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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 pri-
marily 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 ac-
cumulation 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 de-
posited in cloudy opaqueness – milky water in an ice lake (see Weckwerth et al., 2013). 
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Sedimentological description and interpretation

A fine-grained silty and sandy sedimentary succession was observed in a 5 metres high and 70 me-
tres 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), 

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 kame-

glaciofluvial, 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. 
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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 gra velly 
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 lithofa-
cies, was deposited through the action of slow-moving, small-volume inflow events. Unit B’s mas-
sive 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 gra-
vels 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. Hori-
zon (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 hori-
zon (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 me-
tres 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 clay-
ey 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 struc-
tures 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 liquefac-
tion 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 gla-
cio-isostatic rebound; although an obvious liner zone, one that separated sediment complexes of dif-
ferent 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, un-
der-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 de-
velopmental 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 sedi-
ment 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 fea-
tures 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 for-
mation.

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 associat-
ed 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 con-
nected 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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