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Investigations of soft-sediment
deformation structures and palaeoseismicity
of the South-eastern Baltic Region:
an introduction
Albertas Bitinas1, Jolanta Čyžienė2, Małgorzata Pisarska-Jamroży3
1.

Nature Research Centre, Akademijos 2, LT-08412 Vilnius, Lithuania; e-mail: albertas.bitinas@gamtc.lt

2.

Lithuanian Geological Survey, S. Konarskio 35, LT-03123 Vilnius, Lithuania; e-mail: jolanta.cyziene@lgt.lt

3.

Institute of Geology, Adam Mickiewicz University, B. Krygowskiego 12, 61-680 Poznań, Poland; e-mail: pisanka@amu.edu.pl

The evolution of palaeoseismological studies in the past decade clearly demonstrates that in order
to properly understand the seismic potential of a region, and to assess the associated hazards, multidisciplinary studies are necessary to take full advantage from the geological evidence of the past
earthquakes. The large amount of palaeoseismological data collected in recent years from different
regions show that each earthquake source creates a signature on the geology and the geomorphology
of an area that is unequivocally related with the order of magnitude of its earthquake potential.
For many years the entire eastern onshore of the Baltic Sea has been considered as a low seismic
activity area. There were two main reasons that seismic activity has not been adequately assessed:
1) a priori prevailing opinion that the region, as a stable part on the Eastern European Craton, is of a
very small seismic activity, and 2) lack of experience and skills to identify reliably traces of palaeoearthquakes. But this opinion began to change essentially after a few earthquakes that occurred on
the junction of the XX–XXI centuries: after the earthquake of 4.7 magnitude in Estonian Osmussaare
island in 1976, and, especially, after two successive 5.0 and 5.2 magnitude earthquakes in the Kaliningrad Region of Russian Federation in 2004.
Besides manifestation of some local seismic activity in Eastern Baltic, large regional earthquakes
generate earth trembling up to intensities IV or V (MSK scale) in this area. For instance, inhabitants
of Lithuania have felt trembling from Oslo 1905 earthquake and from earthquakes of Vrancea area in
Romania in 1940, 1977, 1986 and 1990. The first instrumental seismological observations in Lithuania started in 1970 as Vilnius seismic station was founded. The first comprehensive study of seismic
activity of Lithuania was carried out in 1988 as a part of re-examination of safety of Ignalina Nuclear
Power Plant. Seismic Alarm System and complementary Seismic Monitoring System were installed
in the Ignalina Nuclear Power Plant in 1999. At the same time Lithuanian Geological Survey took responsibility to process, analyse and store seismological data of the SMS and a project of seismological monitoring was initiated there. In 2012, Lithuanian Geological Survey established Seismological
Data Center with two broad band seismic stations PBUR (Paburgė) and PABE (Paberžė) that have
been installed in central and western part of Lithuania. The Lithuanian Geological Survey carry out
the seismic monitoring of Lithuania and adjacent territories (seismic data are continuously collecting
from seismic stations in Lithuania and adjacent countries). It is worth mentioning that Lithuania has
several important industrial facilities including the decommissioned Ignalina Power Plant, Nemunas
dam, nitrogen fertilizer factory‚ ‘Achema’ in Jonava, mineral fertilizer factory ‘Lifosa’ in Kėdainiai,
oil refinery ‘Orlen’ in Mažeikiai, and liquefied natural gas floating storage and regasification unit
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terminal in Klaipėda. Therefore, even moderate earthquakes can cause significant damage to such
objects. This shows that seismic assessment is important even in such low seismicity region like
Lithuania.
Palaeoseismology has become an important component of seismic risk analysis, which is mandated
for nuclear power plants, dams, waste repositories, and other critical instalations. During the last
decade, based on the results of geological survey and critical analysis of some previous scientific
publications, an idea about possible palaeo-seismic events in the South-eastern Baltic Region was
developed and published (Bitinas & Lazauskiene 2011; Bitinas 2012). This assumption generally
was based on the number of soft-sedimentary deformation structures (abbr. SSDS) that were found
during field investigations. Moreover, it was observed that in the number of previous publications the
all SSDS were attributed to the structures triggered by different geological processes – permafrost,
slope processes, glaciotectonism, activity of living organisms, soil-forming processes, etc., except
one – the palaeo-seismic event. But it was an obvious that a part of the mentioned SSDS could have
been caused by processes of sediment liquefaction what, possibly, was triggered by earthquakes
caused by glacio-isostatic crustal rebound. One of the first issues in recognizing SSDS of seismic
origin is to find in sediments evidence of upward directed forces caused by liquefaction processes
like water-escape-structures, sand volcanoes or flame structures. The next challenge concerns trigger
mechanisms because liquefaction can be induced in many ways including, e.g. earth tremors, meteorite impact, tsunami and sediment loading. However, no criteria are known to distinguish liquefaction
induced by earth tremor from liquefaction induced by meteorite impact or sediment loading or any
other trigger. Moreover, multi-triggering mechanisms can lead to multiple origins of SSDS, so it is
difficult or even impossible to decide which one finally produced the SSDS in sediments. Finally,
insight into the apparent discrepancy between the tectonic reaction of the earth crust during ice advance and ice retreat is necessary, and tracing faults in the bedrock which may have been reactivated
during glaciation and deglaciation phases. The SSDS of possible seismic genesis were identified in
several localities of Lithuania, as well as in the other territories of Southern Peribaltic, e.g. Latvia,
Kaliningrad Region, Belarus, Poland and Germany (Bitinas & Lazauskiene, 2011; Bitinas, 2012;
Hoffmann & Reicherter, 2012; Brandes & Winsemann, 2013; Van Loon & Pisarska-Jamroży, 2014;
Brandes et al. 2015; Van Loon et al. 2016; Druzhinina et al. 2017; Pisarska-Jamroży et al. 2018; Pisarska-Jamroży & Woźniak in press a; Pisarska-Jamroży et al. in press b; ). The mentioned structures
were developed in the sediments deposited in different conditions (e.g. glaciolacustrine, lacustrine,
fluvial) and in different age, from the very end of the Last Glacial up to the Holocene.
The investigations concerning recognition of traces left by earthquakes in Pleistocene sediments
affected by glacioisostatic rebound in Poland, Germany, Latvia, Estonia and Lithuania are now continued by GREBAL team. However, the more research we do, the more questions we have… This
was one of the reasons we decided to organize the Palaeoseismological Workshop and present our
hypotheses and share our doubts.
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Highlights
•

Soft-sediment deformation structures (abbr. SSDS) occur from centimetres to metres scale

•

Six – at minimum – SSDS horizons developed during at least three phases

•

SSDS developed in fluidized sediments under the influence of a liquefaction process

•

A negative density gradient readjustment effect characterises most observed SSDS

Study area
The Liciškėnai kame is located in southern Lithuania, within the bounds of an area generally referred
to as the Simnas-Balbieriškis glaciolacustrine plain (Basalykas, 1965; see Fig. 1). This kame is primarily composed of silty sand, being classified as a glaciolacustrine kame by Karmazienė (2017).
The kame is almost oval in form. The long axis, extending in a SW-NE direction is 500 metres long,
and the short axis is about 300 metres in width. This kame surface is relatively flat, rising about
10 metres above the surrounding plain; with a maximum kame-surface altitude of about 120 metres
a.s.l. Hill rise at the southwest portion of the kame is only about 5 metres above the planation surface.
Perimeter slopes are of equal height and inclination, lacking ravine or gully incision.
In Lithuania, single glaciolacustrine kames, or groups there, are usually found in zones of marginal accumulation or in morainal plains. Contrarily the Liciškėnai kame itself is located on the glaciolacustrine
plain (Fig. 1). The kame, together with the surrounding relief, was formed during the final stage of the
Last Glaciation – Upper Weichselian, Viršutinis Nemunas (Guobytė & Satkūnas, 2011). Unexpectedly,
the optically stimulated luminescence (OSL) ages obtained from the sandy kame sediments suggest
deposition times of 68.0±6.2 ka and 56.8±5.1 ka, contradicting other geological data. It’s possible that
these older than expected ages of kame sediments is an artefact of poor bleaching of quartz grains deposited in cloudy opaqueness – milky water in an ice lake (see Weckwerth et al., 2013).
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Fig. 1. Geological map of the Liciškėnai kame and its surroundings (Karmazienė, 2017)
THE GENESIS AND AGE OF SEDIMENTS
HOLOCENE SEDIMENTS: 1–diluvium, 2–biogenic (high-moor bog-plain), 3–biogenic (low-moor bog-plain), 4–lacustrine, 5–proluvium,
6–alluvium (floodplain-terrace), 7–alluvium (1st overbank terrace), 8–alluvium (2nd overbank terrace).
PLEISTOCENE SEDIMENTS (Late Weichselian): 9–alluvium (3rd overbank terrace); 10–glaciolacustrine, 11–glaciofluvial (sandur,
delta), 12–glaciolacustrine (englacial kame-glaciolacustrine, kame-massif, kame-terrace), 13–glaciofluvial (englacial kameglaciofluvial, kame-terrace), 14–glaciofluvial (englacial plateau-like hill or ‘zvonec’), 15–glacial (basal moraine), 16–glacial
(marginal moraine).
SEDIMENT LITHOLOGY: 17–gravel and sand, 18–sand and gravel, 19–unsorted sand, 20–medium-grained sand, 21–fine-grained
sand, 22–very fine-grained sand, 23–silty sand, 24–clayey sand, 25–silt, 26–sandy silt, 27–clayey silt, 28–sandy and clayey silt, 29–
clay, 30–silty clay, 31–clayey sand/gravel (slope deposits), 32–till, 33–bog peat (high moor), 34–bog peat (low moor).
OTHER SIGNS: 35–quarry, 36–settlement.

Sedimentological description and interpretation
A fine-grained silty and sandy sedimentary succession was observed in a 5 metres high and 70 metres wide outcrop sited in the central part of the kame (Fig. 2). Four sedimentation units, A-D, were
recognised in the Liciškėnai kame. The lowermost unit A has a thickness at least 1.5 metre, primarily
accommodating small-scale ripple cross-laminated sandy silt and silt (lithofacies FSr and Fr). The
next – unit B – is 2.5 metres thick, consisting of massive sand and sandy silt (lithofacies Sm, FSm),
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and horizontally-laminated sand (lithofacies Sh) at the top. A 0.5 metre thick unit C is characterized
by trough cross-stratified gravelly sands, with erosional channel infill of massive clast-supported
fine- to medium-grained gravels (lithofacies SGt, Ge). Much of the granule and pebble channel infill
appears broken (fractured) in situ – essentially a ruptured clast occurrence. Covering the gravelly
deposits are massive sands – unit D – (lithofacies Sm). Units A and B are associated with SSDS (see
Fig. 2 and details in the chapter below).
This silty-sandy succession represents the deposition of glaciolacustrine sediments into an ice-lake,
with the transport track moving between dead-ice blocks. Unit A, a ripple cross-laminated lithofacies, was deposited through the action of slow-moving, small-volume inflow events. Unit B’s massive sandy lithofacies was derived from the action of inflowing currents during phases of higher
discharge. Unit C represents an erosional phase: after sandy 3D-dunes were deposited, massive gravels infilled eroded channels on their beds. Unit D, at the top, is comprised of wind-deposited sandy
sediments, being coversand.

SSDS features
Six horizons with SSDS (1–6) were recognised in the Liciškėnai kame sedimentary record. Horizon (1) occurs at the top of the lowermost unit A. It contains deformations reaching ~ 0.8 metre
across. Those deformations consist of thin (≤ 2 centimetres diameter) injection structures contained
within ripple cross-laminated sandy laminae. Branch-shaped structures occur at the top of this horizon (Fig. 2A, F). Those flame features are accompanied by dish structures (≤ 2 centimetres diameter),
and pseudonodules that occur 1–2 (to 5) cm. The next four SSDS horizons (2–5) occur within unit B.
Horizon (2), the lowest sequence in unit B, has a thickness ranging from 0.6 to ≥ 2 metres, containing
chaotically distributed load casts with heights between a few centimetres up to 1.5 metres. Injection
structures there reached a few centimetres in height. The thickness of horizon 2 is the greatest in the
kames’s central part. Horizon (3) is represented by 20 centimetres thick layer with detached sandy
pseudonodules. The fourth and fifth horizons are recorded at the top part of the unit B: the lower
one (4) is represented by chaotically distributed load casts (~ 60 centimetres in height and 1–2 metres wide), which occur in association with 1–2 centimetres-thick iron-rich layers. This deformation
horizon does not form a continuous layer but is present as patches. The upper horizon of unit B, (5),
is 4-centimetres thick and contains injection structures. The sixth horizon (6) is up to 2 metres wide
and appears at the bottom part of unit A and finishes in the lowermost part of unit B. Within its clayey silt sediments occur small-scale pseudonodules and injection structures (Fig. 2B). Additionally,
≤ 15 centimetres wide dykes occur rooted in the lowermost horizon of SSDS in unit B, and truncated
all overlaying sediments (Fig. 2G).

SSDS origin
The Liciškėnai kame displays and extraordinary rich scale of sediment deformations, with load structures having a wide range of differing styles and morphology. All silty and silty sandy levels were at
some point fluidized and subsequently covered by sandy deposits. These SSDS are due to liquefaction generated through a negative density gradient readjustment.
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Fig. 2. Soft-sediment deformation structures in Liciškėnai glaciolacustrine-kame sediments
A: General view of the outcrop with section location presented in photos B-H (black arrows). B: Load casts and multi-scale
pseudonodules with flame structures and injection ‘branch-shaped structures’ (white arrows). C: Detached load cast (black
arrow) with: 1) an exterior portion composed of deformed ripple-cross laminated fine sand; 2) a middle portion composed of
deformed silty sediments; and an interior portion composed of silty sand sediments with flame structures (white arrows). D: Broken
ripple cross-laminated sandy laminae. E: Chaotically distributed load casts and broken, curved part of ripple cross-laminated
sediments. F: Horizons with SSDS up to 2 centimetres thick (white arrow). G: Dyke structure rooted in the SSDS horizon of the unit B.
H: Channel infilled by gravelly deposits and trough cross-stratified sands below (unit C).
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Deformation styles and distributions within the kame demonstrate that, in many cases, sediment
mobilization occurred after the accumulation of distinct units (A-D) – before a final consolidation.
That is indicated by dyke structures having been exclusively rooted in the SSDS horizon 2, excepted
from all overlying deposits, including previously formed deformation structures (3–5). The authors
exclude a mass-movement mechanism as the trigger of SSDS development since no evidence of
mass-movement deposits have been found. Also – but difficult to prove – is the influence of glacio-isostatic rebound; although an obvious liner zone, one that separated sediment complexes of different lithological composition (possibly linked with active fault) was mapped in the neighbourhood
(see Karmazienė, 2017). That shear zone could theoretically have been reactivated during ice-sheet
front fluctuations. However, it is hard to reconcile seismic activity without further tectonic-structure
investigation. Undoubtedly, the origins of some deformations (e.g., the dish structures) could have
formed during the consolidation through the compaction and dewatering of rapidly deposited, under-consolidated ‘quick beds’ (see Lowe & LoPiccolo, 1974). However this potential process does
not explain the formation of such large load casts as observed in the SSDS horizon 2. The formation
of the horizons SSDS 4 and 5 (according to location at the top of the form) could have been the result
of processes that accompanied permafrost degradation, which in that case would have likely entered
into earlier kame-settlement complexes.
The distribution and inter-relationships of SSDS were the basis for distinguishing at least three developmental phases. Phase 1 was connected with the liquidization of the uppermost part of the silty
sand sediments (unit A), overlapped by 5 cm thick ripple cross-laminated sand. Owen (2003) states
that freshly deposited muds are often more loosely packed than sand deposits, which leads to easier
fluidization. The SSDS in horizon 1 were connected with a high-water pressure that formed within
the deformed layer, which caused an upward movement of fluidized sediment. The end result of these
processes was the formation of dish structures, detached sandy pseudonodules (with primary sediment structure preservation), and branch-shaped structures. The last SSDS originated as an artefact
of limited injections of sandy silt deposits into the base part of ripple cross-laminated sand. The 5th
SSDS horizon represents a similar SSDS developmental history to horizon 1, but in this case the features could originate due to permafrost degradation. Most likely, the 2nd and 3rd SSDS horizons in unit
B had originated successively during the incipient kame accumulation. The 3rd horizon, involving a
continuous layer with pseudonodules, was modified by the sinking of the sand layer that contained
finer sandy silt deposits. An matching depth position to all pseudonodule occurrences may indicate
the depth of liquidized layer and its liquidized state lasted long enough to enable that feature’s formation.
The deformations of 2nd horizon were formed in phase 2. This phase of SSDS building was of a much
larger scale than that of the aforementioned ones. This group of deformations mobilised the deposits
from the lowermost part of unit B. The entire visible unit A, included earlier deformations associated with horizon 1. The largest load casts (≤ 1 m wide) contain within a few generations of smaller
SSDS. The large scale of the second load cast and the weight-pressure of the mass of the overlying
kame deposits (≥ 4 m) caused the formation of injection-structure silt deposits occurring at different
scales from small, features barely a few centimetres wide in the floor of the load cast, to quite big
ones of 0.5 metre width including small pseudonodules and dykes (Fig. 2B-E, G). Undoubtedly, this
deformation horizon was formed in deposits that were overbuilt by a thick sediment layer (≤ 4 m).
Phase 3 of deformation could have originated as a result of the permafrost degradation, being connected with the 4th and 5th SSDS horizon deformations.
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Possible trigger mechanisms
It is very difficult to answer the question of what is the initial factor of deposit liquidization, at least
at this stage of the investigation. Studies of other glaciolacustrine kames help to evidence that large
multi-type SSDS are a characteristic element of glaciolacustrine kame sedimentology.
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Highlights
•

Liquefaction as the main process responsible for soft-sediment deformation structures (abbr.
SSDS) development

•

Sudden development of SSDS

Study area
The area of interests around the Slinkis outcrop – a confluence of the Nemunas and Dubysa River
(Figs 1 and 2) is assigned to the Nevėžis Plain (Guobytė, 1990). The Slinkis outcrop is located in the
Nemunas River’ right tributary – the lower course of the Dubysa River. The present morphology of
this area was 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 about 60–65 metres
a.s.l.) was formed during Last Glacial deglaciation. The meltwaters deposited in depressions of the
hummocky morainic plain a few-metres-thick layers of very fine-grained sand, silt and clay or rarely,
sand, sand with gravel. During the Holocene, the morainic plain was eroded by the Nemunas River
and its tributaries.

Sedimentological description and interpretation
The fine-grained silty sand sedimentary succession was observed in 5 m height and 6.5 m width outcrop located along the Dubysa River (Fig. 3A-B). The sedimentary succession consists of three units
(lithofacies associations). The lower unit (Fig. 3B-C) consists of mainly sandy sediments: planar-,
low angle-, trough-, and ripple-cross laminated sands with admixtures of silt (lithofacies Sp, Sl, St
and Sr, accordingly). The excavated part of the lower unit has at least 3.5 m thickness, and the thicknesses of lithofacies within this unit vary from 20 to 30 cm. The grain size distribution in the whole
unit shows decrease generally upwards. In the lower unit small reverse faults with a few centimetres
offsets occur, and one ice wedge cast was recognised. The middle unit (Fig. 3C-F) is more fine-grained

16

Soft-sediment deformation structures and palaeoseismic phenomena in the South-eastern Baltic Region

Fig. 1. Geological map of the Nemunas and Dubysa River confluence area (Jusienė, 2004)
GENESIS AND AGE OF SEDIMENTS
HOLOCENE SEDIMENTS: 1–biogenic (peatbog), 2–lacustrine, 3–deluvium, 4–alluvium (floodplain terrace), 5–alluvium (Ist overbank
terrace), 6–alluvium (IInd overbank terrace), 7–aeolian.
PLEISTOCENE SEDIMENTS: 8–glaciolacustrine (Late Weichselian), 9–glaciolacustrine (inter morainic), 10–glaciofluvial (Late
Weichselian), 11–glaciofluvial (inter morainic Late Weichselian – Saalian), 12–glaciofluvial (inter morainic Late Weichselian –
Elsterian?), 13–glacial (Late Weichselian), 14–glacial (Saalian), 15–glacial (Elsterian?), 16–Upper Cretaceous rocks (probably not in
situ).
LITHOLOGY OF SEDIMENTS: 17–gravel, 18–mixture of gravel and sand, 19–unsorted sand, 20–medium-grained sand, 21–finegrained sand, 22–very fine-grained sand, 23–silty sand, 24–clayey sand, 25–silty-clayey sand, 26–silt, 27–sandy silt, 28–sandy-clayey
silt, 29–clay, 30–silty clay, 31–slope sediment, 32–peat. OTHER SIGNS: 33–settlement, 34–number of boreholes (in cross-section),
35–OSL age of sediments, 36–soft-sediment deformation structures, 37–glaciotectonic deformations, 38–line of geological crosssection, number of boreholes.

17

EXCURSION GUIDE OF INTERNATIONAL PALAEOSEISMOLOGICAL FIELD WORKSHOP

SEPTEMBER 17 – 21, 2018

LITHUANIA – LATVIA

Fig. 2. Geological cross-section I–I’. For location and legend see Fig. 1

than the lower one, and contains: ripple cross-laminated silt, sandy silt and sand (lithofacies Fr, FSr,
Sr, accordingly), planar cross-stratified sand (lithofacies Sp), and massive silty clay (lithofacies Fm).
The thickness of the whole middle unit reaches 2 m, and each lithofacies thicknesses vary from 7 to
ca. 20 cm. Some lithofacies of this unit are involved in plastic SSDS, and in reverse faults with a few
centimetres offsets (see details in the chapter below).
The lower and middle units in Slinkis were deposited probably in meandering fluvial system. The
lower unit represents laterally accreted point-bar deposition. The numerous low-angle cross-stratified
lithofacies can indicate the common occurrence of high-energy, shallow flow near the transition from
subcritical to supercritical (Miall, 1996). The occurrence of ice wedge cast on the top of the lower
unit suggests periglacial climate conditions under which the river was functioning (Vandenberghe &
Pissart, 1993). Moreover, it suggests that between lower and middle units there was a sedimentation
break. Ice wedge casts were formed on the exposed parts of the point bars. The middle, fine-grained
unit was deposited on meandering-river floodplain or in shallow lake. The ripple cross-laminated finegrained sediments of the middle unit were deposited from slow-moving, small-volume inflows, that
interrupted phases of stagnant water and suspension fallout. The OSL ages of investigated sediments
show 22.4±1.2 and 22.6±1.4 ka (Fig. 2). Thus, most probably, the valley of pra-Dubysa already existed
before the Last Glacial. The commonly-occurring reverse faults, which deform also layers with plastic
SSDS are connected with glaciotectonic processes, that acted during the Last Glacial advancing ice
sheet (see next paragraphs).
The upper unit consists of sands and gravelly sands with glaciotectonic deformations (thrust faults,
folds) developed in the contact zone with the overloading till (glacial diamictons). Structural measurements allow to interpret that ice-flow direction during formation of the lowermost part of till was from
the sector E-NE, whereas the in the uppermost part from the sector N-NE (Jusienė, 2004).
Between middle and upper unit, thin layers (up to 0.5 cm) with organic matter were detected. Palynological analysis indicates that sediments contain pollens of Botrychium, Selaginella selaginoides, Lycopodium selago, Betula nana, what shows a cold climatic conditions of sedimentation (Jusienė, 2004).
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Fig. 3. The study site in Slinkis
A: The study site neighbour to Holocene landslide. B: The sedimentary succession of meandering fluvial system in Slinkis. C-D: The
horizons with SSDS (white arrows). E-F: Injection structures evolved from the lower silty sediments into horizontally-laminated sands
above (black arrows).

SSDS features and development
Two horizons with ‘trapped’ SSDS (Fig. 3C) were recognised in the middle unit of sedimentary succession in Slinkis outcrop. The both horizons with SSDS have extend of only 6.5 m because of vegetation coverage, a thick talus and Holocene-aged landslide covering the sediments (see Fig. 3A). Both
strongly deformed horizons have well-defined boundaries (lower and upper), and occur between undeformed sediments which show similar grain size. The lower horizon with SSDS (Fig. 3E-F) contains
detached and undetached sandy load casts, silty flame structures, and mostly injection structures like
fluid-escape structures. In most of load casts the primary internal lamination is still visible.
Soft-sediment deformation structures were evolved, when the sediments were fluidized and afterwards affected by liquefaction process. The liquefaction caused sudden change in the sediments
state, and in most of load casts that internal laminae aren’t curved and are perpendicular to the load
cast forms suggesting that loading process didn’t happen. The top of layer involved in SSDS is trun-
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cated and covered by sediments, pointing at erosion of the sedimentary surface. It’s possible that
some of injection-like structures were originally silty volcanoes, which cones were eroded by water
currents that deposited overlying sediments. In the upper horizon with SSDS mainly small-scale
injection structures, developed probably during the initial phase of deformations, occur. All of these
plastic deformations evolved in water-saturated sediment.
Possible trigger mechanisms
•

Overloading

•

Groundwater level fluctuations

•

Palaeoseismic event
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Highlights
•

Liquefaction as the main process responsible for soft-sediment deformation structures
(abbr. SSDS) development

•

Vertical repetition of SSDS horizons (sandwich-like layers)

•

Horizontal extent of SSDS horizons in sediments depend on horizontal extent of river sediments

Study area
The Kumečiai outcrop is located on the relatively steep artificial slope (unexploited quarry wall)
within a small valley of the Nemunas River left tributary (Figs 1 and 2). The geological and geomorfological situation of the Kumečiai surroundings is similar to the area close to Slinkis outcrop (this
volume); the current relief and sediment cover were formed at the very end of the Last Glaciation
(Upper Weichselian) and during the Holocene (Jusienė, 2004).
At the lowermost and uppermost part of succession in Kumečiai outcrop two glacial diamictons
(tills) have been detected. The till laying at the bottom of slope was most probably deposited during
Saalian, while the till at the top was formed during Late Weichselian by ice that advanced from
NNE-NE (the same direction, according to till fabric data, characterised the uppermost till in the
Slinkis outcrop (see previous chapter). Inter-morainic sediments, occurred between these two tills,
are composed by fine and very-fine sand or silty sand and are interpreted by Jusienė (2004) as glaciolacustrine. Some layers of these inter-morainic sediments contain SSDS (most of layers with SSDS
occur at an altitude about 43-47 metres a.s.l.).
Several OSL ages received from inter-morainic sediments during the current investigations shows
that sediments were formed during time span before 50.7±4.0 and 70.3±5.7 ka (Fig. 2), but this time,
according to Guobytė and Satkūnas (2011) was free of ice during this time. The OSL ages are consequently a subject for debate, but this is out of the scope of the present contribution.
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Fig. 1. Geological map of the Nemunas and Dubysa River confluence area (Jusienė, 2004)
GENESIS AND AGE OF SEDIMENTS
HOLOCENE SEDIMENTS: 1–biogenic (peatbog), 2–lacustrine, 3–deluvium, 4–alluvium (floodplain terrace), 5–alluvium (Ist overbank
terrace), 6–alluvium (IInd overbank terrace), 7–aeolian.
PLEISTOCENE SEDIMENTS: 8–glaciolacustrine (Late Weichselian), 9–glaciolacustrine (inter morainic), 10–glaciofluvial (Late
Weichselian), 11–glaciofluvial (inter morainic Late Weichselian – Saalian), 12–glaciofluvial (inter morainic Late Weichselian –
Elsterian?), 13–glacial (Late Weichselian), 14–glacial (Saalian), 15–glacial (Elsterian?), 16–Upper Cretaceous rocks (probably not in
situ).
LITHOLOGY OF SEDIMENTS: 17–gravel, 18–mixture of gravel and sand, 19–unsorted sand, 20–medium-grained sand, 21–finegrained sand, 22–very fine-grained sand, 23–silty sand, 24–clayey sand, 25–silty-clayey sand, 26–silt, 27–sandy silt, 28–sandy-clayey
silt, 29–clay, 30–silty clay, 31–slope sediment, 32–peat. OTHER SIGNS: 33–settlement, 34–number of boreholes (in cross-section),
35–OSL age of sediments, 36–soft-sediment deformation structures, 37–glaciotectonic deformations, 38–line of geological crosssection, number of boreholes.
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Fig. 2. Geological cross-section I–I’. For location and legend see Fig. 1

Sedimentological description and interpretation
The fine-grained sand and silty sand sedimentary succession of inter-morainic sediments was observed in 20 metres height and 60 metres wide Kumečiai outcrop (from SSE to the N). Two sections,
named – section I (SE part), and section II (N part), almost 3.5 metres height and 2–4 metres width,
were investigated (Fig. 3A). Distance between sections I and II is ca. 40 m (Fig. 3A). The sedimentary succession of inter-morainic sediments in its lower part contains sand, silty sand and sandy silt
with low-angle cross-lamination, ripple cross-lamination as well as wavy lamination. Going upwards
the sedimentary succession, the number of horizontally-laminated fine-grained sediments increases.
Furthermore, over 46% of all sandy silt, and 55% of all silty sand is internally deformed (see details
in the chapter below).
The sedimentary succession of inter-morainic sediments derived from fluvial meandering system.
Probably the lower part of succession represents laterally accreted point-bar deposition. The occurrence of low-angle cross-stratified lithofacies especially in the section I can indicate the occurrence
of high-energy, shallow flow near the transition from subcritical to supercritical (see Miall, 1996).
The remaining, upper part of inter-morainic sediments was deposited most probably on meandering-river floodplain or in shallow lake. The ripple cross-laminated fine-grained sediments in the upper part could have been deposited from slow-moving, small-volume inflows, that interrupted phases
of stagnant water and suspension fallout.

SSDS features and development
At least eighteen layers with SSDS (called horizons) were recognised in two excavated sections
in Kumečiai outcrop (Fig. 3A): in section I – eighteen horizons with SSDS and in section II – five
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horizons with SSDS. The thickness of horizons with SSDS vary from 1 to 30 cm. Strongly deformed
horizons have well-defined boundaries (lower and upper), and occur between undeformed sediments
which show similar grain size. Although granulometry within deformed sediments is almost identical
(sediments classified as sandy silt and silty sand), several styles of deformation were identified; there
are horizons dominated by (1) load casts and flame structures, (2) ball-and-pillow structures, (3)
injection structures, (4) load casts that sank into previously formed load casts, (5) load casts which
inclined into the same direction and accompanying amorphous involutions (Fig. 3C), (6) fragments
of a broken-up layers and load casts (Fig. 3).

Fig. 3. The study site in Kumečiai
A: Two sections I and II in Kumečiai outcrop. B: Deformed layers (white arrows) sandwiched between undeformed layers in
the section I. C: Deformed layers (white arrows) sandwiched between undeformed layers in the section II. D-E: Different types
of injection structures occurred within deformed layers in the section II. F: Enigmatic deformation structures in the section I. G:
Deformed layer with load casts that inclined into the same direction (from section I).
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Soft-sediment deformation structures, ‘trapped’ within layers, were developed, when alluvially deposited sediments were fluidized and afterwards probably affected by liquefaction processes. The
liquefaction caused sudden change in the sediments state; injection structures were developed and
loading or multi-loading process happed. All described deformed sediments – both host sediments
and injected/loaded structures – belongs to sandy silt and silty sand. Nevertheless, in the specific
conditions, even the slight differences in grain size, and hence – porosity, permeability, density and
water-saturation can be enough for SSDS formation in different ways.
Section I and II are almost at the same height, however only three of recognised horizons continue
between both sections. The question arises why not all horizons are continuous? The answer lies in
the depositional conditions of lithofacies recognized in the analyzed sedimentary succession. In the
meandering fluvial system periodically-occured floods causing channel migration are common. The
lithofacies often changed laterally, e.g. horizontally-laminated sands can change into ripple-cross
laminated sands (lithofacies Sh into Sr) etc. In meandering river system lateral extent of some lithofacies can start from a few metres. This is the reason why extent of lithofacies with SSDS is also
limited up to a few metres.
Possible trigger mechanisms
•

Overloading

•

Groundwater level fluctuations

•

Palaeoseismic event
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In the western part of Lithuania there are a few outcrops/sites with soft-sediment deformation structures (abbr. SSDS) and other features, possibly emerged during the liquefaction processes. Two of
sites – Ventės Ragas outcrop and Juodikiai quarry – are close to the Baltic Sea and the Curonian Lagoon, i.e. they are located in the so-called Lithuanian Maritime Region (Fig. 1). The SSDS observed
in the mentioned sites are not developed so well compared with the similar structures in the other
localities (see in this book), already investigated in more details, thus, the genesis and age of these
structures are still under discussion.

• Ventės Ragas outcrop
Highlights
•

The soft-sediment deformation structures in fluidised sediments caused by liquefaction process.

•

A few glacial erratic boulders (possibly used for people needs?) ‘sunk’ into the layer of Holocene
sediments.

The Ventės Ragas outcrop is located on the eastern coast of the Curonian Lagoon, near to the end
of the peninsula Ventės Ragas (English transl. – Horn of Ventė). A few outcrops were known in this
peninsula from the second half of the XIX century, and multiple times were investigated – generally
as one of sections with the oldest post-glacial organic sediments in Lithuania (Bitinas et al. 2000;
Bitinas, 2007; for more details, see Annex 1). At a present time only one several meters’ width and
up to 3 metres high outcrop is available for investigations – in this outcrop post-glacial organic (lacustrine, peatbog) as well as sandy lacustrine and aeolian sediments are covering the end-moraine
ridge. During the investigations of a few last decades, generally during the regular state geological
mapping at a scale of 1:50 000 carried out by Lithuanian Geological Survey, the SSDS (Fig. 2) were
observed in this outcrop, but not investigated.
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Giruliai

Baltic Sea
Juodikiai

Curonian
Lagoon

Ventės Ragas

Fig. 1. Geological map of the Lithuanian Maritime Region (Guobytė, 1998)
GENESIS AND AGE OF SEDIMENTS
HOLOCENE AND LAST (LATE WEICHSELIAN) GLACIAL SEDIMENTS: 1 – biogenic (peatbog), 2 – lacustrine (I IV), 3 – delluvium (d IV),
4 – alluvium (a IV), 5 – aeolian (v IV), 6 – marine (m IV), 7 – Post-Litorina and Litorina Sea (mIVPL), 8 – Baltic Ice Lake (lg III B).
PLEISTOCENE (LATE WEICHSELIAN) SEDIMENTS: 9 – glaciolacustrine (lg III nm3), 10 – glaciofluvial (f III nm3), 11 – glaciofluvial (inter
morainic; ft III nm3); 12 – glaciolacustrine (inter morainic; lgt III nm3); 13 – glacial marginal (end-moraine; gt III nm3), 14 – glacial
(basal-moraine; g III nm3).
OTHER SIGNS: 15 – outcrop, 16 – quarry, 17 – mega-landslide.
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A

B

Fig. 2. The sedimentary succession in Ventės Ragas outcrop
A: The soft-sediment deformation structures occurring beneath the layers of organic sediment dated (14C) as 12.6–13.7 cal ka BP.
B: The Pleistocene glacial erratic boulders, possibly used for people needs, but currently ‘sunk’ into the layer of Holocene (lacustrine?)
sediments dated (OSL) as 4.3–6.2 ka BP (B) (photo A. Bitinas, 2007).
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• Juodikiai quarry
Highlights
•

The soft-sediment deformation structures possibly (?) originated due to liquefaction process.

The Juodikiai quarry is located to south-east from Klaipeda, inside an extensive glaciofluvial delta
(or delta-sandur) formed at the very end of the Last Glacial (Late Weichselian; Fig. 1). In the central
part of the Juodikiai quarry sinking silty-clayey lenses into sand layer were observed (Figs 3 and 4),
but these structures were ‘destroyed’ during sand exploration. Mentioned SSDS, like in the Ventės
Ragas outcrop, also have not been investigated in detail (Bitinas et al. 2000).
A

B

Fig. 3. The deformations in the Juodikiai quarry visible in 1999 (photo A. Bitinas)
A and B: Silty-clay lenses ‘sinking’ into the sand layer, and details (see photo B).
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Fig. 4. The deformations in the Juodikiai quarry visible in 2017 (photo S. Belzyt)
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On the result of interpretation of LiDAR images, mega-landslide was identified on the old Litorina
Sea cliff to the north from Klaipėda, in the vicinity of Giruliai village (Fig.). The landslide was developed on the 8–10 metres high palaeo cliff and its length extents ca. 360 metres. The vertical amplitude of the surface scrolled down reaches up to 5 metres, and the total area engaged by landslide
is more than 3 hectares (Fig. 1). The uppermost half of palaeo cliff section (where the landslide was
developed) is composed of fine-grained sand, whereas the lowermost part of section is represented
by glacial diamicton (till) that serve as aquitard for groundwater. Discharge of groundwater is going
above the mentioned till layer – as a result, a few suffusion circuses developed on the steep slope of
this palaeo cliff. The surface of the landslide is significantly changed by aeolian processes, as well as
is washed by marine waves and currents. Currently a few small rivulets are crossing the area of this
palaeo landslide.
The possible time of land sliding event occurred after the Litorina Sea maximal transgression, i.e.
7.6–7.7 ka BP and in any time thereafter (Bitinas et al. 2016).
The landslides of such mega scale are not characteristic for the south-eastern Baltic Sea area, and
according to Bitinas et al. (2016) this landslide could be developed as an effect of earthquake (linked
to glacio-isostatic rebound). However, this hypothesis needs verification.
A

A

Fig. Giruliai mega-landslide on the LiDAR image (A) and relief reconstruction (computer simulation) of this locality before
landslide (B)
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Injection structures and load casts in lagoon
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Highlights
•

A high frequency of layers with injection structures and load casts

•

Liquefaction is a main process responsible for soft-sediment deformation structures (abbr. SSDS)
development

•

Two primary phases of SSDS development occurred with an erosional-event interruption

Study area
The Sārnate study site is located on the Ventava Plain of the Piejūra Lowland of western Latvia,
37 km SSW of the town of Ventspils (Figs 1 and 2). The outcrop is located in the southern part of a
~ 3 km long stretch of an ancient lagoon of the Litorina Sea, which has since been eroded by contemporary coastal erosion. This area was completely covered by Late Weichselian glacial ice, becoming
ice-free only after its retreat from the Valdemārpils ice-marginal zone position at ~ 14 ka (Zelčs et
al., 2011). After deglaciation, this area was completely submerged under various stages of the Baltic
Ice Lake. The Ancilus Lake shoreline is not traceable today in the vicinity of this site, as it has been
eroded during subsequent Litorina Sea stages (Grīnbergs, 1957). Plant macroremain and pollen analysis indicate isolated lake (freshwater) conditions during the Ancilus Lake time (Saulīte et al., 2007).
Whether the site was covered or not by Ancilus Lake waters is still not fully settled. Litorina Sea’s
shoreline (stage Lita according to Grīnbergs, 1957) was then located approximately 600 m to the SE.
During the Litorina Sea time this site was located in a bay that was eventually cut-off from open sea
by the fall of the relative water level, which was accompanied by the formation of a spit due to longshore sediment transport (Saulīte et al. 2007). Lagoonal organic deposits have been dated with 14C
samples, providing ages from top to bottom of 3450–3560, 5990–6130, and 7580–7730 cal. years BP
(Saulīte et al., 2007).
At the ancient seaside – above lagoonal sediments – are located dunes with a relative elevation of
≤ 10 m above the plain. Dune morphology indicates that their formation is caused by a reactivation
of wind-action on older sediments, which is a typical response to human-activity induced aeolian
processes noted along large portions of Latvia’s coastal area. The whole expanse has been – and still
is – experiencing land-uplift since the time of deglaciation due to glacio-isostatic adjustment.
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Fig. 1. Quaternary sediment map of the Sārnate outcrop and its surroundings (Juškevičs et al., 1998)
AGE AND GENESIS OF SEDIMENTS: gQ2kr – glacigenic sediments (till) of Kurzeme (Saalian) glaciation, gQ3ltv – glacigenic
sediments (till) of the Latvija (Weichselian) glaciation, fgQ3ltv – glaciofluvial sediments, lgQ3ltv – glaciolacustrine sediments,
lgQ3ltvb – glaciolacustrine (Baltic Ice Lake) sediments, aQ4 – Holocene river (alluvium) sediments, vQ4 –Holocene aeolian
sediments, bQ4 – Holocene peat (bog) sediments, mQ4lt – Holocene marine (Litorina Sea) sediments, mQ4plt – Holocene marine
(post-Litorina Sea) sediments.

Quaternary sediment cover at the study site is 127 m thick. That cover sediments is underlain by
Middle Devonian sandstones of the Aruküla Regional Stage. Crystalline bedrock is located at a depth
of 1.2 km. There are no known crystalline bedrock or sedimentary cover faults within a radius of 10
km around the site.

Sedimentological description and interpretation
The clay, silty clay, and fine-grained sand in sedimentary succession was observed at a 3.5 m high
and ~20 m wide outcropping of the Sārnate outcrop in the Latvian Baltic Sea coast (Fig. 3A). Two
sedimentary units (A and B lithofacies associations) were recognised in the Sārnate outcrop. The
upper unit B was covered by a fine-grained sandy dune (0.7 metre thick) with organic matter.

33

EXCURSION GUIDE OF INTERNATIONAL PALAEOSEISMOLOGICAL FIELD WORKSHOP

SEPTEMBER 17 – 21, 2018

LITHUANIA – LATVIA

Fig. 2. Terrain of the W Latvia coastal area between Sārnate and Pavilsota. Based on LiDAR data of Latvian Geospatial Information
Agency (2016)

The lower unit A has a thickness at least 1.05 m, mainly containing silt, silty clay, and clay deposits
with massive and horizontally-laminated structures (lithofacies Fm and Fh). Also in association was
a silty clay deposit interbedded by a thin layer of clay. The thickness of these lithofacies vary between a few centimetres and a few millimetres. SSDS, frequently occurred in unit A, are described in
the chapter below. Between unit A, and the overlying unit B – being transitional to unit A/B – there
is a locally sharp erosional boundary, accommodating a few recognizable channels (Fig. 3A-C). In
channel bottoms are clayey clasts of 1–2 cm diameter.
The upper unit B, 1.85 m thick, contain horizontally-laminated sand (lithofacies Sh), which are interbedded by thin layers of massive clay or clayey silt (lithofacies Fm). The thicknesses of the sandy lithofacies vary from 1–20 cm and the clayey lithofacies are from 1–5 cm thick. Furthermore, a rhythmic
sedimentary sequence was recognized – Sh→Fm – interpolated between two different thickness types.
The first type consists of very thin sand and silty clay laminae (each 2–3 mm thick). The second type
has thick sandy laminae (~ 10–20 cm thick) as well as very thin clayey laminae (2–3 mm thick). Clayey
clasts (rafts) of a few millimetres diameter were recognised within the horizontally-laminated sandy
lithofacies. SSDS features occurred in unit B are described in the chapter below.
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Since the silty lower unit A’s, grain size was very fine, that sediment could have been deposited in a
very calm lake or lagoon environment that formed due to sea level rise. Deposition could have been
driven by a hiatus in sea-level rise or by sediment suspension in association with a static lagoonal water-level. That suspension load was significant; suggesting that the present section represents deposition derived from the central part of a lake/lagoon since no current features were found in lower
unit A. Deposition from unit A suspension was interrupted locally by an erosional channel-building
event – a transitional unit for A/B. Eroded channels, mostly shallow, were first infilled in their
lower portions by eroded silty clasts that were derived from unit A, then afterwards filled by sand
or silty sand from above. This erosion-fill event was caused by a significant increase of sea level,
accompanied by erosion in unit B channels, which supplied lagoonal water and sediments to the
sedimentary system.

Fig. 3. Sedimentary succession at the Sārnate site
A: Sedimentary units involved in soft-sediment deformation structures; B and C: Channels occurred between units A and B.
D: Load casts in fine-grained sediments. E: Broken and defragmented layers – white arrows. F: Injection structures infilled by silty
sediments present between load casts. G: Injection structure developed from lower silty sediments into the horizontally-laminated
sands above (note that laminae around the injection structure are curved upwards – white arrows).
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SSDS features
Strongly deformed layers occur in units A and B, which are stacked atop each other. However, in
some cases corresponding primary sedimentary structures are also visible. Lower unit A contains
load casts in its bottom portion in association with injection structures like fluid-escape structures.
Also present are symmetrical standing folds with injection structures in their centre portion. In many
instances, the top of layer involved in SSDS is truncated and pointing at erosion of its sedimentary
surface.
Unit B has large-scale load casts (~1.30 m high) that occur among chaotically distributed smaller-scale load casts. A few generations of load casts are recognised – each generation is smaller than
the previous one. Furthermore, inside these load casts lay thin massive clayey laminae (lithofacies
Fm) and horizontally-laminated sands (lithofacies Sh) with small-scale (0.5–15 cm diameter) injection structures. The largest load casts in unit B reach to the bottom portion of unit B. In the interstitial
space between the large load casts there are huge injection structures reaching to the top of load
casting. The injection structures displayed strong internal deformation signs generated during load
cast formation. Unit B load casts attenuate upwards, their tops are smaller than the bottoms; their
frequency increases from bottom to top.

SSDS origin
Two phases of SSDS development were recognised in the Sārnate outcrop. The first phase is connected to unit A, it was a single deformation event caused by the liquefaction process of fluidized
(perhaps water-lain) silt and silty sand deposits. After this deformation event, an erosional event
occurred, which incised previously formed SSDS.
The second phase is associated with a deformational event that occurred after the accumulation of
unit B. During unit B’s liquefaction and fluidization event the thin uppermost layer of horizontallylaminated sand (lithofacies Sh) became mobilized, being overlain by thin layers of clay deposits.
The highest water pressure occurred in the layers directly below the clay layers. Each of the clay
laminae produced an impermeable layer. Upward-migrating water reached the top of lithofacies Sh.
It is likely that these injected structures were created during a single deformation event concerning
the whole of unit B. High water pressure in the upper layer of the Sh lithofacies is attributed to the
incision noted to clay laminae, which caused the deposition of clayey and silty clasts. A rhythmic
sedimentary sequence – Fh→Fm – includes very thin sand laminae and silty clay. All of these sediments were mobilised when the large-scale injection structures were created. Then, the large-scale
injection structures incised the entire mass of B unit deposits – in process forming large load casts.
Possible trigger mechanisms:
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•

Ground-water level fluctuations

•

Hydrostatic pressure changes related to progressive water-wave or tsunami passage

•

Palaeoseismic event
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Highlights
•

Sandwich-like layers with injection structures and load casts.

•

Small-scale soft-sediment deformation structures (abbr. SSDS) within large-scale glaciotectonically-deformed sediments.

Study area
The Baltmuiža site is located in the Western Latvia, Piejūra Lowland, Piemare Plain, 6 km to NE
from Pāvilosta village. The outcrop is located in an upper part of coastal cliff (Figs 1 and 2). The area
was completely covered by ice-sheet during the Late Weichselian glaciation, and became ice free
ca. 14 ka ago after ice-sheet retreated from the Valdemārpils ice-marginal zone (Zelčs et al., 2011).
After deglaciation, this area was completely submerged under various stages of the Baltic Ice Lake
(Grīnbergs, 1957). The upper part of Quaternary sediments consists of Late Weichselian till (glacial
diamictons) partially reworked by waters of the Baltic Ice Lake. Below the till are located Middle Weichselian lacustrine silty and sandy sediments (OSL age 26±2.6 ka after Saks et al., 2012a).
Aforementioned lacustrine sediments have underwent a heavy diapirization during the retreat of Late
Weichselian glaciation. Individual diapir width reaches up to ca. 150 metres and height ca. 30 metres
(Saks et al., 2012b). The total thickness of Quaternary sediment cover is 70 m and they are underlain
by Middle Devonian sandstones of the Gauja Regional Stage. The crystalline bedrock is located in
the depth of 1.4 km. The Baltmuiža site is located on a known fault in crystalline bedrock that is not
penetrating the sedimentary cover, whereas 10 km eastwards from the site is located a fault traceable
in Ordovician sediments (Nikulin, 2011).
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Fig. 1. Quaternary sediment map in the vicinity of Baltmuiža outcrop (Juškevičs et al. 1998)
AGE AND GENESIS OF SEDIMENTS: gQ2kr – glacigenic sediments (till) of Kurzeme (Saalian) glaciation, gQ3ltv – glacigenic sediments (till)
of the Latvija (Weichselian) glaciation, fgQ3ltv–glaciofluvial sediments, lgQ3ltv – glaciolacustrine sediments, lgQ3ltvb – glaciolacustrine
(Baltic Ice Lake) sediments, aQ4 – Holocene river (alluvium) sediments, vQ4 – Holocene aeolian sediments, bQ4 – Holocene peat (bog)
sediments, mQ4lt – Holocene marine (Litorina Sea) sediments, mQ4plt – Holocene marine (post-Litorina Sea) sediments.

SSDS features and origin
At least three continuous horizons containing soft-sediment deformation structures (SSDS 1–3) were observed along the sandy and silty succession outcropping in the upper part of the Baltmuiža cliff (Fig. 3).
The overall width of the section reaches 15 m. Total thickness of the deformed horizons reaches 1.5 m.
The lowermost horizon with SSDS 1 is mainly composed of sandy load casts (up to 12 cm) and silty
injection structures. The distribution, shape and size of load casts varies irregularly along the layer. This
horizon can be divided into a few subhorizons with different-scale load casts and pseudonodules, and
separated from each other by deformed clay laminae (Fig. 3C, D). The top of the deformed horizon is
erosional and irregular, that is overlain by ripple cross-laminated sand (Sr) and trough cross-stratifeid
sand (St). The thickness of the SSDS1 horizon varies from 10 to 25 cm.
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Fig. 2. Terrain of W Latvia coastal area between Baltmuiža and Sārnate. Based on LiDAR data of Latvian Geospatial Information
Agency (2016)

In the middle, thinnest (up to 12 cm) horizon with SSDS 2 sandy load casts as well as sandy-silty
fluid-escape structures and injection structures were recognised. The thickness and extent of both –
bottom and top boundaries of the horizon are variable and partially are clearly visible.
The third, uppermost deformed horizon with SSDS 3 contains sandy load casts (up to 8 cm width),
pseudonodules, detached layers as well as fluid-escape structures injecting the fluidized and liquefied silty sediments upwards. All of them are in smaller scale, comparing to the SSDS 1 and SSDS
2 horizons. The top boundary of the horizon is well-recognizable and continuous along its whole
extent. That, up to 25 cm thick, uppermost horizon with SSDS 3 is overlain by the undeformed, planar and trough cross-stratified sand layer. Within the continuous series of several, similar in shape
and size, sandy load structures along the uppermost horizon with SSDS 3, a primary structures can
be observed (Fig. 3B-C). The structures within load casts are tilted, but not internally deformed,
although the whole surrounding fine-grained sediments is arranged chaotically. This implies that the
liquefaction, that directly triggered deformation processes, acted rapidly, what caused preservation
of primary internal structures.
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Fig. 3. The sedimentary succession of the Baltmuiža site
A: General view of the study section along the uppermost part of the cliff (aerial photo). B: Soft-sediment deformation structures
within horizons of the upper part of SSDS 2 and the whole SSDS 3. C: Close-up view of the smaller scale load casts with undisturbed
internal lamination and the surrounding sediments within SSDS 3. D: Vertical distribution of three deformed horizons (SSDS 1 – lower
part, SSDS 2 – middle part, SSDS 3 – upper-part) with variable style, size and shape of deformation structures. E: Bigger scale load
structures and accompanying injection structures in SSDS 1.

Soft-sediment deformation structures within all three described horizons were induced by liquefaction processes, that caused rapid vertical and horizontal interlayer movement of the fluidized
sediment. However, the features of both – deformation structures and the whole horizons are differ-
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entiated, what indicates variable conditions during events of sediment mobilization (caused, i.e. by
slightly different lithology of sediments).
The process of deformation development within SSDS 1 is particularly interesting. The key role in
the creation of the intrinsically complicated SSDS 1 (see subhorizons) played originally occurring
thin clay laminae separating laminated sandy sediments, in the currently horizon SSDS 3. Most likely, deformations, e.g. load casts and pseudonodules developed independently in each subhorizons.
Furthermore, when the pressure of water, in the sandy sediment ‘trapped’ between the clayey laminae, did not decrease – injection and breakthrough of the clayey laminae was evolved. This caused
following deformations within sandy layer.
Comparing the size, extent and structural features, the described three horizons with SSDS seems not
to be connected with commonly observed in the vicinity of the Baltmuiža site glaciotectonic deformations (large-scale diapirs, folds, reverse faults).
Possible trigger mechanisms
•

Load structures and water-escape structures due to ice loading at the final stage of deglaciation

•

Glaciotectonic deformations in the lower part of advancing ice sheet

•

Local, seismic event (tremor) of moderate magnitude caused by glaciotectonic processes. Not
triggered as the result of a fault reactivation.

•

Glacioisostatic rebound affecting the crustal faults stability
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Highlights
•

Vertical repetition of glaciolacustrine layers with soft-sediment deformation structures (abbr.
SSDS); intercalated between non-deformed layers

•

Lateral continuity of layers with SSDS over their total exposed length (at least 35 m)

•

Lateral change in deformation style

•

Liquefaction was the main process responsible for SSDS development

Study area
The Dyburiai outcrop is located in the north-western part of Lithuania, in the Western Samogitia
Plain (Guobytė, 2000). A hummocky moraine plain formed during the Last Glacial (Jusienė, 2012) is
present in the vicinity of the outcrop. During the final stage of deglaciation, glaciofluvial and glaciolacustrine sediments were deposited on the moraine plain; they are up to a few metres thick (Fig. 1).
The silty sands with the SSDS under study are located in the upper part of inter-moraine sediments
that occur directly below the till (glacial diamictons) of the Last Glaciation – Upper Weichselian.
The till contains sandy and clayey inclusions (sizes range from 10–20 cm to 1.0–1.1 m) with clear
traces of glaciotectonic deformations: sand lenses show traces of plastic deformations (micro-folds),
in some places fragmented by thrust-faults, etc. The upper part of the inter-moraine sediments (at
a depth of 54.5–59.5 m) is composed of silty sand, clay and sandy silt, and was deposited in a
glaciolacustrine environment. The silty-sand succession was deposited between 111.9±7.8 ka and
98.7±7.6 ka (as regards its lower part) and between 98.7±7.8 and 111.9±7.8 ka (upper part; Fig. 2).
This time span falls within the 5th Marine Isotope Stage (MIS 5), or to Early Weichselian (Gibbard &
Lewin, 2016), but according to Guobytė and Satkūnas (2011) the territory of present-day Lithuania
was free of ice during this time. The OSL ages are consequently a subject for debate, but this is out
of the scope of the present contribution.
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Below the glaciolacustrine sediments (at a depth of 59.5–63 m) stratified gravels, sands with gravel
and coarse-grained sands, deposited by meltwater streams, are presented in the lowermost part of
succession, a till with intercalations of fine-grained sand and silt occur. The petrographic composition and fabric data of the till are different from those of the uppermost till (Fig. 3). Consequently,
this till was most probably deposited during the Saalian Glaciation.

Fig. 1. Geological map of the Dyburiai outcrop and its surroundings (Jusienė, 2012)
GENESIS AND AGE OF THE SEDIMENTS
HOLOCENE SEDIMENTS: 1 – diluvium, 2 – biogenic (high-moor bog plain), 3 – biogenic (low-moor bog plain), 4 – lacustrine, 5 –
proluvium, 6 – alluvium (floodplain terrace), 7 – alluvium (1st overbank terrace), 8 – alluvium (2nd overbank terrace).
PLEISTOCENE (LATE WEICHSELIAN) SEDIMENTS: 9 – alluvium (3rd overbank terrace), 10 – glaciolacustrine, 11 – glaciofluvial (sandur,
delta), 12 – glaciolacustrine englacial (glaciolacustrine kame, kame, kame terrace), 13 – glaciofluvial englacial (glaciofluvial kame,
kame terrace), 14 – glaciofluvial englacial plateau-like hill (‘zvonec’), 15 – glacial (basal moraine), 16 – glacial (marginal moraine).
LITHOLOGY OF SEDIMENTS: 17 – mixture of gravel and sand, 18 – sand with gravel, 19 – unsorted sand, 20 – medium-grained sand,
21 – fine-grained sand, 22 – very fine-grained sand, 23 – silty sand, 24 – clayey sand, 25 – silt, 26 – sandy silt, 27 – clayey silt, 28 –
sandy-clayey silt, 29 – clay, 30 – silty clay, 31 – clayey sand with gravel (slope deposits), 32 – till, 33 – high-moor bog peat, 34 – lowmoor bog plain peat.
OTHER SIGNS: 35–quarry, 36–settlement.
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Fig. 2. Schematic sedimentological log with OSL ages of the upper part of the sedimentary succession in the Dyburiai outcrop, till
fabric and petrographic composition of the till
LITHOLOGY: 1 – till, 2 – gravel, 3 – mixture of gravel and sand, 4 – sand with gravel, 5 – coarse-grained sand, 6 – fine-grained sand,
7 – silty sand, 8 – sandy silt, 9 – silt, 10 – clay.
OTHER SYMBOLS: 11 – deluvium, 12 – soft-sediment deformation structures, 13 – glaciotectonic deformation, 14 – diagonal layers
of sand, 15 – OSL age of sediment, 16 – sampling place (for petrographic analysis, fabric measurements) and its number.
PETROGRAPHIC COMPOSITION OF GRAVEL FRACTION IN TILL (ø 5–10 mm): 17 – crystalline rock, 18 – sandstone, quartzite, 19 –
dolomite, 20 – marl, 21 – limestone.
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Sedimentological description and interpretation
The outcrop with the silty-sand succession of 5 m high and 35 m wide (NE-SW) is located on the steep
slope of the Minija River. The river incised more than 40 metres into the Pleistocene sediments. A full
sedimentological log is presented in Fig. 2, but here we focus on the fine-grained middle part of the
succession with deformation structures (see red arrow in Fig. 2). This part consists mainly of silty sand,
sandy silt and silt with ripple cross-lamination and horizontal lamination (lithofacies SFr, FSr, Fr, SFh,
FSh). The thicknesses of these lithofacies vary from a few up to 55 centimetres. The clayey lithofacies
is thinnest: it has a minimum thickness of up to a few millimetres, but it occurs only rarely.
The glaciolacustrine sediments are overlain by a glacial diamicton (till) of 8 m thick. The sandy lithofacies in the glaciolacustrine succession was probably deposited by a current that discharged into
the lake during spring and summer when ice was melting. The ripple cross-laminated fine-grained
sediments (lithofacies Sr, SFr, FSr, Fr) were deposited by slowly-running, small-volume currents.
The thin, horizontally-laminated sediments (lithofacies FSh, SFh) were most probably deposited
from suspension fallout.

SSDS features
At least nine horizons with SSDS are present in the Dyburiai outcrop. The thickness of the horizons
with SSDS ranges from 0.05 to over half a metre. The SSDS are load casts, ball-and-pillow structures,
pseudonodules, flame and injection structures (Fig. 3B-E). Furthermore, the horizons with SSDS show
other complex – sometimes even chaotic looking – deformations, but in some of these horizons, the
deformation structures are concentrated in the lower part of the lithofacies. The SSDS complexity of
the SSDS in some of the deformed horizons diminishes somewhat from NE to SW (which direction is
related to the limited extent of the lithofacies). Most SSDS are ‘trapped’ within layers with well-defined
lower and upper boundaries, e.g. between thin layers of clay or laminated silty clay (Fig. 3B). There are
also injection structures that cut two or three overlying lithofacies and previously deformed horizons
with SSDS (Fig. 3E). Most levels with SSDS occur sandwiched between undeformed sediments, but
occasionally they occur stacked on top of each other (Fig. 3B). The fine-grained sediments also contain
brittle deformation structures, e.g. faults (Fig. 3C), and some levels with SSDS are brecciated, consisting now of angular clasts (Fig. 3D). Brittle deformations occur over a small distance of up to 10 m.
Most faults are complementary to each other and deform previously developed plastic SSDS (Fig. 3C).

Origin of the SSDS
The most suitable conditions for plastic deformation are present in water-saturated sediments. The
loading must be ascribed to repeated non-sedimentary processes that caused a sudden change (in the
form of liquefaction) in the state of the sediment. Sometimes sufficient time elapsed for accumulation
of new layers between the successive processes that resulted in the sedimentary deformations, whereas sometimes such deformational processes followed each other so quickly that insufficient time was
available in between to result in traceable sedimentation. Moreover, in several cases it even seems that
the same layer has been affected more than once by a deformational trigger, causing repeated phases of
deformation (e.g. multi-phase loading).
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Fig. 3. The study site at Dyburiai
A: The outcrop location in the Minija River valley (white arrow). B: The horizons with soft-sediment deformation structures in
glaciolacustrine sediments (white arrows). C: Horizons with plastic soft-sediment deformation structures (white arrows) deformed
afterwards by brittle deformation. D: Brecciated horizons with plastic soft-sediment deformation structures (white arrows). E: Two
layers with soft-sediment deformation structures (white arrows); in the lower one, injection structures (black arrow) cut the two
overlying layers.

At least two deformation phases can be distinguished. The first is connected with the development
of plastic deformations. During this phase, most of the plastic SSDS developed. In the second phase,
mainly brittle deformation occurred (Fig. 3C-D).
Possible trigger mechanisms
•

Mass movements

•

Overloading

•

Palaeoseismic events
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First evidence of glacio-isostatically induced
crustal faulting in front of an advancing landice sheet (Rügen Island, NE Germany)
Andreas Börner, Małgorzata Pisarska-Jamroży, Szymon Belzyt, Heiko Hüneke, Michael Kenzler, Karsten
Obst, Henrik Rother, A. J. (Tom) van Loon, Gösta Hoffmann
State Authority Environment, Nature Conservation and Geology, Mecklenburg-Western Pomerania, Güstrow, Germany;
(co-author details see van Loon et al., this volume) e-mail: andreas.boerner@lung.mv-regierung.de

A Quaternary succession near Dwasieden (north-eastern Rügen Island) is exposed in a coastal cliff.
The succession is intercalated between two tills and contains three distinct levels displaying numerous soft-sediment deformation structures (SSDS). Level SSDS-1 shows well-defined (sharp) lower
and upper boundaries, but the SSDS are spatially (both laterally and vertically) concentrated in only
a few places of this level. The presence of an ice-wedge cast originating from the top of SSDS1 indicates that this unit was exposed to periglacial conditions before it was overrun by the Late
Weichselian (MIS-2) ice advance that deposited the two stratigraphically younger till units above.
Along the entire exposed section, SSDS-1 is overlain by a 15–20 cm thick gravel bed, separated
from SSDS-1 by a sharp erosional contact. Significantly, this gravel bed does not show any sign of
soft-sediment deformation. The directly overlying strata contain two deformed levels (SSDS-2 and
SSDS-3) showing entirely different deformation characteristics, with regard to both their distribution
(laterally continuous but vertically restricted to narrow zones) and deformation style. Furthermore,
the top parts of SSDS-3 are occasionally truncated by the overlying till unit. Based on their structural
and deformational features, these two SSDS levels are interpreted to have been deformed as a result
of seismically-induced liquefaction; they thus are considered as seismites (cf. van Loon et al., 2018).
The stratigraphic context and absolute age dating by optically stimulated luminescence (OSL) dating indicate that the two seismites formed shortly before the front of the Pleistocene Scandinavian
Ice Sheet (SIS) reached the study area during the Last Glacial Maximum, thus during a stage of ice
advance. This implies that the flexural isostatic response of the Earth’s crust as a consequence of ice
loading during the SIS advance was accompanied by earthquakes, probably due to local re-activation
of pre-existing faults. Thus, the faulting indicates that the crustal response to an increasing ice load
was less gradual than hitherto commonly thought. The results of this study differ from the currently
adhered to models which suggest that earthquake-induced liquefaction, associated with glacio-isostatic movement of the Earth’s crust took place mainly (or even exclusively) during deglaciation
phases. Based on our findings, we argue that the simple idea of gradual flexural loading of the crust
during ice advance versus a more stepwise fault-accentuated rebound during deglaciation must be
revised.
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Liquefaction-induced structures caused
by the 2017 Pohang earthquakes and their
paleoseismological implications
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During and just after the 2017 Pohang Earthquake (Mw 5.4), sand blows were observed around the
epicenter for the first time since the beginning of instrumental seismic recordings in South Korea.
We used field surveys together with satellite and drone imagery analysis and identify approximately
600 sand blows on Quaternary sediment covers. Most of these occurred within 3 km of the epicenter,
with the farthest one 15 km away. In order to investigate the ground’s susceptibility to liquefaction,
we conducted a trench study of a 30 m sand blow in a rice field 1 km from the epicenter. The physical characteristics of the liquified sediments (grain size, impermeable barriers, saturation, and low
overburden pressure) were well-matched with the optimum ground conditions for liquefaction. Additionally, we found a series of soft sediment deformation structures (SSDSs) within the trench walls,
such as load structures and water-escaped structures. The latter were vertically connected with sand
blows on the surface, reflecting seismogenic liquefaction involving subsurface deformation during
the formation of the sand blows. This genetic linkage suggests that research on such SSDSs would be
useful for identifying prehistoric damage-inducing earthquakes (Mw > 5.0) in South Korea because
SSDSs have a lower formation threshold and higher preservation potential than surface ruptures.
Thus, combined studies of the Quaternary surface faults and SSDSs are necessary to provide reliable
paleoseismological information in Korea.
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Soft-sediment deformation structures
induced by volcano-tectonic activities from
the Cretaceous Beolgeumri Formation, Wido
Volcanics, Korea
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The Wido Volcanics is a Cretaceous volcano-sedimentary succession on the Korean Peninsula. The
Beolgeumri Formation, one of the lithological units of the Wido Volcanics, deposited during an interval between major volcanic eruptions. This Formation is a lacustrine deposit composed of laminated
mudstones intercalated with sandstones and chert as well as a bed of lapilli tuff. In this study, we
examined the morphology and deformation features of SSD structures, and then consider the possible triggering agents. In addition, we conducted sensitive high-resolution ion microprobe (SHRIMP)
U-Pb zircon age dating of volcaniclastic deposits that conformably underlie (the Mangryeongbong
Tuff) and overlie (the Ttandallae Tuff) the Beolgeumri Formation in order to confine the timing of
the development of SSD structures in the Beolgeumri Formation. Various soft sediment deformation
(SSD) structures are observed along the specific layers in the Beolgeumri Formation. Six types of
SSD structures are identified in the study area: 1) fold structures, 2) load structures, 3) water-escape
structures, 4) rip-down structures, 5) boudin structures, and 6) synsedimentary fault structures. These
SSD structures indicate that formed largely by liquefaction and/or fluidization triggered by ground
shaking during earthquakes according to field examination of SSD structures together with an analysis of the sedimentological records of the Beolgeumri Formation. The results of age dating show that
the Mangryeongbong and Ttandallae Tuffs have ages of 86.63 ± 0.83 Ma and 87.24 ± 0.36 Ma, respectively. It indicating that the Beolgeumri Formation was deposited during a short interval between
major volcanic eruptions. Furthermore, the lapilli tuff bed in the Beolgeumri Formation indicates
an explosive volcanic eruption during deposition. In conclusion, we infer that the earthquakes that
caused the development of SSD structures in the study area were closely related to syndepositional
magmatic activities.
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Clastic diapirs along the Baltic Sea cliffs of
Western Latvia, Strante–Ulmale site
Lamsters K., Karušs J., Krievāns M. and Ješkins J.
Faculty of Geography and Earth Sciences, University of Latvia, Jelgavas street 1, Riga, Latvia; e-mail: kristaps.lamsters@gmail.com

Prominent glaciotectonic structures are found along the bluffs of the Baltic seashore in Western Latvia
enabling to study glacial processes beneath fast flowing ice. One of the most attractive sites is Strante–Ulmale, where clastic diapirs are outcropping. The general glacial topography of Western Latvia
formed mostly by the Baltic Ice Stream (BIS) and during the North Lithuanian (Linkuva in Latvia)
glacial phase successive ice tongues advanced from west to east (Zelčs et al., 2011). During the deglaciation of the Scandinavian Ice Sheet (SIS), a small Apriķi ice tongue advanced from the WNW, and
due to fluctuating pore-water pressure, clastic diapirs consisting of clayey silt formed at the ice bed
(Saks, 2012).
To study the morphology, distribution, and spacing of diapirs we used a ground penetrating radar (GPR)
Zond 12-e with 75 and 300 MHz antennas. 22 GPR profiles with total length ot more than 2 km were
arranged in the 100 × 100 m grid (parallel lines 10 m apart form each other) and recorded with 500 ns
time-window. Data processing included standard procedure filtering (background-removal, Ormsby
filter and gain function) using Prism 2.60 software, and the final data visualisation was accomplished
by CloudCompare software. Strong reflections from glaciotectonic structures were recorded. Disturbed
layering and deformations can easily be identified on the radar B-scans. 3D visualisation of the B-scans
shows many areas with strong reflections. More GPR surveying will be accomplished further, and a
method for 3D reconstructions of glaciotectonic structures will be developed.
Combining GPR observations with investigations at the outcrops, we found that diapirs show a great
variety of their height, width, and symmetry. Some of them are inclined in the direction of ice flow
suggesting moving ice during their formation. Only slightly concaved sandy sediments between diapirs
suggest the frozen state during the injection of diapir structures and the narrow dyke-like structure in
the upper part of some diapirs point at hydrofracturing.
This work was financially supported by the specific support objective activity 1.1.1.2. “Post-doctoral
Research Aid” (Project id. N. 1.1.1.2/16/I/001) of the Republic of Latvia, funded by the European
Regional Development Fund, PostDoc Kristaps Lamsters research project No. 1.1.1.2/VIAA/1/16/118
and by science-based funding of Latvian Ministry of Education and Science via “Attraction of Human
Resources to Development of Scientifc Study in the area of Earth and Environmental Sciences” programme; performance-based funding of University of Latvia within the “Climate change and sustainable use of natural resources.
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Seismo-Tectonic Framework and Seismic
Activity within the Intracratonic Setting
(Central Part of the Baltic Sedimentary Basin)
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The territory of Lithuania is located within the central part of the Baltic sedimentary basin on the
western part of the East European Craton. The geodynamic evolution and location of the Baltic
sedimentary basin were caused by marginal position within the East European Craton and specific
mechanical properties of the lithosphere. The study area was not subjected to intense folding, and
faulting was rather weak, which resulted in establishment of low-amplitude tectonic structures. The
area is characterised by low seismic activity – the historical sources since 1616 to 1964 record only a
few tens of weak or moderate earthquakes (Pačėsa et al., 2005). The historical seismic activity in the
eastern Baltic region is significantly lower comparing with seismicity of the Fennoscandian shield.
High seismic activity of the Fennoscandian shield and adjacent Baltic Sea territories during the Late
Glacial and Holocene (last 13 000 years) is documented by paleoseismic investigations. The earthquakes caused landslides in glacial till, seismically-induced soft sediment deformation structures,
“seismites” in the vicinity of the faults in northern Sweden and even with tsunami events reported in
the Baltic Sea (Mörner, 2005, 2008).
Despite rather low seismic activity, the eastern Baltic region is more seismically active comparing
with the more “inland” aseismic territories of the craton. Complemented with instrumental records,
several tens (~ 40) of earthquakes of intensities of VI–VII (MSK-64 scale) and local magnitudes
up to ML = 5 are recorded in the Baltic region and adjacent areas since year 1616. The strongest
instrumentally registered earthquakes are Ossmussare (Estonia) earthquake of 1976 (with maximal
magnitude up to ML = 4,75) and the Kaliningrad (Russia) earthquakes of year 2004 with magnitudes,
respectively, ML = 4.75 and ML = 5.0 (Mw = 5.2), Lazauskienė, Pačėsa, 2011). The earthquakes in
the Kaliningrad district caused a ground shaking throughout all territory of Lithuania and the whole
Baltic Sea Region and was felt in a distance of ~800 km (Gregerssen et al., 2007). These earthquakes
are very important in assessing the seismicity and seismic hazards of the Baltic region, as they had
the highest magnitudes ever instrumentally recorded in this region and occurred in the intracratonic
stable territory. The other more significant earthquakes in the region were: February 22, 1821, Kokneses (Estonia), ML = 4.5; December 28, 1908, Gudogai (Belarus), ML = 4.5; December 29, 1908,
Madona (Latvia); ML = 4.5 (Boborikin et al., 1993). All the earthquakes in the same intracratonic
tectonic setting within basin show the recent seismic activity of the study area (Fig.).
Majority of seismic events in the eastern Baltic region are historical ones. The primary sources of
information do not provide evaluations of errors of epicentre locations for historical events. The
seismo-tectonic framework of the study areas has been outlined several times during the last decades
(Sharov et al., 2007). A number of faults and fault zones have been distinguished in the Baltic region
and adjacent territories based on geological and geophysical data. Despite of some disagreements
in the tectonic maps of different authors while marking the faults and fault zones, one might notice
some dominating fault zones, dominating directions of faults and some dominating different den-
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Fig. Seismotectonic map of Lithuania
Grey circles mark historical earthquakes, blue octagons – instrumental earthquakes, red lines – tectonic faults, black contour
lines indicate Peak Ground Acceleration (PGA), which can be exceeded within 50 years with probability of 10%; four digit
number near earthquakes indicate the year of earthquake.

sities of faults in different areas of the region. In the Western Latvia and Northwestern Lithuania
dominate faults which tend to West-East direction, then they deflect slightly to North-East direction
and in East Latvia the faults tend Southwest-Northwest direction. The density of the faults in this
fault zone is higher than in the rest of the region of study. There is a significant Northwest-Southeast
fault in the Northern Latvia, and going to the North the net of faults becomes diffused and changes
their direction. In Estonia the most significant faults folow Soutwest-Northeast, Northwest-Southeast
and longitudinal directions. Even the epicentres for two Kaliningrad earthquakes were scattered in
the area of about 30 km (Pačėsa et al., 2005). It is difficult to associate single earthquakes with some
certain faults unambiguously due to significant errors of location of seismic events and location of
faults (Lazauskienė, Pačėsa, 2011). The identification of the seismogenic faults is rather complicated
due to the small scale of tectonic structures in the intracratonic area. It must also be pointed out that
not all the earthquakes in the Baltic region are related to fault zones.
The seismic activity in the Baltic region has an irregular distribution – the northern part of the region is
more seismically active than the southern one. The maximum activity is recorded in Latvia that is characterized by most intense faulting of the sediment layers. Seismic activity is slightly lower in Estonia,
while the territory of Lithuania seems to be the most quite. The boundary between two areas of different
seismicity approximately coincides with the northern state border of Lithuania (Lazauskienė, Pačėsa,
2011). A very uneven distribution of seismic activity in the East Baltic region could be attributed to
several factors, predominantly related to the lithospheric geodynamic processes. The glacioisostatic
processes are still active in Estonia and possibly in Latvia, as indicated by the distribution of the recent
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vertical ground movements defined by precise levelling, and by changes of the gravity field (Pačėsa,
Šliaupa, 2011). These processes ceased in the Lithuanian territory several thousand years ago (Šliaupa
et al., 2005). Furthermore, the earth’s crust of the region was subject to different faulting in various
parts of the Baltic sedimentary basin. The net of faults is rather sparse in the territory of Lithuania. In
the Western part of Lithuania dominate faults of latitudinal direction, the faults slightly deflect to East
while going from South to North. In the Southwest Lithuania and Kaliningrad area there are faults
of West-Southeast direction. In the Middle of Lithuania there are faults of North-South and Northeast-Southwest direction. Beyond the Eastern border of Lithuania in Belarus one might distinguish
the fault zones of Northeast-Southwest direction. The Eastern Baltic Region is restricted in the East
by fault zone which begins near Narva, Estonia and tends to South-Southeast till Mogiliov. Moreover,
quite an uneven distribution of seismic events in the temporal terms is revealed by the unified seismological catalogue of the East Baltic region covering the time period since 1375 (Pačėsa, Šliaupa, 2011).
The periods of seismic activity (e.g. (1908–1909) are followed by periods of seismic quiescence (e. g.,
1912–1972). It is rather difficult to explain such a variability of seismic activity.
It is implied that possible seismic activity of the faults is related to the regional stress field that affects the lithosphere of the Baltic region. No uniform stress pattern can be found for Baltic countries.
Two stress provinces are suggested in Lithuania: NW-SE horizontal compression in the western
part, whereas the main horizontal stress in the eastern part is NE-SW oriented. The western zone is
attributed to the North Atlantic stress province, while the eastern is possibly a part of the Mediterranean stress province, being separated by Middle Lithuanian suture zone of the Early Precambrian
onset: NW-SE compression dominates in the west, while NE-SW compression – in the east (Šliaupa,
2011). Therefore, as the seismic stresses are rather variable within the territory of Lithuania this
might influence the character of the fault activation. The majority of the previous global seismogenic
and seismic hazard studies (Grünthal et al., 1999; Jimenez et al., 2003) that included also the territory
of the Baltic region, strongly implied the local seismogenic sources with diffused seismicity. The Neotectonic stage of the basin evolution was characterized by differentiation of the vertical movements
that show inheritance from the Paleozoic and Mesozoic basins. The relative subsidence of 0–1 mm/a
dominates in the Baltic Region, while updoming, related to the glacial isostatic rebound in the adjacent Fennoscandian shield, attaining +8 mm/a in the Botnian Bay. The rate of vertical movements
of the Earth’s surface in Lithuania during past 30–40 years, obtained from geodetic levelling, varies
from -2.7 mm per year to +3.5 mm per year (Šliaupa, 2011).
Until very recent, assessments of seismic hazards in the territory of Lithuania and adjacent areas
(Belarus, Kaliningrad district of Russian Federation) was only related to the nuclear power plants
(NPP) and their sites and were performed using various approaches that, however, were sporadic or
involved partly deterministic seismic hazard assessment only. In year 2015 numerical probabilistic
seismic hazard assessment of the entire territory of Lithuania has been compiled by Lithuanian Geological Survey using Software CRISIS99 (Ordaz et.al. 1999). The unified seismological catalogue
of the East Baltic region that covers the time period since 1375, has been compiled as a base for
the further seismic hazard assessment of the region (Pačėsa, Šliaupa, 2011). In the Eastern Baltic
Region three seismotectonic models based on assumptions of diffused seismicity have been developed: namely: a model 1) with 3 seismic zones where the northern part of East Baltic was divided
into two provinces with slightly different seismic activity rates separated by rather seismicaly quiet
area. Boundaries of seismic zones were adjusted with regional faults of higher ranks. Model 2) was
compiled according to clusters of seismic events and considering single faults and fault zones. Six
seismogenic zones have been distinguished in this model. Model 3) comprised 4 seismic zones –
Baltic Sea Costal; Central Estonian; Central-Eastern Latvian; southern (Lazauskienė, Pačėsa, 2011).
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In the territory of Lithuania, based on the changes of the distribution of stresses, recent vertical and
horizontal movements and features of regional faulting five seismotectonic zones have been distinguished. Maximal prognostic seismic potential is recorded for two zones where maximum magnitude
has been assessed as high as Mw = 5.2.
The seismic hazard map of Lithuania (Pačėsa, Čečys, 2015) shows that the highest seismic hazard
with peak ground acceleration (PGA) equal to 32,6 cm/s2 (0,026 g) with 10% probability of exceedance within 50 years could be expected in the eastern part of Lithuania; also, the increased seismic
hazards (PGA of 25–30 cm/s2 (0,030 g) with 10% probability of exceedance within 50 years) also is
estimated in the northern part of Lithuania. Therefore, the majority of the territory of Lithuania and
adjacent area is described by rather law seismic hazards – PGA values varies in a range of 10–20 cm/
s2 with 10% probability of exceedance within 50 years. The average PGA values in territory of Lithuania is 19.7–cm/s2 with standard deviation of 6.5 cm/s2. The results of the new seismic hazard assessment show good coincidence with the results of previous global seismic hazard assessment – according to the results of Global Seismic Hazard Assessment Program (Grünthal et al., 1999) seismic
level in the territory of Lithuania was estimated in the range of 10–30 cm/s2 for the standard seismic
level of civil engineering (10% probability of exceedance within 50 years or for a return period of
475 years) and according to the European map of seismic hazard (ESC-SESAME project (Jimenez et
al., 2003), the standard seismic level of civil engineering (return period of 475 years) was estimated
as high as 20 cm/s2. The maximum PGA that can be exceeded in 50 years with probability of 10%
coincides within the errors of seismic hazard assessment can be considered precise and reliable.
Still, the major challenges in defining the seismogenic structures/sources in intraplate low seismicity
setting with predominant diffused seismicity could be defined: majority of seismic events are historical ones. The primary sources of information do not provide evaluations of errors of epicentre
locations for historical events. No reliable tectonic framework – rather different tectonic and seismotectonic maps of the Eastern Baltic region exist; it is impossible to associate single earthquakes with
some certain faults unambiguously due to significant errors of location of seismic events and faults
location; the identification of the seismogenic faults is rather complicated due to the small scale of
tectonic structures; not all the earthquakes in the Baltic region are related to fault zones; to determine
the activity of tectonic faults, especially determining the potential for- and rate of- fault displacement
at the surface and of the appropriate time-window to be considered for the assessment of faults activity/capability; confidence in using the presumably seismically-induced Quarternary (Holocene) soft
sediment deformation structures – so-called “seismites” – for determination of the activity/capability
of area etc.
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Liquefaction and fluidization as
the main – but not the only – cause
of soft-sediment deformation
A.J. (Tom) van Loon
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District, Qingdao 266590, China; e-mail: tom.van.loon@wxs.nl; tvanloon@amu.edu.pl
Geocom Consulting, Valle del Portet 17, 03726 Benitachell, Spain; e-mail : Geocom.VanLoon@gmail.com

Soft-sediment deformation can take place under a wide variety of conditions, and while the unlithified sediments involved are in different states. In most cases, however, soft-sediment deformation
takes place in slightly consolidated sediments that still contain a significant amount of pore water
(they may be even water-saturated).
The most common processes involved in the deformation of such sediments are liquefaction and
fluidization; these names are unfortunate, confusing and even misleading, which has resulted in numerous descriptions and interpretations that are incorrect. It is therefore unfortunate that an approach
(by Dott Jr.) of more than half a century ago has been abandoned. Dott divided the various states of
sediment by lines (threshold values) that he called the ‘plastic limit’ and the ‘liquid limit’.
Liquefaction is a process that makes it possible to deform sediments in a plastic state; they can be
bent or broken, but do not form a liquid. Original sedimentary structures tend to be preserved. In
contrast, fluidization makes a water-rich sediment behave like a fluid: the sediment/water mixture
can, if under pressure, penetrate other sediments, while losing its internal cohesion, so that original
sedimentary structures are no longer preserved.
A simple method to distinguish between structures deformed by liquefaction and fluidization is therefore to look at sedimentary structures: if the majority of grains have moved with respect to each
other but still have preserved original contacts, liquefaction has occurred (but faulting may originally
neighbouring grains separate from each other!); if no original contacts have been preserved and/
or if a sediment with primary structures has become structureless (homogenized), fluidization has
occurred.
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Soft-sediment deformation structures in soil of
discontinuous permafrost zone,
Nadym region, West Siberia, Russia
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High contrast and the diverse range of the ecosystems development paths always characterize landscapes, developing in boundary, transitional conditions. Especially it is typical for forest-tundra ecosystems in the north of Western Siberia associated with presence of areas with permafrost and without
and the different contribution of cryogenic processes to the landscape formation. The research area
(Nadym region, West Siberia, Russia, 65°18’51.9” N 72°52’21.1” E) is characterized by extremely
high contrast of geocryological conditions. On a small territory, forest ecosystems are developed,
where permafrost are absent and ecosystems of hummocky peatlands with permafrost islands. Thus,
we can simultaneously observe both active actual cryogenic phenomena (on hummocky peatlands)
and traces of their action in the past (in forest ecosystems). The current state of the landscapes was influenced by several stages of climate warming and cooling that took place during the last 20000 years,
accompanied by permafrost degradation and aggradation. These events are reflected and easily read
in the soil profiles of the research area. They are mainly represented by cryoturbations of the relict
seasonally thawed layer and pseudomorphs over thawed polygonal wedge ice. In soils of frozen
peatlands, deformations are represented by a chaotic system of vertical cracks, sometimes with a
vortex pattern in the mineral soils horizons and filled with peat material. The leading mechanism of
their formation is associated with uneven frost heaving and modern winter frost cracking within the
active layer. Deformations in soils of forest ecosystems can be divided into several types. It is a regular network of large (up to 2 m high) wedge-shaped structures (pseudomorphs) located every 5–10
m, having a typical paleocryogenic genesis. The formation of wedge-shaped structures is associated
with the thawing of ice wedge network during the Holocene “climate optimum”. Local plots of a
network of strongly deformed wedge-shaped structures usually confined to small depressions. Their
deformations can be caused by cryogenic, biogenic, soil, eolian processes occurring in these areas
in the past after thawing of permafrost. Another group of deformations is a large number of small
(up to 0.5 m) irregular structures of vortex, annular, wedge-shaped, drop-shaped and other types of
chaotic form. Their development is associated with the alternation of sediment freezing-thawing processes and with cryogenic convective deformation in the relict active layer and the present-day layer
of seasonal freezing. Thus, a wide range of modern and relic cryogenic deformations reflecting the
paleogeography of the area characterize the soils of the Nadym region. The origin of deformations
is due to a combination of different mechanisms, mainly cryogenic processes of cracking and cryoturbing, convective deformations, as well as biogenic and aeolian processes superimposed on them
and complicating their form.

This work was supported by RFBR grants № 18-04-00952.
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Soft-sediment deformation structures and
Palaeoseismic phenomena in the Kola region
(northeastern Baltic Shield)
Nikolaeva S. B.
Geological Institute, Kola Science Centre, Russian Academy of Sciences,184209, Apatity, Russia;
e-mail: nikolaeva@geoksc.apatity.ru

In recent decades, research of the Fennoscandian (Baltic) Crystalline Shield has been changing notions of seismicity in the region considerably (Mörner, 2004). In the Russian part of Fennoscandia, the
Kola region, palaeoseismic events and they secondary effects are observed both in rocks, and in loose
sediment (Nikolaeva, 2009). The number of sites of soft-sediment deformation structures (SSD) has
currently increased. There are new data on their location and age. Studying the Kola region seismites
has provided several conclusions: 1) SSD are developed in water-saturated sands of different grain
size (fine-grained mostly), silts, varved clays and in different genetic types of sediments – marine,
lacustrine, glaciofluvial, glaciolacustrine and bottom lake deposits. 2) Best-widespread among SSD
are liquefaction effects, convolute lamination, slump structures, load cast, water escape structures,
diaper-like injections, syn-sedimentary faults, clastic dykes (Fig. 1). All of these are characteristic of
spontaneous liquescency of sands, as is common with strong seismic events in areas if high seismic
activity (Obermeier et. al., 2005). 3) SSD tend to areas of active faults and/or seismogenic zones,
areas of palaeoseismic deformations developed in crystalline rocks of basement, as well as to offsets
of various scale indicating their reactivation or occurrence during Late Pleistocene-Holocene.4) The
age of SSD has been defined according to data of the radiocarbon analysis and using the OSL method
in 9 sections of the Kola region. It indicates the seismotectonic activity of the region to have been
high during much of the Holocene.

Fig. Liquefaction effect in glaciofluvial sands. Ura-bay, Kola Peninsula
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The provided data on SSD and palaeoseismic phenomena in sections of Quaternary deposits are
often disputable. They reflect outcomes of the initial study of such structures in the eastern Baltic
Shield. However, the fact that the deglaciation epoch and several thousand years after it were a period
of extended seismotectonic activity can be treated as undoubted.
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Disturbances in the primary stratigraphy of
lake sediments on the Murmansk coast: their
identification and relationship with active
tectonic structures
Nikolaeva S. B. , Tolstobrov D. S., Tolstobrova A. N.
Geological Institute, Kola Science Centre, Russian Academy of Sciences,184209, Apatity, Russia;
e-mail: nikolaeva@geoksc.apatity.ru

Bottom sediments of lakes are good geological archives, which preserve the information on the
past natural and climatic conditions, including strong catastrophic events (earthquakes, tsunamis and
landslides). In this report, we present the results of the studies conducted in recent years and aimed
at studying the traces of catastrophic events in the bottom sediments of lakes in the Kola region – a
territory with a moderate level of modern seismic activity. Disturbances of the primary stratification
of lakes bottom sediments were found on the Barents Sea coast of the Kola region at 2 places.
Lake Retinskoye (69°07’37.7’’ NL, 33°18’55.4’’ EL) is located in the area of the Kola Bay. A lithological study of the cores showed that the lake basin is filled with sea aleurites with crushed stone and
pebbles (0.62 m thick), passing upwards along the section into freshwater gyttja (0.29 cm thick). In
all columns there is a clearly pronounced sand layer (2.5 cm thick), enclosed in a sapropelic matrix.
The sand formation during the accumulation of gyttja indicates a disturbance of the hydrodynamic
regime of sedimentation in the reservoir.
In the bottom sediments of another lake (69°10’37.1” NL, 35°04’53.6” EL) on the Barents Sea coast
(the settlement of Teriberka area); a tsunamigenic sediment layer was discovered (Tolstobrova et al.,
2017). This layer occurs with erosion disagreement on freshwater sediments and is represented by a
mixture of sand and gyttja. A sharp appearance of many marine and brackish-water diatom species
is recorded in this layer. The formation of the tsunamigenic layer occurred in the Middle Holocene
and is probably associated with a slight splash of a sea wave. The probability of such an event is
indirectly confirmed by the tsunamigenic sediments found in lakes on the coast of the Barents Sea in
Finnmark in Norway (Romundset et al., 2011).
It should be noted that seismically induced structures in loose sediments (seismites) have been identified along almost the entire Murmansk coast. We associate the disturbance of the primary stratification of lakes bottom sediments with the activation of the “Karpinsky” fault in the Holocene. This
fault is a large tectonic structure that separates the Barents Sea (Svalbard) plate and the Baltic crystalline shield.
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Soft-sediment deformation in two ecosystems
in West Siberia, Russia. Science interpretation
of natural art
Anna Sefilian, George Matyshak, Olga Goncharova
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The study area is on the north of West Siberia, Russia in discontinuous permafrost zone. We worked
in two adjacent ecosystems, that had abrupt transition (within one meter), but vegetation and soils
were different.
The first site is located on the most typical and widespread for taiga zone ecosystems on sandy alluvial sediments in forest with dominant of pine, green mosses and other green vascular plants. Soils
are represented by a complex of podburs and low-depth podzols with horizontal stratification of
layers, what is typically for soil formation. At the present time the permafrost is absent in this place,
but we can observe loamy ice wedges (pseudomorphs, 1-2 meters in diameter) in soils, that are regularly spaced every 10 meters. Such structures are artifacts of paleocryogenic processes. Within these
ecosystems, we have described rounded areas (several hundred meters in diameter) with sharply different plant and soil cover. Whereas a dividing line between two ecosystems is absolutely clear (few
meters). The rounded areas have pine and lichen (Cladonia rangiferina) as a dominant in vegetation
cover and well-developed hummocky-ketteled mesorelief. For these sites the most common soil type
is podzol with deep profile and absolutely irregular chaotically situated horizons in soils and parent
material. There are a lot of different deformation, such as pseudomorphs, cryoturbated structured,
nodules, flame structure etc. Many structures are ripped and shifted. The severity and uncertainty of
these deformations is often so high that it resembles more the subject of art – the art of nature.
We assume a different mechanism of their formation – biogenic (windfall), eolian, cryogenic and,
possibly, seismic. However, at the moment, the reason for such a sharp contrast in the severity of
deformations between two adjacent landscapes is not clear.
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Palaeoseismic deformations (seismites) in the
Buivydziai outcrop (East Lithuania) and their
morphotectonic implication
Jonas Satkūnas
Lithuanian Geological Survey, S. Konarskio 35, LT-03123 Vilnius, Lithuania; e-mail: jonas.satkunas@lgt.lt

Evidences of palaeoseismic deformations (seismites) in Lithuania and adjacent areas recently are
known from several places and are attributed mainly to Post-glacial seismic activity (Bitinas et al.,
2016). However, dealing with Quaternary glacial deposits the seismically inducted liquefaction deformations could be misinterpreted as cryoturbations, glaciotectonic or water-escape structures (Bitinas, Lazauskienė, 2011).
Seismites like structure have been identified in 2016 in the Buivydziai outcrop (30 km North East of
Vilnius). This outcrop in known due to location of problemic Middle Pleistocene interglacial gyttja
in the lower part of the section. This outcrop is located in the valley of Neris river and is 35 m high.
The seismites were identifyed in the layer of sandy silt (particles 0.05–0.005 mm make 55–60%)
at a depth 2.5 m from top of the outcrop. Composition and horizontal lamination indicate that the
sandy silt layer most probably is of glaciolacustrine origin that was formed prior the advance of Late
Weichselian glacial, which has left the brown till on the top on the outcrop.
The textures interpreted as seismites in the Buivydžiai outcrop are „kindey“ like sand lenses
(10–12 cm long and 3–4 cm thick) separated (protruded) by diapyrs of sandy silt.
The Buivydziai seismites are similar to those structures formed in Japan after the Great Easter Japan
earthquake in 2011, when the Jinami (ground wave) resulted in liquefaction-fluidization of soft sediments (Nirei et al., 2015, 2016).

Fig. Textures interpreted as seismites in the Buivydžiai outcrop (photo J. Satkūnas, 2016)
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The geological mapping data of the surroundings of Buivydziai, carried out in 1991, provided indications of occurence of neotectonically active linear zone, oriented from NW to SE. Along this line the
course of Neris valley is characterised with active erosion (e.g. forming of the Buivydziai outcrop)
and sharp loops. Furthermore – along this line dislocation of layer of Daumantai stage Prepleistocene lacustrine sediments with amplitute of 10 m. is detected (Satkunas, 1998). This tectonically
active zone could generated a seismic shock during the advance of Last Glacial and the seismites of
the Buivydžiai outcrop could be interpreted as evidence of this seismic event.
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Introduction
Glacially induced faulting describes fault movement caused by a combination of tectonic and glacially induced isostatic stresses. It is associated with intraplate regions but also discussed for some
plate boundary areas. Ice sheet load induced stresses are released during or after ice melting with the
potential to reactivate pre-existing faults.
Research focus was for a very long time set to the Nordic countries in Europe. This is owed to the
facts that the most impressive fault-scarps, which witness glacially induced fault activity are found
there, that the infrastructure eases geoscientific investigations, and that the search for nuclear waste
repositories in Sweden and Finland deserved answers on the (re-) activation potential of these faults.
More than a dozen of kilometre-long fault-scarps were identified in northern Fennoscandia in the
last decades. It was mainly assumed that these features are unique although similar fault structures,
but by far not of such dimensions, were also described from the United Kingdom and from eastern
Canada. In other formally glaciated areas in Europe such glacially induced faults were rarely observed and discussed in the literature but the number of studies with reliable field evidence (e.g. in
Denmark, northern Germany, Poland, Baltic countries) has considerably increased in the last years.
The estimated fault movements are of minor magnitude though as compared with those in northern
Fennoscandia. Finally, a few studies in Germany even point to glacially induced faulting outside the
former glaciated area.
With numerical modelling we will explore in which areas of Europe glacially induced faulting can be
expected. We use the latest generation of three-dimensional high-resolution models of glacial isostatic adjustment that incorporate the most recent ice sheet history models of northern Europe. We will
highlight the geographical limits of glacially induced faulting in Europe and discuss the likelihood of
this type of faulting in the Netherlands, Germany, Poland, the Baltic countries, Belarus and Russia.
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The structure of the ground wedges near Nizino settlement (Leningrad region) has been studied in
detail (Streletskaya, 2017). A research team from the Institute of the Earth Physics explored the same
quarry in 2002 and found about ten soil wedges spaced at 30–50 m intervals. The wedges enclosed
fossil soil fragments with radiocarbon ages from 10230±40 14Сyr BP [GIN_12172] to 9240±90
14С yr BP [IGAN _3265]. Authors argue that features of soft sediment deformation caused by large
earthquakes in the Holocene (Nikonov, Rusakov, 2010).

Fig. Structure of the ground wedges near Nizino settlement.

Fig. Structure of the ground wedges near Nizino settlement

Large wedges and polygonal forms are major indicators of the periglacial environment. Relict polygonal topography found in the European lands and characterizes almost all of geomorphic levels associated with Neopleistocene. As mean annual ground temperatures or water content in the active layer
increase, primary soil wedges transform into two-stage structures, with their upper and lower parts
developing as soil and ice wedges, respectively, in the conditions of continuing frost cracking. The
two-stage structure of fossil wedges is quite reliable evidence of permafrost and a marker of the past
active layer thickness. Ice wedges melt during permafrost degradation and leave secondary structures
(casts) in their place, while the host sediments experience deformation. Repeated thawing and freezing of fine-grained sediments in the permafrost zone leaves a mark on the relative percentage content
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of quartz and feldspar, because the two minerals have different grain size limits of cryogenic disintegration (Konishchev, Rogov, 1994). Correspondingly, the ratio of quartz-to-feldspar percentages
in coarse silt and fine sand fractions (cryogenic contrast coefficient, CCC) has implications for cryogenic weathering of sediments. This ratio exceeds 1 for cryogenic conditions, the higher the CCC the
colder climatic conditions. The coefficient of cryogenic contrast for enclosing, filling and underlying
deposits of the ground wedges is close to or greater than 1, thus indicating to the active processes of
cryogenesis. The ground wedges, sand wedges and ice wedges had formed since 15.5 thousand years
ago as a result of frost cracking (Fig.). The results of the studies do not testify to the hypothesis of
seismic origin of the ground wedges near Nizino settlement. The ground wedges have not been the
relict seismodislocations due to the Holocene earthquakes.
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Along a cliff at Rzucewo in northern Poland (Baltic Sea coast) subaqueous debrites indicating multiple cohesive and intermediate debris flows on a subaqueous fan were recognised (Woźniak & Pisarska-Jamroży, 2018). The sediments were deposited in the Middle Weichselian at the margin of the
ice sheet during its decay stage. Debrites fabric analyses indicate a palaeotransport direction on the
palaeoslope inclined to NNW, similar to the palaeocurrents interpreted from the asymmetrical ripples
and the mean dip direction of faults occurring in the succession (Woźniak et al., 2018).
Rzucewo succession contains a unique set of plastic and brittle soft-sediment deformation structures (SSDS) like: (1) fold structures (various types of folds and flexures), (2) load structures (load
casts, pseudonodules) and flame structures, (3) water-escape structures and (4) brittle deformation
structures, such as faults (medium- and small-scale reverse and normal), and fragments of broken-up
laminae (Pisarska-Jamroży & Woźniak, 2018). What is more, debrites are rich in different intact or
contorted soft-sediment clasts (Woźniak & Pisarska-Jamroży, 2018).
The question investigated here concerns recognition of the trigger mechanisms responsible for the
development of SSDS, and the criteria needed to recognize those mechanisms based on the lithological and deformational features of the sediments involved. In our opinion SSDS contained in Rzucewo succession may developed as a result of (1) hydroplastic processes in sediments, (2) subaqueous
debris flows on a palaeoslope (and the linked overburden pressure), and/or (3) shock activity linked
to the glacioisostatic rebound during deglaciation. We suggest criteria to recognize SSDS triggered
by the glacioisostatic rebound as well as those which can develop as a result of the rebound and slope
processes. What is more, the strength (see cohesion) of debris flows and their influence on some
SSDS development are shown.
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