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Pebbles, cobbles, and boulders are commonly found on abrasion platforms of retreating soft rock cliff-coasts, which
are widespread along the southwestern Baltic Sea coast. So far, little has been known about the behavior of these
residual sediments under the influence of wave impact. Thus, detailed field measurements were carried out at three
different coastal stretches of the southwestern Baltic Sea between 1997 and 1999. Underwater photo stations were
established and marked pebbles and cobbles (tracer) were placed on the seafloor. During an 18-month period, these
stations were revisited up to 10 times, taking reproducible photos of the seafloor and measuring any tracer
movement. Local wave data were collected by wave buoys. In water depths of up to 5.6 m and distances from the
shoreline of up to 300 m pebbles, cobbles and even boulders were moved by wave action. Displacements were in the
range of up to tens of meters, but highly dependent on water depth and wave energy input. Nearly all marked pebbles
moved onshore, coinciding with the direction of the main wave propagation. It can be assumed that residual
sediments are an important sediment source for the development of beach ridges in the adjacent coastal lowlands.
There is evidence that the whole residual sediment layer, even of several centimeters to decimeters in thickness, has
been reworked repeatedly. Former assumptions, that residual sediments covering the solid seafloor might protect it
from abrasion, seem no longer valid.

ADDITIONAL INDEX WORDS: Pebble and cobble movement, tracer experiments, submarine abrasion.

ABSTRACT

Mobility and Transport Directions of Residual Sediments on Abrasion
Platforms in Front of Active Cliffs (Southwestern Baltic Sea)

K. Schrottke†; K. Schwarzer‡ and P. Fröhle

INTRODUCTION

Cliff-coasts composed of soft Pleistocene deposits such as
till are only slightly resistant to hydrodynamic forces and
undergo comparatively rapid retreat when exposed to waves
and currents. Retreating soft rock cliff-coasts of such type are
fairly widespread along the southwestern Baltic Sea coastline
(Figure 1). It is well known that the cliffs retreat and the solid
seafloor in front of them is lowered by abrasion, leading to a
landward shift of the submarine profile (B ., 1960
G 1989, 1990, 1991 S
1992 W 1976). Where abrasion of till takes place at
the solid seafloor, loose sediment with a grain size spectrum
varying from clay to boulder size is supplied. Clay, silt and sand
particles can easily be moved by waves and currents, whereas
pebbles, cobbles and boulders, known as residual or lag
sediments, seem to be left at the solid seafloor (B V.,
1960 S 1971). So far, little has
been known about the mobility of these residual sediments,
especially in terms of short-term hydrodynamic wave energy
input. Therefore, there is poor knowledge to what extent
coarser fractions of reworked till also play a role for the
sediment supply in adjacent coastal lowlands (Figure 1).

Apart from pebbles, cobbles and boulders found at beaches
and in very shallow water (B 1960
P 1952 W 1939), those located at the
abrasion platforms have been considered to be comparatively
stable in their position ( F and W 1973

W 1967). Higher mobility has almost been
exclusively accredited to the finer sediment fractions. There are
only a few considerations, such as the one by S
(1961), who derived from laboratory experiments that small
cobbles might be moved in water depths of 4 m not only under
highest storm events.

Particularly in connection with the submarine abrasion of
till, it has often been postulated, that residual sediments
covering the solid seafloor are protecting it from further
abrasion (D 1952 H and W 1980

W 1976 W 1967). This postulation
causes some inconsistency, because there is evidence for further
abrasion despite the presence of residual sediments
(S 2001). Furthermore, the layer of sediment,
provided by till abrasion rarely exceeds a maximum thickness
of more than a couple of decimeters (S 1971). If
the coarser fractions were not removed to some extent, the
layer of residual sediments would have to increase in thickness.

Some work has been done to broaden the knowledge of
coarse-grained sediment transport at beaches and in the
nearshore zone. K (1964) reported on experimental
pebble abrasion in a surf machine simulated for the transport
processes at beaches. The mobility of pebbles in the swash zone
of a tidally influenced beach was registered by a new measuring
device detecting the impact energy of pebble collision
(W and R 1995). K (1974) investigated
the transport of pebbles in the nearshore zone, induced by
attached algae. K (1958); W
and D (1980) W (1989) and V
(1999) focused on gravel transport at beaches and the nearshore
zone of tidally influenced coastal stretches. Although the
transferability of their results is limited to coasts not influenced
by tides, the evidence they come up with, showing the mobility
of even coarse sediments in the nearshore zone, forces further
investigations on abrasion platforms along the southwestern
Baltic Sea coast. Thus, the behavior of residual sediments on
abrasion platforms was investigated at three coastal stretches
along the southern Baltic Sea from 1997 to 1999, with regard to
short-term wave energy input.
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METHODS

REGIONAL SETTING

RESULTS

Different techniques are available for the registration of
coarse-grained sediment mobility. Among these are tracer
measurements with colored pebbles and cobbles (W
1939 W and D 1980), radioactive tracers
(K 1958) or metal tracers (B 1997 K ,
2000; W ., 1978). Acoustic devices have also been
applied (T 1986 W , 1989). V

(1999) introduced an acoustical method as well as a new
tracer type with an implemented microtransmitter. An
instrument used for measuring pebble impacts and wave forces
in a highly turbulent nearshore zone is described by W
and R (1995).

The results presented in this paper are based on diver
supported tracer experiments combined with detailed photo
documentations of the seafloor surface at marked measuring
positions. Pebbles and cobbles were collected from the seafloor,
cleaned, measured and covered with indelible paint of four
different colors.

Measuring positions were marked at the seafloor with steel
pins in a grid of four quadrants (Figure 2). Each quadrant
matched with the base length and width of a transportable
camera frame (Figure 2). The measuring stations were placed
along profiles, which were aligned perpendicular to the
according coastline. Each profile was marked with a rope, as a
guide for the divers, permanently fixed to the seafloor (Figure
2).

All quadrants of a measuring station were assigned to a
different tracer color. Detailed and highly reproducible pictures
of the seafloor within the quadrants were taken every 4-8 weeks.
Any sediment movement on the seafloor within the quadrants
was registered with an accuracy of up to a few millimeters.
Tracer movements outside of the quadrants were registered
with measuring tape and compass, referring to the original
tracer position. The amount of relocated tracers was dependent
on under-water visibility, intensity of sediment rearrangement,
search radius and duration.

Wave measurements with Datawell Directional Waverider
buoys were performed for determination of the hydrodynamic
wave energy input at the coastal sites. The buoys were deployed
at a water depth of about 10 m each. The wave data were
recorded every hour for approximately 30 min. Aiming for
complete time series of wave data, a statistical approach was
chosen for calculations of the correlation between local wind
data provided by the German Weather Service and short-term
wave data (F and F 1998). The wave data
presented in this paper are based on the results of the wind-wave
correlation.

The three investigation sites are all located along the
southwestern Baltic Sea coastline near the villages

Schönhagen, Heiligenhafen, and Brodten, respectively (Figure
1, 3). The sites are differently exposed to the main wind-wave
direction with diverging fetch lengths varying from 75 km to
107 km (Figure 1). The cliffs and associated abrasion platforms
are predominantly composed of soft Pleistocene sediments,
such as till with intermediary melt water deposits. The cliffs
undergo a considerably high retreat with annual rates varying
between 0.5 m-1.2 m (D 1995) and 0.14 m-0.56
m within the period between 1997 and 1999 (S
2001). The coastal retreat is mainly caused by wind induced
hydrodynamic wave energy input and associated short-term
water level fluctuations (S 2001). Tidal effects are
negligible at the southwestern Baltic Sea coast.

The field experiments began in October 22 of 1997 setting
up six measuring stations on the abrasion platform of the
Schönhagen cliff-coast (Figures 1, 3). The stations were located
along three profiles with distances from the shoreline varying
between 100 m and 300 m and water depths ranging from 3.4 m
to 5.6 m (Figure 3). At that time, the solid seafloor in the area of
the measuring stations was covered with unconsolidated
sediment, predominantly composed of heterogeneous sand and
gravel of varying grain size (pebbles to boulders). The
quadrants of station S-GP2-3 were the only ones with patches of
a partly uncovered till surface (Figure 4a). Algae colonized the
near bottom horizon. The hydrodynamic wave energy impact at
that coast had been considerably low in the previous period
(September 12 to October 22 of 1997), with a mean wave
energy flux (P) of 1 kWh/m per day (Figure 5).
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Figure 1. Geographical extension of cliff-coasts and coastal lowlands along the German Baltic Sea coast, according to S (1993). The
investigation sites are marked by arrows. Database of the map: D and D (1968).
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Figure 2. Sketch of a measuring station at the beginning of the
tracer experiments.
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A month later, rearrangements of sediment covering the solid
seafloor had occurred, as can be seen by comparing the pictures
taken of the third quadrant at the measuring station S-GP2-3
(Figures 4a, b). There, the till surface was now overlain by a
heterogeneous, several centimeters thick layer of sediment
comprising sand and gravel up to pebble size (Figure 4b).Algae
had disappeared and none of the tracers were re-encountered in
that quadrant (Figure 4b).

Nearly all tracers of the six measuring stations had changed
their initial spatial orientation. Only 27 % of all tracers were
recovered on the seafloor surface of the quadrants. Moreover,
none of them were left at the measuring stations S-GP5-1 and S-
GP2-3 (Figure 6). These two stations had been the closest to the
shoreline (Figure 3). Some tracers were encountered up to 5 m
from where they had been laid out. A predominant onshore

transport direction was already discernable.
These results are linked to a considerably high mean

hydrodynamic wave energy flux of 13 kWh/m per day, which
occurred at this coast in between these first two measuring
campaigns (Figure 5). Several wind-induced wave events of E-
ESE with significant wave heights (H ) of up to 150 cm and
wave periods (T ) of 4.3 sec were registered. It had been a time
interval with the third highest mean hydrodynamic energy input
measured over the 18-month investigation period (Figure 5).

The next time interval from November 24 of 1997 to
January 28 of 1998 was also marked by several wind induced
wave events, but with an even higher hydrodynamic energy
input (Figure 5). Incoming waves, again from easterly
directions but this time with significant wave heights (H ) of up
to 230 cm and wave periods (T ) of 5.4 sec appeared.
Remarkable rearrangements of the residual sediments occurred
at all measuring stations (Figure 6), which is also visible in the
picture series of station S-GP2-3 (Figures 4b, c). About 40% of
all tracers which could still be found during the last measuring
campaign had now left the corresponding quadrants (Figure 6).
The amount of tracers at the most seaward stations S-GP2-4 and
S-GP3-6 was most significantly reduced (Figure 6). Some of
them were now encountered up to 3 m (S-GP2-4) further
onshore partly with a slight longshore component, consistent
with the main wave approach direction (Figure 7). The tracer of
the landward stations had been moved up to 30 m towards the
shoreline.

Another seven field campaigns were carried out up to the end
of the investigation period and evidence for a considerably high
mobility of residual sediments was given during each of them
(Figures 4d-j). Rearrangements of pebbles and cobbles had
appeared even after periods such as the one in between May 25
and July 18 of 1998 (Figures 4e-f, 7). It can be distinguished by
a comparatively low mean hydrodynamic wave energy input
(Figure 4), but including some short wave events of easterly
directions with significant wave heights (H ) up to 130 cm and
wave periods (T ) of 4 sec.
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Mobility and Transport Directions of Residual Sediments on Abrasion Platforms in Front of Active Cliffs

Figure 3. Locations of the six measuring stations, located at the
abrasion platform in front of the Schönhagen cliff (schematic).

Figure 4a-j. Photos of the seafloor within the third quadrant of
the measuring station S-GP2-3 at different times. The section
represents an area of 40 cm x 60 cm. The station was located at
the abrasion platform of Schönhagen.

Figure 6. Amount of tracers recovered in the quadrants of the
measuring stations, located at the abrasion platform of
Schönhagen during the investigation period.

Figure 5. Mean hydrodynamic wave energy flux at the coastal
site of Schönhagen during the investigation period, based on
local wave measurements.
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The solid seafloor surface at the measuring station S-GP2-3,
which was predominately covered by residual sediments, had
been found partly exposed at least twice (Figures 4a, g).
Furthermore, a few tracers which had disappeared from the
seafloor surface soon after they were laid out remerged near the
measuring stations several months later (Figure 7). Some were
still partly embedded in the residual sediment layer, hardly
visible at all.

Overall, the tracers were predominantly transported onshore,
with a slight longshore component as indicated by the tracers
found in vicinity of station S-GP3-6 (Figures 3, 7). The latter
varied from SW to NW, corresponding to the dominant wave
approach from easterly directions (Figure 7).

Whereas similar results were obtained at all investigated
cliff-coasts (Figure 1), some results in particular highlight the
mobility of very coarse residual sediments such as large cobbles
and boulders. Evidence for a high dislocation of boulders was
found at the seafloor in front of the cliff of Heiligenhafen at a
distance of 95 m from the shoreline and a water depth of 2.5 m.
At the beginning of the investigations, the solid seafloor was
partly covered with a sediment layer primarily composed of
well rounded cobbles and boulders. An area of some square
decimeters, defined by three steel pins was regularly visited for
measuring the submarine abrasion of the till surface (Figure 8a).
For each measurement, the till surface had to be bare and in the
case of it being covered by sediments, these had to be carefully
removed.

Surprisingly, the solid seafloor at this measuring station was
repeatedly overlain by very coarse grained residual sediments,
indicating without doubt that even boulders were moved
(Figures 8a-b). The situation depicted in figure 8b is linked to a
mean hydrodynamic wave energy flux of 17kWh/m per day,
one of the highest registered over the entire investigation
period. Waves from westerly directions with significant wave
heights (H ) of up to 240 cm and wave periods (T ) of 5.2 sec
reached the coast. Nevertheless, rearrangements of boulders
also occurred under much calmer hydrodynamic wave
conditions at this site.

For the first time, it can be shown that pebbles, cobbles and
even boulders covering the solid seafloor at the abrasion

platforms along the southwestern Baltic Sea are moved by wave
action. Therefore, these sediments are subject to a much higher
mobility than it has been postulated to date. Depending on their
initial location in terms of water depth and distance from the
shoreline, within periods of 1-2 months migrations in a range of
up to several tens of meters were noticed with a predominant
onshore transport direction. Based on this result, a considerable
amount of gravel is consistently moved from the seafloor to the
foreshore and beaches, providing the dominant grain fraction
for the development and maintenance of beach ridges and
therefore of the adjacent coastal lowlands. Although further
investigations are needed to confirm that these sediments are
predominantly included in beach ridges, it can already be
concluded that residual sediments play an important role as a
sediment source. This statement corresponds with results of an
extrapolation based on abrasion measurements in the nearshore
of Bokniseck (W 1976). This site is also located at
the southwestern Baltic Sea coast. It has been concluded that 87
% of all sediments supplied by cliff-coast retreat is provided
from the seafloor by the abrasion of the solid till (W
1976).

The mobilisation of residual sediments was not only linked
to storm events with a high wave energy impact. It had also been
initiated under hydrodynamic conditions characterised by short
wave events of several hours with significant wave heights
(H ) below 150 cm. Such a wave climate is frequently present
in the southwestern Baltic Sea, as shown by F and
F (1998) and S (2001). The transport of
residual sediments can therefore be seen as quite a common
process. Again, highest displacements of gravel were observed
after periods including storm events lasting several days with
significant wave heights (H ) > 230 m and wave periods (T ) >
5 sec. Based on tracer experiments, pebbles were relocated up to
30 m under such conditions. They were later found
predominantly much closer to the shoreline often in
combination with a longshore component reflecting the
dominant direction of the wave approach. From these results it
can be assumed that the transport dynamics of residual
sediments is highly dependant on the wave energy input. The
transport direction is again closely linked to the main wind-
wave direction.
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Figure 7. Tracer migrations from January 29 to July 18 of
1998. Originally, 19 tracers were placed in the quadrants of the
measuring station S-GP3-6, located at the abrasion platform of
Schönhagen. Only tracers outside the quadrants are displayed.
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Figure 8. The seafloor at the abrasion platform in front of the
cliff of Heiligenhafen in 2.5 m water depth and 95 m offshore at
different times. Three steel pins were permanently fixed in the
solid seafloor (see white markings) which was repeatedly
covered by cobbles and boulders.
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Overall, there is not only evidence that single pebbles and
cobbles were displaced frequently, but that the whole residual
sediment layer of up to a few decimeters in thickness had been
reworked or even completely removed at some stations a couple
of times, temporarily exposing the solid seafloor. Protection of
the solid seafloor against submarine abrasion due to the
presence of superimposed residual sediments is therefore not
likely to occur at the investigation sites under the wave climate
registered. The abrasion process might even be forced by
corrasion, due to the presence of mobile sediments. This
statement corresponds with measurements of short-term
abrasion rates at the same abrasion platforms, where
considerable abrasion had occurred at measuring stations
predominately covered by residual sediments (S
2001). It is evident that the amount of sediment loss due to
abrasion can be reduced by a layer of residual sediments under
hydrodynamic conditions insufficient to mobilise it down to the
solid seafloor, as mentioned by D -A
O (1995). In this context, the thickness of the
sediment layer covering the solid seafloor was also discussed as
an influencing parameter on the abrasion rate. Again, as shown
in this paper and by S (2001), the hydrodynamic
energy input at the investigated coastal sites has obviously been
high enough to initiate submarine abrasion despite a sediment
cover of up to decimeters in thickness.

For the first time, detailed investigations were carried out on
residual sediments on three different abrasion platforms along
the southwestern Baltic Sea coast to obtain information on their
behaviour under the influence of hydrodynamic wave impact.
To date, pebbles, cobbles, and boulders had been considered as
relatively immobile, even protecting the solid seafloor against
further abrasion. However, evidence now suggests that higher
mobility must be granted to these sediments, even under
moderate wave energy input. A protection of the solid seafloor
against abrasion due to the presence of overlaying residual
sediments seems not valid for all cases. It can also be concluded
that residual sediments supplied by submarine abrasion are a
much more important sediment source than the amount of
coarse grained material provided by cliff retreat. Further
investigations are needed, not only for a quantification of the
amount of sediment provided from the abrasion platforms, but
also to determine precise transport rates.
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