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The aim of the study is to present the occurrence of landslides on the submarine slope of a sandy barrier. The scale and sig-
nificance of this phenomenon is discussed. The study area is the Hel Peninsula. It is a 35 km long young sandy spit. The
landform is prograding into the deep part of Gdansk Bay, and the underwater extension of its tip is a steep sandy slope. The
tip is still poorly investigated, as it was a military area closed to researchers until 2003. The first detailed survey of the tip on
the seabed was conducted aboard the research vessel “IMOR”. A multibeam echosounder, a sub-bottom profiler and a
side-scan sonar were used, while grab and core samples of sediment were obtained. Many forms, commonly created as the
result of underwater mass movement, were recognized and determined (main scarps, main bodies, landslide steps, land-
slide foots, series of small slides, “sheet” slides and structural slides). On the one hand, the landslide processes that occur in
the tip of the Hel Peninsula are related to the natural development of sandy spits. On the other hand, they threaten the

=

shore’s stability. The genesis of the landslides is still not known.
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INTRODUCTION

The aim of the study is to present the occurrence of land-
slides on the submarine slope of a sandy barrier, and to reveal
the general scale of this phenomenon and its significance to
evaluate the state and development of the Hel Peninsula and
other subaqueous slopes of sandy barriers, deltas and excava-
tion walls. The study is based on materials from pioneering re-
search conducted at the tip of the Hel Peninsula in 2006—2007
(Rucinska-Zjadacz, 2013).

The study area is the tip of the Hel Peninsula (Fig. 1). The
Hel Peninsula is the most characteristic feature of the Polish
coastline. It is a 35 km long sandy spit, 150 m wide at its base
and 3 km wide at its head.

The hydrometeorological conditions of the tip are specific
and complex (Rucinska-Zjadacz and Rudowski, 2009, 2015). It
is exposed to winds and waves from every direction, though the
westerly winds are dominant (Mietus and Jakusik, 2005). The
large depth (over 60 m) around the tip makes the waves from
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the open sea come directly to the shore with very strong and di-
rect effect. The crests of the waves are subjected to strong and
varied refraction causing multi-faceted interference systems.
This is important for the formation of a complex and distinct sys-
tem of surface and shelf/slope currents, including upwelling and
downwelling. So far, no adequate specialized hydrodynamic re-
search has been conducted in the area of the tip. Existing infor-
mation about hydrodynamic conditions of this region come from
the studies dealing with the Hel Peninsula (e.g., Mietus et al.,
2005; Stanistawczyk, 2005) or the Polish coast as a whole
(Pilarski et al., 2011).

The development of the Hel Peninsula, like the whole
Southern Baltic coast, is mainly related to the period of the
Littorina Transgression and the last relative stabilization of the
sea level (Uscinowicz, 2014). During the transgression period,
the coast of moraine plateau was abraded and its sediment was
transported longshore in an eastern direction. The Hel Penin-
sula was formed as a spit following the deposition of this sedi-
ment (Tomczak, 1995a). The embryonic spit developed to-
wards the centre of Gdarisk Bay. The northern shore of the spit
was purely an extension of the land shoreline. Due to a later
sea-level rise, the Southern Baltic seashore was retracted. The
spit moved on towards the south, until it reached land sediment.
About 5500 years ago, the sea level became relatively stabi-
lized. The Hel Peninsula had been growing very fast, until it
reached a deep part of the Gulf of Gdansk. After that, the devel-
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Fig. 1. Location of the study area

A — situation on the Baltic Sea; B — situation on the Gulf of Gdansk; C — satellite image (DigitalGlobe after Google Ink., 2015,
taken on 1 June, 2014); D — aerial photo of the tip of Hel Peninsula (taken by P. Domaradzki on 7 June, 2013);
P — viewpoint of the aerial photo (D) marked on the satellite image (C)

opment of the spit became slower (Tomczak, 1995a; Uscino-
wicz, 2003). About 1760 years ago the tip of the Hel Peninsula
reached the place where the town of Hel is located today, and
about 1000 years ago the shape of the spit became similar to
the present shape of the Hel Peninsula (Tomczak, 2005).

A 100 m thick layer of Holocene sediment, found in most
phases of the Baltic development, is located on the distal part of
the Hel Peninsula (Tomczak, 1995Db). Lithology and bio-
stratigraphy of individual parts of the layer have been generally
determined based on drilling results. These are sandy and
muddy deposits from subsequent phases of the Baltic Sea de-
velopment (Tomczak, 2005). These layers lie consecutively on
Pleistocene tills (ca. 10 m thick) and Cretaceous marly rocks
(whose top is at about 100 m b.s.l.) (Tomczak, 1995b).

The underwater slope of the Hel Peninsula tip is composed
of a series of colluvium deposits, primarily medium- and fine-
-grained sand. Pebbles, fragments of peat, organic detritus and
other elements also occur there (e.g., Musielak, 1989; Kra-
marska, 1995; Tomczak, 2005). The sea-floor around the tip is
composed of fine-grained silty sand and sand-silt-clay sedi-
ment (Kramarska, 1995). The underwater part of the tip of the
Hel Peninsula is a steep slope (locally 20° or more). The foot of
the slope is located at a depth of nearly 60 m (Rucinska-
-Zjadacz and Rudowski, 2009). As regards non-tidal basins,
there are few formations of this type in the world. The most simi-
lar landform is Long Point on Lake Erie, but its slope is not so
steep and its foot is located at merely 40 m b.s.l. (Davidson-Ar-
nott and Conliffe Reid, 1994).

Only a few studies have been conducted in the region of the
tip of the Hel Peninsula, and all of them on the shore (\Wiinsche,
1904; tegowski, 1925; Baczyk, 1963; Grygorenko, 1972;
Graniczny et al., 2004). Results of these studies show that the
tip is growing towards the south-east; however, the western
shore is eroded. There are some reasons for the lack of studies
in this region. First, the area was closed for researchers until
2003, because it had been a military area. Secondly, precise

methods of recognizing seabed features have not been afford-
able in the past.

Submarine mass movement is hard to be observed in ac-
tion. Usually, only effects of the process are recordable (land-
forms and deposits). In our times, non-invasive methods
(mainly: a multibeam echosounder, a sub-bottom profiler and a
sidescan sonar) can be used to survey a submarine landslide.
These methods are a good tool for obtaining the characteristics
of the slide (Canals et al., 2004; Gazioglu et al., 2005; Sichi et
al., 2005; Bozzano et al., 2009). The results obtained based on
a classic analysis of sediments were of limited significance be-
cause grab samples are collected from random points without
the relation to the forms of sea-floor relief. The main basis for
determining the slope relief and nature of its surface is full spa-
tial (no interpolation between measurement points) registration
of the sea-floor surface and seismic profiling. The results of par-
ticle-size distributions and the descriptions of core samples
could only be used aiding with the geological interpretation of
geophysical data.

The first studies concerning the underwater tip of the Hel
Peninsula were conducted in the years 2006—2007 (Rucinska-
-Zjadacz and Rudowski, 2008, 2009, 2015; Rucinska-Zjadacz,
2013, 2015). A similar work was performed in the nearby area of
the Hel Port (Rudowski et al., 2015).

METHODS

The research area is a ca. 1 km wide polygon surrounding
the tip and parallel to the shoreline. It includes the underwater
slope of the tip of the Hel Peninsula (Fig. 2). The study is based
on materials from the pioneering research carried out in 2006
and 2007 (Rucinska-Zjadacz, 2013). Surveys were conducted
aboard the research vessel “IMOR” by the staff of the Depart-
ment of Operational Oceanography of the Maritime Institute in
Gdansk.
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Fig. 2. Relief image of the study area
(Rucinska-Zjadacz and Rudowski, 2009)

The picture of the land is the orthophotomap
(CODGIK, July 10, 2010)

A relief survey was performed using a multibeam echo-
sounder (Seabat 8101). Based on the obtained point cloud, a
digital model of the bottom was generated, and a full spatial im-
age of the sea-floor relief was achieved.

The character of the seabed surface was recorded by a
sidescan sonar (EdgeTech MF4200) and, locally, by an under-
water TV (ROV TV system).

Twelve seismic profiles (Fig. 3) were performed by sub-bot-
tom profilers SeaBat Oretech 3010 and AG&G Boomer, to find
out the inner structure of the slope. The archived resolution of

the seismic record is ca. 0.3 m with 2-3 m of penetration. The
deeper parts of the seismic profiles are not useful for interpreta-
tion because there are numerous crossed lateral and vertical
multiple reflections, related to the sea-floor morphology and the
configuration of landslide layers.

Additionally, three core samples (by a vibrocorer VKG-3)
and 62 grab samples (by a Van Veen Grab Sampler) were col-
lected (Fig. 3; Rucinska-Zjadacz, 2013). The macroscopic de-
scriptions and sieve analysis (1 phi) were performed.

The results of the non-invasive recording methods were geo-
logically interpreted based on knowledge of the region (e.g.,
Pikies and Jurowska, 1992; Uscinowicz and Zachowicz, 1992;
Tomczak, 2005) and experience in the methods (Fish and Carr,
1990; Blondel and Murton, 1997; Stoker et al., 1997; Blondel,
1999; Lurton, 2002; Sichi et al., 2005; Grzadziel, 2008; Rudowski
and Rucinska-Zjadacz, 2010). Sonograms were determined
from the sidescan sonar images. They identified areas that have
a similar character to the bottom surface, with respect to the
physical features of the sediment (grain-size, density and com-
paction) and the relief features of the sea-floor. Seismic facies
were distinguished on the sub-bottom profiler records by consid-
ering the character of the reflections. The lithology of the sedi-
ment is connected with the scattering and absorption of acoustic
energy (Badley, 1985; Stoker et al., 1997; Wicher and Necel,
2000; Przezdziecki, 2004; Rudowski and Rucinska-Zjadacz,
2010). Geological interpretation of the seismoacoustic records
was performed with consideration of the core and grab samples.

RESULTS

The analysis of 62 grab samples reveals a significant vari-
ability in surface sediments of the submarine slope. Based on
the obtained results, the features of sediments have been de-
scribed related to the main morphological forms (macroforms)
(Figs. 4 and 5), including a coastal shallow, slope edges, slope
surface, and slope foreland. The results are concerned the
eastern, the central and the west profiles (Fig. 4).
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The differentiation of surface sediments is highlighted by
the chaotic presence of various elements deposited on the
slope and foreground (Fig. 6) due to abrasion of the Hel Penin-
sula shores. These are fragments of trunks and branches, plant
detritus, concrete rubble, gravel and stones, fragments of ani-
mal bones (mainly fish) etc. The diverse nature of the sedi-
ments is also been observed in the sediment boreholes (Fig. 7).
There are interlayers of relatively well-sorted fine sand and silty
sand as well as unsorted sand. Consequently, the nature of the
sediments is compatible with the classical colluvium concept,
including downslope transport and slides of the material from
abundant supply of full-term diversified sediments on the slope
and foreground.

An accurate overall picture of the seabed surface has been
archived using non-invasive methods in order to recognize the
sea-floor relief. Numerous, common submarine mass move-
ments, varied in size and type, have been observed. Selected
examples are presented and described below.

Large fully developed landslides occurred in the central part
of the tip. Their main scarps and main bodies were recognized
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(Fig. 8). The main bodies were composed of fine sand and silty
sand, with the addition of coarse sand and clay. The sediment
was poorly sorted. More fine-grained sediment is observed on
the underside of the main bodies than on the upper sides. A
number of bricks, and pieces of concrete and wood were also
found on the surfaces of the main bodies. These included frag-
ments of destroyed defence coastal forms and buildings, as
well as anthropogenic rubbish.

Three main seismoacoustic facies were distinguished within
the inner structure of the slope. These are: facies | —recent sur-
face sediment, facies Il — young colluvium, and facies Il — older
colluvium. The examples of the seismic records are presented
in Figure 9.

Facies | — recent surface sediment. It is a thin cover lying
on a relatively flat slope area. Its thickness is roughly from 20 to
50 cm. It arose from the gravitational accumulation of suspen-
sion, and is composed of fine sand in the shallower parts of the
tip and fine silty sand in its deeper parts.

Facies Il — young colluvium. The seismoacoustic image of
the top boundary of the facies owes its features to the occur-
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Fig. 4. Differentiation of grain-size parameters (in phi units) of surface sediments
within bathymetric profiles: 1, 2 and 3 (profile locations on Fig. 3)

MP — coastal shallow sediments, SK — edge zone sediments, St — slope sediments,
DM - slope base sediments, M1 — mean, M2 — standard deviation, M3 — skewness
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Fig. 5. Grain-size parameter values of surface
sediments within the morphological units
(vertical markers indicate average values)

Units: P —beach, MP — coastal shallow, SK — edge zone; E — eastern
part of cape, W — western part of cape, St — slope, DM — slope base;
M1 — mean, M2 — standard deviation, M3 — skewness (after
Rucinska-Zjadacz and Rudowski, 2015)

rence of shells and pebbles that are commonly found in
vibrocore samples. The lower boundary of the facies is ragged
and erosive. The thickness of the facies ranges from a few
decimetres on the upside of the slope to 6 m on the underside.
The facies is interpreted as belonging to a group of young land-
slide formations with characteristic disturbed sandy sediment.
Facies Il — older colluvium. The recorded image is similar
to the Young Colluvium Facies, but the reflections are stronger.

ROV/1

The thickness of the facies is >10 m. The layer below the
boundary is not visible in the detail on the records. The landslide
material is composed of highly compacted variously grained
sand, including toppled rubble.

A relatively vast, flat, shallow bottom is located near the
steep slope of the tip. It is an area under action of waves and
currents only, without landslides.

Two main very steep (up to 35°) scarps are observed (Fig.
8), with edges located 7 m b.s.l. Interpretation of their inner
structure (profile a—b in Fig. 9) confirms the correctness of the
identification of the form.

Only the upside of the main body “A” (Fig. 8), genetically re-
lated to the main scarp no. 1, has remained. The rest of the
main body may have been distributed on the slope and/or the
landslide that is genetically related to the main body “B”. It may
also be associated with the convex parts of the slope located
50-55 m b.s.l., which are interpreted as a landslide foot.

The main body “C” (Fig. 8) is composed, among others, of
materials that have slid from the main scarp no. 2. This land-
slide is probably the youngest of all. It lies on the inside of a long
narrow landslide furrow valley. The distal part of the main body
is an elongated fan, and numerous steps are on the surface of
the form.

The main scarp associated with the main body “D” (Fig. 8)
has not survived. It was buried by material transported across
the slope from the north-east to the south-west. The surface of
the main body “D” is thinly ridged. It is located inside a wide
landslide furrow valley, and is split by an inlier trough. There
are many steps on the inlier trough, which may be older than

ROV/3

ROV/4

Fig. 6. Examples of underwater photos (ROV TV) of the different objects on the slope
(part of a tree trunk and limbs, concrete and various rubbish)

Lower edge of each photo is ca. 1 m wide



412

Stanistaw Rudowski, Maria Rucinska-Zjadacz, Radostaw Wréblewski and Patryk Sitkiewicz

1 — fine and very fine sand, muddy, loose, greyish brown

packed, erosional pavement, greyish brown;
4 — fine sand, well packed, greyish brown;
5 — fine sand, muddy, loose, grey;

7 — medium sand, poorly sorted, grey;
loose, grey

9 — medium and coarse sand, some pebbles up to 1 cm;
loose, grey
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2 — fine and very fine sand, muddy, packed, dark greyish’brown;
3 — fine and very fine sand with interlayers of mud, poorly sorted,

6 — fine sand, muddy, visible lamination, bioturbation, smudges and
interlayers of organic matter, well packed, dark greyish brown;

8 — medium and fine sand with interlayers of coarse sand and fine gravel;

poorly sorted,

10 — medium and coarse sand, some pebbles up to 2.5 cm, poorly sorted, grey
11 — medium and fine sand, fragments of shells (Mya, Macoma), dark grey

Fig. 7. Borehole sections

For location see Figure 3

the surrounding dichotomous main body, or may have arisen
as a result of sliding in the main body sediment. The distal part
of the main body is composed of a series of wide foot fans
(Figs. 2 and 8).

The eastern part of the tip (Fig. 8) is composed mainly of
medium-grained and fine-grained sand. The rate of longshore
sediment transport from the north is high, while the cross-shore
transport is diverse. Three types of slide (Fig. 10) can be deter-
mined by considering their size and character. These include: a
series of small slides, “sheet” slides (the forms of flat surface,
which are displaced) and structural slides (the forms that are
displaced in conformity with the bedding plane and the struc-
ture, but not with the truncation of crosswise structures). These
have been classified by analogy to landslides that occur on land
(vide Kleczkowski, 1955; Klimaszewski, 1978; Hampton et al.,
1996; Einsele, 2000; Migon, 2015).

Numerous steps are found in the underside of the slope
(profile g—h in Fig. 9). These are relatively firm, and their clear
relief is an indication of a low rate of sediment deposition. Be-
tween the steps the depth differences are about 2 m. The for-
mations are composed mainly of fine sand.

A single step is observed in many places on the tip. These
have arisen as a result of mass movement, like a translational
landslide, in conditions of ample sediment accumulation. They
are composed mainly of fine sand, but also contain coarse ma-
terials, including fragments of bricks, concrete elements, roots
and branches of trees.

DISCUSSION

The presented submarine landslides occur on the steep
sandy slope of a barrier moving on a deep non-tidal basin. So
far, landslides of different scales and lithologies have been de-
scribed occurring on continental slopes (e.g., Hampton et al.,
1996; Mulder and Cochonat, 1996; Adams et al., 1998;
McAdoo et al., 2000; Beyer et al., 2003; Canals et al., 2004;
Hihnerbach and Masson, 2004; Gazioglu et al., 2005; Masson
et al., 2006; Elverhoi et al., 2010), large river deltas (e.g., Prior
and Suhayda, 1979; Nemec, 1990), and underwater slopes of
lakes (e.g., Gardner et al., 2000; Bozzano et al., 2009). Sub-
aqueous landslides have been observed in Poland on the bot-
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Fig. 8. Relief image of the Hel Peninsula tip

The south-perspective is on the top and the east-perspective is beneath; landslide’s main scarps
(1, 2) and the main bodies (A-D) are marked by white lines; seismic profiles a-b, c—d, e—f, g—h
(Fig. 9) are marked by black lines; examples of sonar images (Fig. 10) are contoured by white
lines; the picture of the land is the orthophotomap (CODGIK, July 10, 2010)

tom of Wigry Lake (Rutkowski et al., 2003) and at the excava-
tion walls created as a result of sand exploration in the Puck La-
goon (Rudowski et al., 2009). Landslide processes may also
occur near the tip of the Hel Peninsula — at the unexplored west-
ern slope of the Hel Peninsula in the region of the Dluga Shoal
and the Borzynska Shoal. However, this question requires fur-
ther investigation.

The classification of landslide forms and phenomena, espe-
cially subaqueous, requires evolving. In this paper, the slides,
“sheet” slides and structural slides have been classified by
analogy to landslides that occur on land. Presented results may
be a starting point to a discussion on types and nature of land-
slide forms on submarine slopes of sandy barriers.

The multibeam echosounder survey was repeated after 17
months. During this period, neither relief nor landslide develop-
ment was observed. No relief changes to the tip were noticed,
either. They were not occasioned even after the intended deto-
nation (in February, 2009) of a wreck from World War |l (a barge
with mines), lying in the western part of the slope (Rucinska-
-Zjadacz, 2013). Nevertheless, the clear relief and the inner
structure of the slope indicate that changes occur occasionally
and they may be significant.

The origin for the landslides has not been unequivocally
determined. Many factors could cause instability of the slope
of the Hel Peninsula tip, and there are many options to con-
sider. Landslides occur primarily as a result of sediment over-
load (Lgseth, 1999). Water mass movement (wind waves, sea
level changes, internal waves) can also cause a slide
(Hampton et al., 1996; Mulder and Cochonat, 1996; Lgseth,
1999; Huhnerbach and Masson, 2004). One of the results of
wave action is cyclical changes to the pore water pressure,
which can cause sediment to loosen (Laseth, 1999). Sea level
changes can also activate changes in groundwater pressure,
and the result can be a slide. Wave-generated vibrations are
also an important slide factor. Landslides at the tip of the Hel
Peninsula can also occur as the result of exceptionally strong
storm. Other probable reasons for landslides in the Hel Penin-
sula tip are earthquakes (such as the 2 tremors that occurred
on 21 September 2004, 5.0 and 5.3 in magnitude, with their
epicentre in the Kaliningrad Oblast; Wiejacz, 2006), and the
loosening of sediment compaction due to the decay of organic
matter. The presence of great gas eruptions (e.g., gas volca-
noes with craters over 200 metres in diameter; Rudowski et
al., 2010) on the seabed around the Hel Peninsula tip should



414 Stanistaw Rudowski, Maria Rucinska-Zjadacz, Radostaw Wréblewski and Patryk Sitkiewicz

Fig. 9. Examples of seismic profiles: a—b, c—-d, e—f, g—h (for location see Figs. 3 and 8)

Facies: | — recent surface sediment, Il — young colluvium,
11l — older colluvium; interpretable area is coloured

also be considered as a potential capability to activate land-
slides on the slopes.

On the one hand, the landslide processes that occur on the
tip of the Hel Peninsula are connected with the natural develop-
ment of a sandy spit. But on the other hand, they threaten the
shore’s stability. This is especially risky in the western part of the
tip, with a highly urbanized coast and eroded shore (Rucirnska-
-Zjadacz, 2015; Rucinska-Zjadacz and Rudowski, 2015). So far,
the impact of the processes that occur on the submarine slope
has not been taken into account in any studies of the dynamic

state of the Hel Peninsula, including those examining the sedi-
mentary budget and the shore abrasion hazards.

The problem requires further research, especially given that
the area has been poorly investigated from a hydrodynamic,
geomorphologic and tectonic point of view. The submarine
landslides are a challenge for engineering geology.

The morphology should be monitored, and the development
of the slope should be observed. This is all the more significant
because the condition and the development tendencies of the
whole landform — the Hel Peninsula — are manifested via the
condition of the tip.
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Fig. 10. Sonar images of three types of slide: E — series of
small slides, F — “sheet” slides, G — structural slides

CONCLUSIONS

This is the first detailed presentation of the relief of the sub-
marine slope of a sandy barrier known to authors. The work is
essential for any discussion on the structure development and
state of underwater sandy slopes (e.g., barriers, deltas, excava-
tion walls) for utility and cognitive purposes.

The commonly observed submarine mass movements, var-
ied in size and type, have formed colluvial sediments, tens of
metres in thickness.

The presented results show a clear dependence of the de-
velopment of the submarine slope on the lateral supply of sedi-
ment from the shore. The western part of the slope surface, with
lower sediment supply, is erosive causing abrasion of the
shore. The eastern part is a clear accumulation area, and the
central part of the tip is in a relative equilibrium state with a pre-
dominant deposition process.

The presented material shows a lack of terminology in dis-
tinguishing and classifying significant differences of underwater
landslide forms, since the previous experience is related mainly
to large forms on steep continental slopes in deep waters. The
results can be a contribution to work in this field.

The presented material provides a good base to carry out
further detailed monitoring and specialist studies (geomorpho-
logical, geological and hydrodynamic) that are necessary for
the proper diagnosis of the causes and rate of change in the
slope under the influence of certain factors and processes, e.g.
the determination of geotechnical properties to monitor the
changes, determining the action of wind waves in the basin, and
occurrence of internal waves, currents, etc.
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