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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 glacio-
lacustrine 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 composi-
tion 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 – low-

moor 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 litho-
facies 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, consist-
ing 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, where-
as 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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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

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.
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