures intruded into overlying ripple cross-laminated sandy deposits. White arrows 
show relative direction of injected sediments upward movement. e: Water/sediment-escape structures affected lower-
laying laminated sandy silt sediments (root-like structures). White arrows show relative direction of injected sediments 
upward movement. F: Water/sediment-escape structure causing bending of surrounding mixed sandy-silty sediments.  
G: Upwards water/sediment-escape structures which deformed upper-laying sublayers b–e (see details at Fig. 7). h: Two 
levels of load structures: lower – gentle visible, and upper – with sharp, well-visible boundaries. I–J: Flame structures 
and load casts occurred in the upper deformed layer of unit B
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escape-structures). The liquefaction happens shortly 
after deposition of the sediments, and the top bounda-
ries of both contemporary-visible layers were palaeo-
surfaces during the liquefaction process. A rapid and 
relatively high increase of water pressure must have 
occurred, initiating nearly vertical, upwards move-
ment of the fluidized sediment due to liquefaction.

Lower deformed layer
The development of SSDS in the lower deformed 

layer probably began with the liquefaction of two 
fluidized silty sublayers b and d (Fig. 7B–D). The 
water/sediment-escape structures in sublayer b are 
developed upwards and downwards under condition 
of high water pressure (Fig. 6E–G). The presence of 
sharp features at the topmost part of some water/sed-
iment-escape structures (top of sublayer e) may sug-
gest that they were primarily silty volcanoes, whose 
cones must have been eroded by water currents dur-
ing the deposition of overlying ripple cross-laminated 
sand. The downwards injections cut the horizontally 
laminated sandy silt of sublayer a by vertical and 
subvertical structures and deform adjacent sediment 
(Fig. 6E at the lower part of the photo). The down-
wards injections stop at 2 mm-thick clay laminae 
made impermeable following impregnation of Fe3+: 
some of the downwards vertical/subvertical injec-
tions are therefore divided into a number of smaller 
branches which deformed the silty laminae and cre-
ated root-like structures at the base of lithofacies FSd 
visible today (Fig. 6E). The upper part of sublayer a 
forms one upwards water/sediment-escape structure 
which deformed sublayers b–e (Fig. 6G).

In addition, under high pressure, conditions in 
sublayer b caused the upwards injections. Some of 
them cut sublayers c and d. As a result of the upwards 
mobilization of sublayer b, load casts are formed 
(Fig. 6I, J). They are developed as a result of the 
sinking of the upper sublayer c and the upwelling of 
diapirs of the lower sublayer b, with the inner struc-
ture of load casts thus being laminated parallel to the 

outer shape of the form (Fig. 6I). The liquefied silty 
sediment (sublayer d) forms a second horizon of load 
casts, which increase in height from NE to SW and 
are directly connected to the thickness of the ripple 
cross-laminated sublayer e. The diapirs of silty sedi-
ment are pierced by narrow flame structures and do 
not cut the upper sandy rippled sublayer e, which 
remains undeformed (Fig. 6I). In all cases the main 
vertical upwelling diapirs form horizontal, subverti-
cal and downward secondary injections resulting in 
the formation of pseudonodules (Fig. 7). The water 
content and pressure of the mobilised silty sediment 
was high, as some of load casts were tilted and rotated 
(Fig. 6B, C). Part of them appear to be ‘sinking’ in the 
liquidized silty sublayer d. The straight inner lamina-
tion observed in most load casts indicates that no such 
loading or sinking occurred, or at least occurred to a 
very limited extent (Fig. 6I).

Upper deformed layer
The SSDS in the upper deformed layer represents a 

classical Rayleigh-Taylor instability. The lower layer 
began to be liquidized and the overlying laminated 
fines sank underneath. Following this, the developed 
flame structures were re-shaped in the direction of the 
palaeocurrent as a result of water flowing over freshly 
accumulated deposits in a hydroplastic state (see Kel-
ling, Walton 1957; Brodzikowski, Hałuszczak 1987). 
This process could be the reason why most flame 
structures show a uniform vergence.

Faults in the units A and B

Description
The third group of deformations detected in the 

Slinkis outcrop contain almost exclusively reverse 
faults (see Figs. 4B, C, E, 8A, B). Twenty-six small-
scale, dip-slip reverse faults and accompanying com-
plementary faults were observed in the sedimentary 
units and in the contact zone with the overloading 
glacial diamicton. The length of the faults varied from 

Fig. 7 Model of soft-sediment deformation structures development in the lower deformed layer of unit B in the Slinkis 
outcrop. A: Primary lithofacies (sublayers) involved in deformation process. B–d: Progress of liquefaction process and 
soft-sediment deformation structures development. See details at Fig. 4
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10 cm to 1.2 m, while the slip range in length from 
2 to 5 cm. These low-angle faults cut and intersect 
individual SSDS, i.e. the loading structures and wa-
ter/sediment-escape structures described in previous 
subchapter (Fig. 8C–E).

The longest fault, 1.2 metres in length, affects the 
major part of the sedimentary succession, including 
the lower part of unit A, i.e. reaching ice-wedge casts 
(see description in the subchapter above), and the 
sediments throughout unit B. The dip angle of some 
of the fault planes decrease vertically, displaying a 
listric-fault architecture (Fig. 8D, E).

In unit A and the lower part of unit B, 22 reverse 
fault planes are dipping 15–45° to N, NE and E (356–
117°) with a mean orientation 343/24/NE (73/24). 
Moreover, four small-scale reverse faults can be ob-

Fig. 8 Faults in units A and B in the Slinkis outcrop. A: Faults and folds in the upper part of unit B. B: Small-scale reverse 
faults within the upper part of unit B with stereographic projection of fault plane orientation. c: Low-angle reverse and 
listric faults cutting both units A and B of meandering river succession. d–e: Faults cutting and displacing soft-sediment 
deformation structures within unit B. F–G: Small-scale reverse faults within the upper part of unit A with stereographic 
projection of fault plane orientation

served, dipping in the opposite, westward direction. 
Their length is limited to 6 cm with a slip reaching 
1–2 cm; two are in unit A, and two in the upper part 
of unit B, where they act as second-order faults with 
orthogonal planes to those dipping in the ENE direc-
tion. Their mean orientation is 175/20/SW (265/20).

Additionally, small-scale folds (up to 5 mm-high 
limbs) were detected in the contact zone between the 
uppermost part of unit B and glacial diamicton. The 
six axial planes of the folds were dipping 8–12° to the 
WSW-NW (255–320°).

Interpretation
The common occurrence of dominating reverse faults 

and their architecture clearly indicate that compressive 
shortening in thrust regime acted as a direct deforma-
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tion mechanism. The group of four second-order reverse 
faults probably comprises syngenetic faults complemen-
tary to the main group, which were formed from weak-
ened sediments that had reached failure stress.

The principal direction of the maximum compres-
sive stress (σ1) was ENE to WSE (from 73° azimuth); 
in addition, the morphology of small-scale folds and 
orientation of their axis indicate that the main stress 
ran from the NE or NNE (perpendicular to the orien-
tation of the fold axis). This recent data is in line with 
earlier measurements of till fabric within the over-
loading till, which were obtained during the geologi-
cal mapping of the area (Jusienė 2004). The till fabric 
shows the dominating NNE-SSW long-axes azimuth. 
All these aforementioned features (thrust faults planes, 
fold axial planes and till fabric) are generally coher-
ent and confirm that the origin of the deformations 
is glaciotectonic in nature and that they were formed 
during the Last Glacial ice-sheet advance. The recon-
structed ice front direction runs from NNE-ENE.

The wide lateral extent of faults in the sediments 
of both lower and upper units of meandering fluvial 
system, as well as their vertical range, suggest that 
their development was postdepositional. Within the 
lower part of unit B (Fig. 8B–D) faulting cut the plas-
tic SSDS and the ice-wedge cast in unit A, suggesting 
that their development also occurred later.

dIScuSSIon

An accurate determination of the primary trigger 
mechanism of sediment deformation requires a criti-
cal discussion of all possible mechanisms based on the 
structural and textural features of the deformation struc-
tures as well as their geological context, e.g. tectonic set-
ting, regional stratigraphy, palaeogeography and palaeo-
climatic conditions. In a relatively small Slinkis outcrop, 
three different trigger mechanisms were found to be re-
sponsible for the development of deformation structures, 
and these were linked to periglacial, seismic and glacio-
tectonic processes. All the identified deposits, as well as 
their deformation structures found in the two units are 
directly or indirectly linked to the Grūda=Brandenburg/ 
=Frankfurt stadial (Guobytė, Satkūnas 2011; Marks 
2015, respectively) of the Nemunas=Weichselian gla-
ciation (MIS 2) c. 22 ka.

Periglacially induced deformation structures

The final deposition of unit A occurred about 22.4 ± 
1.2 ka and 22.6 ± 1.4 ka (Fig. 4C). This deposition hap-
pens in the extraglacial zone, in front of the advancing 
Scandinavian Ice Sheet during the Last Glacial Maxi-
mum (Grūda stadial of the Weichselian glaciation). 
Hence, it is highly likely that the pra-Dubysa valley 
had already existed; however, the distance between the 

ice-sheet front and the river valley remains unknown. 
Between units A and B, in the meandering river suc-
cession, a sedimentation break can be seen, and ice-
wedge casts were formed on the exposed part of the 
point bars. The presence of such epigenetic/syngenetic 
ice-wedge casts that directly cut the major part of unit 
A suggests that the study area was subject to periglacial 
processes. The presence of multi-stages of ice-wedge 
growth could suggest that the accumulation in the val-
ley was not continuous (see Vasil’chuk 2013).

Subsequently, the fine-grained lithofacies of unit 
B were deposited on the floodplain of the meandering 
river. The time gap between the accumulation of unit 
A in periglacial conditions and unit B was not too long. 
The presence of Botrychium, Selaginella selaginoides, 
Lycopodium selago and Betula nana pollen in the up-
permost part of unit B indicates the presence of cold 
climate condition (Jusienė 2004). The landscape be-
came almost entirely forestless, with periglacial tundra 
type vegetation and only sparse groups of spruce and 
birch trees (Borisova 2005). The lack of cryostructures 
in unit B could result from (1) the erosion of floodplain 
sediments (with cryostructures) by water current (see: 
erosional features of the topmost part of water/sedi-
ment escape structures) or flood events and/or (2) the 
subaqueous conditions prevailing on the floodplain. 
This means that sediments were covered for most of 
time by a water film which does not favour the devel-
opment of cryostructures (see Vasil’chuk 2013).

Seismically induced deformation structures

During floodplain deposition, the water-saturated 
sediments (fluidized state) were affected by at least two 
liquefaction processes, resulting in the deformation of 
floodplain sediments. As a consequence, two layers with 
SSDS were developed (Fig. 6A). A critical feature of 
the present arrangement is that the two deformed levels 
are interbedded between undeformed layers with similar 
granulometry composition. Furthermore, all SSDS are 
‘trapped’ within two well-defined layers. This excludes 
periglacial processes or glaciotectonics as direct causes 
of these deformation structures.

The sedimentological investigations allow the 
relative time of the liquefaction process working in 
the lower deformed layer to be estimated. The ero-
sional nature of the upper parts of some water/sedi-
ment-escape structures (Fig. 6B, E, F) indicate that 
liquefaction happened when sublayer e was a palaeo-
surface (see Fig. 7). As almost one metre of flood-
plain sediments can be observed above the lower 
deformed layer (i.e. the same granulometry as de-
formed layer), it is possible to exclude four of the six 
chief mechanisms causing liquefaction (Allen 2003): 
(1) “the sudden appearance of an agent from which 
coarse sediment is very rapidly deposited on a finer 



74

substrate”, (2) “aseismic events in the region which 
raise pore-fluid pressures in confined sedimentary 
layers”, (3) “changes in hydrostatic pressure and bed 
shear-stress related to the passage of progressive wa-
ter waves or tsunami”, and (4) “changes in pressure 
and shear stress on a bed resulting from the advection 
of large-scale turbulence”. Allen (2003) also propos-
es “the seasonal melting of layered alluvium in per-
iglacial regions…” as a potential cause; however, no 
evidence of even small thermal-contraction cracks, 
suggesting periglacial phenomena, was found in ei-
ther deformed layer. The remaining possible trigger 
mechanism of liquefaction according to Allen (2003) 
is a “sufficiently powerful earthquake”, which may be 
possible. In this sense, a sufficiently powerful earth-
quake would be one with a minimum magnitude of 
M=5, this being the minimum value for a seismically 
induced liquefaction process (Ambraseys 1988).

Glacial isostatic adjustment
The study area is located in a western part of the 

East European Craton, which is currently regarded as 
a stable continental region (stable continental core) of 
low seismic activity, but with a record of several his-
torical earthquakes of light and moderate magnitudes 
not exceeding local magnitude M=5 (Lazauskiene et 
al. 2012). The area of the Slinkis outcrop is located 
between two superregional W-E trending fault zones – 
Šilutė–Polock (approx. 20 km to the S of the interpret-
ed fault line) and Northern Prieglius–Birštonas fault 
zones. Both of these strike parallel to the present-day 
Nemunas River course along the eastern part of cen-
tral Lithuania and perpendicular to the ice-sheet mar-
gin. They have been classified as the most prominent 
hazardous seismotectonic zones in Lithuania with the 
maximum magnitude of the possible earthquake reach-
ing up to M = 5.5 (Lazauskienė et al. 2012). Some 
seismological studies have estimated the Northern 
Prieglius fault to have been activated by the M = 5 and 
5.2 Kaliningrad earthquakes in 2004; their depth was 
located instrumentally at a depth of 16–20 km but es-
timated at 10–19 km by macroseismic observations of 
earthquake damage (Gregersen et al. 2007). However, 
recent modelling of the thrust-faulting mechanism for 
the Slinkis outcrop (Steffen et al., this issue) support 
the GIA interpretation only during two time periods: 
(1) after the Saalian glaciation until ca. 96 ka BP and 
(2) ca. 15 ka BP until today.

Glacial earthquakes
A sufficiently powerful earthquake could also have 

been induced in the study site by glacial earthquakes 
associated with such processes as large-scale stick-
slip motion (Ekström et al. 2003, 2006). Such glacial 
earthquakes could be responsible for the liquefaction 
process and seismite development if their magnitudes 

were higher than M = 5 (cf. Ambraseys 1988). Nowa-
days stick-slip events can cause glacial earthquakes 
with a magnitude up to M = 5.5; however, these events 
are known to release their energy more slowly than 
tectonic earthquakes of comparable magnitude, they 
do not generate strong ground motion (cf. Ekström et 
al. 2003), and the magnitude-frequency relationship 
is different to that of tectonic earthquakes (Nettes, 
Ekström 2010). On the other hand, the Weichselian 
ice sheet was thicker than present-day glaciers, espe-
cially during its advance, so it would be reasonable 
to assume that the stick-slip motion of the ice sheet 
could be more violent and release energy faster than 
contemporary glaciers. Nettles and Ekström (2010) 
also indicate that the magnitude of glacial earthquakes 
depends on glacier thickness and bed topography. 
However, these claims should be verified by further 
geophysical modelling and experimental studies.

Glaciotectonically induced deformation 
structures

The glaciotectonically induced thrust faults and 
small-scale folds restricted to the contact zone be-
tween the sandy and silty topmost part of the mean-
dering river succession (Fig. 4B, C, E) with overlying 
glacial diamicton and to sandy and silty sediments 
(Fig. 4B) of the distal floodplain developed later than 
the SSDS in unit B and ice-wedge casts in unit A. Re-
verse faults could be interpreted as typical deforma-
tions of glaciotectonic origin (Fig. 4). The morphol-
ogy of small-scale folds and the orientation of their 
axis shows that the main direction of the stress ran 
from NE or NNE, i.e. perpendicular to the orientation 
of the fold axis. These findings are supported by the 
mean dip azimuth of thrust faults (73°, main stress di-
rection from ENE) and coincide with the nature of the 
till fabric in glacial diamictons in the Slinkis outcrop, 
as well as with the fabric data of till in the nearby 
Kumečiai quarry (see Fig. 1) located a few kilometres 
to the south; together this data suggests that the re-
gional relief-forming ice advance during the Weich-
selian was from the NNE (Jusienė 2004).

The NNE–ENE direction of the stress possibly re-
flected the very local ice flow directions associated 
with the orientation of the pra-Dubysa valley: the 
overall direction of ice flow across the central part 
of Lithuania during the first stage of the Last Glacial 
was from NW to SE (Gaigalas 1995).

concLuSIonS

The following conclusions can be drawn from this 
study:

• The meandering fluvial sedimentary succession 
in the Slinkis outcrop, including i.a. coarser-grained 
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parts of the chute bar, point bars, compound bar and 
finer-grained floodplain, indicates that the meander-
ing pra-Dubysa River existed in the Late Glacial, 
most probably before 22.4 ± 1.2 ka and 22.6 ± 1.4 ka. 
The meandering river collected sandy glaciofluvial 
sediments flowing from the ice sheet.

• The fluvial sediments were consecutively (1) 
exposed to periglacial conditions and affected by (2) 
liquefaction phenomena and (3) glaciotectonic proc-
esses during the Last Glacial Maximum.

• Epigenetic/syngenetic ice-wedge casts were de-
veloped in periglacial conditions on the surface of the 
exposed point bar in the meandering river.

• Two well-defined layers with SSDS (dominated 
by water/sediment-escape structures and accompany-
ing load structures) are linked to at least two phases 
of liquefaction processes, which may have been trig-
gered by seismic shock derived from a glacial iso-
static earthquake or glacial earthquake.

• Contractional deformations, such as thrust faults, 
affecting the entire succession of the meandering riv-
er developed in response to glaciotectonic processes 
associated with the advancing Weichselian ice sheet.
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