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a b s t r a c t
This study presents the ﬁrst optically stimulated luminescence (OSL) dating application of young Holocene
sediments from the coastal environment along the German Baltic Sea at the barrier-spit Darss–Zingst
(NE Germany). Fifteen samples were taken in Zingst–Osterwald and Windwatt from beach ridges to
reconstruct the development of the Zingst spit system and separate phases of sediment mobilisation. The
single-aliquot regenerative-dose (SAR) protocol was applied to coarse grain quartz for OSL dating. The
reliability of OSL data was tested with laboratory experiments including dose recovery, recycling ratio and
recuperation as well as the stratigraphy. We conclude that the sediment is suitable for OSL measurements
and the derived ages are internally consistent as well as in agreement with the existing stratigraphy and the
geological models of sediment aggradation. The beach ridges at Zingst–Osterwald aggregated ∼ 1900 to
∼ 1600 years ago before the alteration of the sediment system related to the late Subatlantic transgression
and the closing of the coastal inlets. The sediment of Windwatt area was deposited after the transgression
and the ages can be subdivided into four groups ∼ 900, ∼ 500, 260–320, and ∼ 40 years ago. It is assumed that
the ages of ∼ 500 years (1500 AD) and between 260 and 320 years ago (1680–1750 AD) represent the phases
of sediment mobilisation related to colder and stormier climatic conditions as well as regressive sea level
conditions during the Little Ice Age (1350–1900 AD). The subrecent age estimate of ∼ 40 years demonstrates
that the sedimentation processes in the Windwatt area are still active and might be related to a storm surge
and sediment overwash in the 1960s. This study conﬁrms prior chronological investigations in other coastal
regions (e.g. North Sea) that OSL has a great potential to provide a reliable chronological frame in coastal
areas.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Luminescence dating has been successfully applied to Holocene
deposits in coastal enviroments (e.g. Murray-Wallace et al., 2002;
Ballarini et al., 2003; Madsen et al., 2005; Nielsen et al., 2006; Lopez
and Rink, 2007; Madsen et al., 2007; Roberts and Plater, 2007). The
dating of beach ridge, foredune ridge or coastal dune successions
provides reliable and high-resolution chronologies for the Holocene
evolution of typical coastal landforms like spits, barrier-spits and
beach ridge plains.
This study presents the ﬁrst optical stimulated luminescence (OSL)
dating results from coastal sediments of the southern Baltic Sea. The
Holocene evolution of the southern Baltic Sea coastline started with
the onset of the Littorina transgression between about 8000 and
7800 years before present (Janke and Lampe, 1998; Hoffmann et al.,
2005; Lampe, 2005; Lampe et al., 2007). Since that time the sea level
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of the southern Baltic Sea has been relatively stable with only minor
ﬂuctuations (Schumacher and Bayerl, 1999). The pre-Littorina relief
was mainly shaped by the Weichselian glaciation. Moraines and
outwash planes are modiﬁed by glacial tectonic and ﬂuvial processes
and build the basement and sediment supply for the coastal evolution
(Naumann et al., 2009). During and after the Littotrina transgression
the cliffs from the Pleistocene headlands were eroded. Large amounts
of sediment subsequently ﬁlled up the morphological depressions and
provide the material, which connected the islands, formed barrierspits and isolated bays from the coastal hinterland (mainland) by
these new coastal barriers. These Holocene coastal landforms are
composed of recent and relict beach and foredune ridge and/or coastal
dune sequences. A regional description for this special composition of
coastal landforms and sedimentary dynamics is called Bodden
equilibrium coast (“Bodden-Ausgleichsküste” in German). “Bodden”
is the local synonym for bay. The ongoing evolution of young coastal
barriers has altered the previous strongly varying coastline to a
straight coastline. The ﬁnal stage of this potential equilibrium is
detectable to the east, along the Polish coast, where these former bays
are isolated from the open sea by coastal barriers. The evolution of this
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paraglacial coast is controlled by the sediment supply (local geology,
sea level), the morphology (accommodation space) and the impact of
the climate system (direction and energy of waves and winds)
(Forbes et al., 1995).
Until recently, the chronologies of coastal sediment succession
along the southern Baltic Sea were based on radiocarbon data mostly
derived from the coastal hinterland and a limited number of
archaeological ﬁndings (Hoffmann et al., 2005; Lampe, 2005).
However, there is a lack of suitable material (shells, and peat) for
radiocarbon dating in the investigated beach areas. The basal peat is
often eroded or respectively relocated, hence is not in situ. Thus,
chronologies which are only based on radiocarbon in the coastal
regions of the southern Baltic Sea are complicated. Furthermore,
the radiocarbon dating of sediments younger than 450 years is
problematic (Nielsen et al., 2006; Madsen et al., 2007; Madsen and
Murray, 2009) owing to calibration problems of short-term atmospheric 14C-variations caused by ﬂuctuations of the solar activity and
the climate during the recent centuries (Stuiver, 1978; Hua, 2009).
OSL datings based on the single-aliquot regenerative-dose (SAR)
protocol (Murray and Wintle, 2000, 2003; Wintle and Murray, 2006)
have the potential to provide dates with an error of 5–10% (Murray
and Olley, 2002) from the depositional event itself. OSL estimates the
time elapsed since the last exposure to daylight for quartz grains in
sediments. Quartz grains in sediments act as a natural dosimeters,
assuming the measured equivalent dose (De in Gray) is proportional
to the burial time of the sediment. The dose rate is provided by natural
radioactivity in the sediment. The total dose rate for coarse grain
quartz dating is calculated from the β- and γ- dose rate (Dβ + Dγ
in Gy/a) after correcting for the water content attenuation factor and
the cosmic dose rate (Dcosmic in Gy/a) of the sampling site. The
α-irradiated part of the grain is removed by HF-etching. OSL ages
are calculated using the equation (Aitken, 1998):
Age =



De
Gy


:
w Dβ + Dγ + Dcosmic Gy=a

⋅

OSL dating of quartz is widely applicable for sand dominated
coastal environments (Jacobs, 2008) like along the Baltic Sea.
Therefore, OSL dating provides a chronological tool for setting up a
more accurate and more reliable geochronological frame than
previously done mainly based on radiocarbon ages. An OSL chronology is based on a dense grid of age estimates. OSL investigations in the
hinterland of southern Baltic Sea coast were previously conducted by
Kaiser et al. (2006) who dated late Pleistocene palaeosols from the
Altdarss.
The aim of this study is to test the suitability of OSL dating in
coastal sediments and to establish a more reliable and detailed
chronological frame for the Holocene sediment succession of the
Baltic coast.
2. Study area and sampling
2.1. Setting
In general the Bodden coast consists of Late Pleistocene headlands
connected by young Holocene lowlands (spits, barrier-spits or barrier
islands). The development of this coastline started with the Littorina
transgression at around ∼8000 and 7800 years before present (Janke
and Lampe, 1998; Hoffmann et al., 2005; Lampe, 2005; Lampe et al.,
2007). According to Schumacher (2002), the Baltic Sea ﬂooded the
former mainland and formed an archipelago-like landscape. Between
about 8000 and 6000 years before present the sea level rapidly rose
with rates up to 2.5 cm/a (Kliewe and Janke, 1991) resulting in a level
of around 2 m below the present sea level. The cliffs from the
Pleistocene headlands were eroded and the sediment subsequently
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ﬁlled up the morphological depressions. The shallowing of the
depressions and the decrease of the sea level rise since 6000 years
ago (Schumacher and Bayerl, 1999; Hoffmann et al., 2005; Lemke,
2005; Lampe et al., 2007) led to the development of spits and barrierspits between the islands isolating bays and lagoons from the open sea
and forming the typical Bodden equilibrium coast with a system of
beach ridges and dunes at the front and peatlands in the coastal
hinterland.
The Zingst–Werder–Bock barrier-spit system is the easternmost
part of the Fischland–Darss–Zingst peninsula chain located along the
south-western Baltic Sea coast in NE Germany (Fig. 1). Fischland is
situated in the south-west of the Holocene barrier system and
connects the mainland with the isolated Pleistocene headlands of
Fischland and Altdarss to the northeast (Fig. 1). The Neudarss spit is
located to the north of the Altdarss cliff and shows a sequence of beach
ridges (Fig. 1). The Zingst barrier-spit is located to the east of the
Darss. This part of the peninsula is separated by the “Prerowstrom”
coastal inlet (Fig. 1), which was artiﬁcially closed. Zingst is a ﬂat
barrier ranging in altitude from slightly below sea level at back sided
lagoons to 1–2 m a.s.l. at the direct coastline. The highest elevation is
the elevated dune belt in the northeast (8–9 m a.s.l.) next to the
Pramort coastal inlet. Eastwards the barrier continues with a wind ﬂat
area of about 25 km², ranging in altitude from slightly above sea level
to 0.5 m below sea level depending on wind strength and wind
direction. The southern border of the wind ﬂat area is the island chain
of Werder and Bock (Fig. 1). These islands have mainly west–east
orientations like the Zingst barrier-spit. The Fischland–Darss–Zingst
peninsula separates a lagoon system from the open sea including the
Saaler Bodden, the Bodstedter Bodden, the Barther Bodden, the
Grabow and the Kubitzer Bodden (Fig. 1).
Fig. 2 shows a generalised overview of the geological structure in a
cross section through the Darss–Zingst peninsula system based on 35
sediment cores. The cores were taken with a hydraulic powered
extracting tool and half-open testing probes for effective mapping.
The marine sedimentation base was reached in all cores. The typical
carbonate content of the Upper Pleistocene sediments (Pleistocene
base, Fig. 2) was taken as the indicator to distinguish terrestrial
Pleistocene and marine Holocene sedimentary environments in the
core. The marine Holocene sediment succession is subdivided into six
litho-facies units. The marine sediment base is marked as a black
dashed line and varies between 1.0 and 13.5 m below mean sea level.
The modern surface is often an inherited relief of the marine base. The
positions of morphological features like the coastal inlets Pramort,
Prerowstrom, Zingster Strom are a result of this inherited relief. The
Pleistocene base consists of ﬁne sand, whose origin is glacio-lacustrine
or glacio-ﬂuvial deposits, glacio-lacustrine silt and local distribution of
till. Basal peat is rare and if present, it is difﬁcult to decide, whether
the peat is in situ or not. The marine sediment succession starts with
organic–silicate gyttja in the lower parts. A less turbulent waterbody
in the lagoons or in higher water depths below the wavebase makes
sedimentation of silty material with an organic content up to 20%
possible. It is described as slack water facies and covered by ﬁne sand
mixed with remnants of marine molluscs. The sedimentation is
related to a shallow marine environment and these deposits form
around 70–80% of the peninsula. A minor amount of sediment consists
of coarse material, typical for more dynamic waterbodies, as beach
facies. In some areas a thin top layer of aeolian sands can be identiﬁed,
but in most cases the aeolian inﬂuence cannot be distinguished from
ﬁne sands deposited under shallow marine conditions.
The outstanding dominance of ﬁne clastic sediments is unusual for
Holocene barrier systems in this region. The near-distance transport
from the cliffs (e.g. Altdarrss, Fig. 1), which consist mainly of till
provides large amounts of coarse material for the sedimentation
system. However, it is unlikely that the Altdarss cliff is the only
sediment source for the Darss–Zingst spit. The Pleistocene sediment of
the Altdarss (Fig. 1) represented an important sediment source in
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Fig. 1. Map showing the Darss–Zingst peninsula in the regional context. Investigated locations of Zingst–Osterwald and Windwatt are black bordered.

particular for the Neudarss spit. The eroded sediment from the
Altdarss cliff formed the northward growing Neudarss spit (Fig. 1).
Additionally ﬁne sand was transported from that area (Altdarss, and
Neudarss) parallel to the shoreline and accumulating eastward
(Zingst, Fig. 1). Nevertheless, the formation of the Zingst part of the
peninsula is mainly a result of landward overwash of a former island
in the sea area to the north (Janke and Lampe, 1998; Lampe, 2002).
The process started at around 4000 years (Lampe, 2002) when beach
ridges attached perpendicular to the recent coastline to the island and
formed a southward growing spit. The remains of this spit are
preserved as a succession of beach ridges (German: Reffen) and
channels (German: Riegen) in the Zingst–Osterwald area (Janke and
Lampe, 1998; Lampe, 2002). Both processes, shoreline-parallel
sediment transport and landward overwash, connected temporary
existing islands to a continuous spit (Janke and Lampe, 1998).
According to Lampe (2002) and Lampe et al. (2007) the ﬁnal abrasion
of the island and the old spit as well as the elongation of the subrecent
spit system started at about 800 AD (1200 years ago) during the late
Subatlantic transgression. During this transgression the coastal inlets
(e.g. Zingster Strom) were ﬁlled up with sediment and closed. The
disappearance of the former accommodation space i.e. coastal inlets
(e.g. Zingster Strom, Fig. 1) induced a general alteration of the
sediment dynamics of the Darss–Zingst spit system (Lampe et al.,
2007) to a mainly coastline parallel sediment transport. Subsequently
a sand ﬂat emerged in the east due to the eastward transport of
sediment forming small circular islands around temporary beach
ridge remains, shortly after the inlets were closed by an eastward

migrating dune belt. Progradation of the coastline has occurred in
areas with positive sediment budged (Janke and Lampe, 1998;
Hoffmann et al., 2005) for example in the Windwatt area with a
shoreline-parallel orientation of the “Reffen” and “Riegen” structures.
2.2. Sampling
The sampling was carried out in the Zingst–Osterwald area and the
Windwatt area (Fig.1). At the Zingst–Osterwald site six samples (Zi–
O1–6) were collected from three outcrops. From each outcrop two
samples were taken in a vertical sequence from homogenous light
yellowish quartz-rich medium sand layers (C horizon) of marine
origin (Fig. 1, see also Fig. 7) at a depth of 40–80 cm below surface. In
the Windwatt area four 1 m-long cores were drilled (WerI-2, I-4, I-5
and I-8, Fig. 1) from the barrier island Groß Werder and six samples
were taken (Zi–W1–6). Additionally, three samples (Zi–W7–9, see
Fig. 7) were taken out of two cores from the island Bock (Bock-3 and
-4, Fig. 1) in a south to north transect (landward to seaward; Fig. 1,
and also Fig. 7). Black PVC liners with a diameter of 80 mm were used
for coring to avoid light exposure of the luminescence samples.
All the samples were taken from thick homogenous ﬁne sand
layers (see Fig. 7). The Zingst–Osterwald luminescence samples were
collected in black tubes to avoid light exposure. The Windwatt cores
were sub-sampled in the luminescence laboratory under subdued red
light conditions. Additionally, a sample for dose rate determination
was taken from the sediment surrounding of each luminescence
sample.

Fig. 2. Geological cross section through the Darss–Zingst peninsula. Figure is based on 35 sediment cores.
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3. Method and experimental details
3.1. Preparation
The preparation of the coarse grain (sand-sized) OSL samples was
carried out under subdued red light. Fifteen samples from two sites
were dry-sieved to recover grains of 100–250 μm in diameter. The
sand was treated with HCl to dissolve carbonate, with Na2C2O4 to
dissolve the aggregates and with H2O2 to remove the organic matter.
Then the quartz minerals were separated by a heavy liquid (sodium
polytungstate) and subsequently treated with 40% HF for 45 min to
etch the outer surface of the grains to avoid a contribution of the αirradiated outer part of the quartz mineral and to remove the
remaining feldspar minerals. After HF-etching the quartz grains were
sieved again with a 100 and 150 μm mesh.
3.2. Dose rate determination
The radionuclide concentrations (U-, Th- and 40K-content) of the
sediment surrounding were measured using high-resolution gamma
spectrometry (Murray et al., 1987). For dose rate measurement
different sample sizes (700 g vs. 50 g) and measurement geometries
(Marinelli-beakers vs. small containers) were used. The Zingst–
Osterwald (Zi–O) samples were measured in Marinelli-beakers ﬁlled
with 700 g of sediment. The Marinelli-beakers have measurement
adapted geometry with a hole in the bottom to enclose the
germanium-detector during measurement. The Windwatt samples
were measured in small boxes with 50 g of sediment. The samples
were measured over periods of three days to ﬁve days. The conversion
factors of Adamiec and Aitken (1998) and the β-attenuation in
dependency of grain size after Aitken (1985) were used to obtain the
β- and γ-dose rates (Dβ + Dγ).
The “in situ” water content was obtained from exemplary subsamples to calculate the water content attenuation factors (w) to
correct the β- and γ-dose rates (Aitken, 1985). The cosmic dose rate
(Dcosmic) was derived from the altitude and latitude of the sampling
sites, the burial depth and the density of the overburden (Prescott and
Stephan, 1982; Prescott and Hutton, 1994).

checks, if the sensitivity change is corrected successfully by the test dose
OSL. If it is successfuly applied, the value should be close to unity (Wintle
and Murray, 2006). For the second recycling ratio, a 100 s infrared (IR)
stimulation followed by a 40 s blue stimulation was inserted. The
depletion ratio of IR/blue OSL was used according to Duller (2003) to
check if there is feldspar contamination in each disc (aliquot).
Additionally the measurement of a zero dose point (recuperation) is
conducted to check if there is any thermally transferred charge from
light-insensitive traps to the OSL traps (recuperation) (Wintle and
Murray, 2006). The prevention of this recuperation has great importance in particular for young samples with a small De (Kiyak and Canel,
2006). Aliquots with a recycling ratio (R6/R2, Table 1) or IR/blue OSL
depletion ratio (R7/R2) N10% from unity were rejected (range of
acceptability according to Wintle and Murray, 2006).
To examine the basic conditions (e.g. thermal treatment) of the SAR
protocol, the dose recovery and thermal transfer tests with 24 aliquots
(4 discs for each temperature step) were applied at 6 different preheat
and 5 different cut heat temperatures (only for the dose recovery test).
If the protocol works correctly, the dose recovery ratio (ratio of
measured to given dose) should be close to unity. More details of the
theoretical background of the dose recovery test are given by Wintle
and Murray (2006). Within the dose recovery experiments the use of
different integration regions for the OSL signal were also tested.
According to Ballarini et al. (2007) the relative contribution of slow
and medium components of the quartz OSL signal, which are less
suitable for OSL dating compared to the fast component, could be
minimized by selecting the Early Background Substraction (EBG)
instead of the usually used Late Background Subtraction (LBG = 36 s to
40 s of the signal). For the EBG the background signals were calculated
for the region immediately following the initial signal (1.78 s to 4.8 s of
the OSL signal).
The OSL of bleached aliquots (thermal transfer test) was used to
observe the contribution of thermal treatment to the OSL signal with
the intention to minimize this. Typical OSL decay curves of sample Zi–
O1 show that the OSL signal is suitable for OSL dating (Fig. 3). An
example of sensitivity corrected dose response curve is also shown in
Fig. 3.
4. Results

3.3. OSL measurements
4.1. Pretests
For the De determination an automated reader (Risø TL/OSL DA-20)
with blue light stimulation (at 470 nm) and a 7.5 mm Hoya U-340
detection ﬁlter (Bøtter-Jensen et al., 2000) was used. The ﬁne sand
quartz (100–250 μm) was settled on stainless steel discs with a
diameter of 6 mm (medium aliquots). A single-aliquot regenerativedose (SAR) protocol (Murray and Wintle, 2000, 2003) was applied for
pre-tests and De measurements (Table 1). At the end of each run the
aliquots were optically stimulated at 280 °C for 40s to bleach the
remaining OSL signal as much as possible to minimize the thermal
transfer of charges (recuperation; Murray and Wintle, 2003). In each
measurement sequence, the 2nd regenerative-dose was given again
twice at the end of the SAR cycles. The ﬁrst recycling ratio (R6/R2)

Dose recovery tests at different preheat and cutheat temperatures
for sample Zi–O1 were carried out. The preheat/cutheat temperatures

Table 1
SAR protocol used for equivalent dose determination (Murray and Wintle, 2000, 2003).
Step

Treatment

1
2
3
4
5
6
7

Give dose, Di
Preheat (a230°C, b200°C)
OSL, 125 °C, 40 s
Give test dose, Dt
Cutheat (a170°C, b160°C)
OSL, 125 °C, 40 s
OSL, 280 °C, 40 s

a
b

Heating conditions for Zingst–Osterwald samples.
Heating conditions for Windwatt samples.

Observe

Li

Ti

Fig. 3. Typical OSL decay curve and SAR growth curve (Sample Zi–O1). Regenerated
signal points (Ri) are shown as black squares, repeated signals (recycling points) as grey
diamonds. The grey diamond is the natural OSL signal which is extrapolated onto the
growth curve and gives an equivalent dose (De) of about 2 Gy.
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at 230 °C/170 °C are the most suitable for the Zingst–Osterwald
samples. The acceptable range for the measured/given dose ratio is
between 0.9 and 1.1 (Wintle and Murray, 2006). Below 240 °C preheat
no thermal transfer was observed (Fig. 4a). An additional dose
recovery test with the selected preheat/cutheat temperatures at
230 °C/170 °C was performed on each sample from Zingst–Osterwald
(4 aliquots per sample). The given doses were successfully recovered
for all six samples within the acceptable range (Fig. 5a).
The Windwatt samples were measured with a preheat/cutheat at
200 °C/160 °C. The dose recovery test, demonstrated that we were
able to recover the given dose for all nine samples within the range of
0.9–1.1 (Fig. 5b). To minimize thermal transfer, the preheat
temperature was kept below 240 °C (Fig. 4b).
The dose recovery (measured/given) ratio was improved when the
early background (EBG) was subtracted from the initial OSL signal
instead of the Late Background (LBG) (Fig. 5a, b). The medium and/or
the slow component from these quartz samples very likely does not
recover the given dose.
4.2. De values and ages
Eighteen aliquots for each sample were measured for De determination. OSL signals were evaluated using the EBG approach to avoid
a contribution of the medium and/or the slow component. We had to

Fig. 5. Dose recovery test for samples from Zingst–Osterwald Zi–Oi (a) and from
Windwatt Zi–Wi (b). Measured/given ratio is plotted for each sample with the preheat/
cutheat temperatures at 230 °C/170 °C for Zi–Oi samples and at 200 °C/160 °C for Zi–Wi
samples. Grey squares indicate the measured/given ratio calculated with Late
Background Subtraction (36–40 s). The measured/given ratio calculated with Early
Background Subtraction (1.76–4.8 s) is shown by black diamonds. The target value is
unity (black line). The range of acceptability is between 0.9 and 1.1 (dotted line).

Fig. 4. Thermal transfer of Zi–O1 (a) and Zi–W4 (b). Equivalent dose is plotted
with preheat temperature including six temperature steps between 150 °C and 250 °C
(Zi–O1) or rather 160–260 °C (Zi–W4) for aliquots that were bleached prior to the
measurement.

exclude 25 of 270 aliquots from the calculation of De due to poor
recycling and/or IR/blue OSL depletion ratios (N10% from unity). The
standard error, which is calculated from the standard deviation
divided by the square root of the number of aliquots, of the De values
is consistently low (Table 2). The De values for each sample showed an
almost narrow and symmetrical Gaussian distribution with a small
standard deviation (Table 2). With the applied protocol, we were able
to measure a very small De of 0.44 ± 0.02 m Gy for Sample Zi–W7
(Table 2). That conﬁrms that the local sediment was sufﬁciently
exposed to daylight prior to the deposition and that the measured
quartz is very sensitive and suitable for luminescence dating.
The detected dose rates were relatively low for all samples and
range from 1.32 to 0.86 Gy/ka (Table 2) due to a very low uranium
and thorium content. The measured uranium content was between
0.26 ± 0.02 and 0.60 ± 0.02 ppm, the thorium content was between
0.67 ± 0.01 and 1.85 ± 0.04 ppm and the potassium content ranged
between 0.62 and 1.12%. The measured water content of the
subaquatic beach samples samples (Zi–W3–9) was between 10 and
20%. The measured water content of the samples Zi–O1–6, Zi–W1, 2
was between 2 and 9%. We therefore apply a water content of 15 ± 5
for the samples Zi–W3 to Zi–W9 and of 6 ± 4 for the Zingst–Osterwald
samples and for Zi–W1 and Zi–W2 for age calculation. The dose
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Table 2
Results of dose rates, moisture content, equivalent doses and OSL ages.
Field-ID

Zingst–Osterwald

Zi–1
Zi–2
Zi–3

Windwatt

a
b
c
d
e
f

Werl-2
Werl-2
Werl-4
Werl-5
Werl-8-OS
Werl-8-OS
Bock-3
Bock-3
Bock-4-OS

Depth
[m]

Sample

Grain size
[μm]

Cosmic dosea
rate [mGy/ka]

Water
contentb
[%]

Dose ratec
[Gy/ka]

Ded [Gy]
(with EBG)

Standard
deviation
of De

ne
[aliquots]

OSL agef
[a]

Age range

−0.35
−0.55
−0.45
−0.65
−0.45
−0.70
−0.56
−1.03
−0.70
−0.81
−0.34
−0.87
−0.32
−0.84
−0.78

Zi–O1
Zi–O2
Zi–O3
Zi–04
Zi–O5
Zi–O6
Zi–W1
Zi–W2
Zi–W3
Zi–W4
Zi–W5
Zi–W6
Zi–W7
Zi–W8
Zi–W9

150–212
150–200
150–250
150–250
150–212
150–200
150–212
150–250
150–200
100–150
100–150
100–150
106–150
100–150
100–150

195 ± 20
188 ± 20
192 ± 20
185 ± 20
192 ± 20
187 ± 20
188 ± 20
173 ± 20
183 ± 20
183 ± 20
180 ± 20
178 ± 20
196 ± 20
179 ± 20
180 ± 20

6±4
6±4
6±4
6±4
6±4
6±4
6±4
6±4
15 ± 5
15 ± 5
15 ± 5
15 ± 5
15 ± 5
15 ± 5
15 ± 5

1.32 ± 0.06
1.31 ± 0.09
1.21 ± 0.08
1.22 ± 0.09
1.06 ± 0.07
1.11 ± 0.07
0.97 ± 0.11
1.07 ± 0.08
0.86 ± 0.09
0.91 ± 0.12
1.13 ± 0.08
1.11 ± 0.07
1.05 ± 0.11
1.27 ± 0.15
1.12 ± 0.07

2.03 ± 0.03
2.25 ± 0.07
2.04 ± 0.05
2.17 ± 0.05
1.84 ± 0.04
1.89 ± 0.05
0.271 ± 0.009
0.964 ± 0.034
0.429 ± 0.017
0.264 ± 0.023
0.348 ± 0.014
0.524 ± 0.009
0.044 ± 0.002
0.366 ± 0.016
0.561 ± 0.008

0.15
0.27
0.20
0.18
0.15
0.21
0.035
0.121
0.066
0.091
0.057
0.036
0.008
0.062
0.032

18
16
16
16
18
15
16
13
16
16
17
16
18
15
17

1540 ± 90
1710 ± 110
1680 ± 100
1790 ± 110
1730 ± 100
1700 ± 100
280 ± 20
890 ± 60
500 ± 40
290 ± 30
310 ± 20
470 ± 30
40 ± 5
290 ± 30
500 ± 30

380–560 AD
190–410 AD
230–430 AD
110–330 AD
180–380 AD
210–410 AD
1710–1750 AD
1060–1180 AD
1470–1540 AD
1690-1750 AD
1680–1720 AD
1510–1570 AD
1965–1975 AD
1690–1750 AD
1480–1540 AD

Cosmic dose rate is obtained according to Prescott and Hutton (1994) and Prescott and Stephan (1982).
Water content is expressed as a mass of dry sediment.
Dose rate is calculated after Aitken (1985) using the conversion factors of Adamiec and Aitken (1998) for uranium, thorium and potassium.
De is indicated as the mean of accepted aliquots and the standard error of one sigma.
n is the number of accepted aliquots.
OSL ages in years [a] ago are calculated after Aitken (1998).

rate errors for Zingst–Osterwald and Windwatt are 4–7% and 6–13%,
respectively (Table 2). The higher error for the Windwatt samples
is caused by the smaller sample size for the gamma spectrometry
(50 g).
The OSL ages for the Zingst–Osterwald samples, taking the error
into consideration, range from 1500 to 1900 years (Table 2). The OSL
ages of the sediments from Windwatt area are younger than Zingst–
Osterwald (Table 2). The sediments from the Windwatt ages can be
subdivided into at least four age clusters; ∼900, ∼500, 260–320, and
∼ 40 years. The age errors of the Zingst–Osterwald and Windwatt
samples are around 6% and 6–12%, respectively.

Zi–O3/Zi–O4, Zi–O5/Zi–O6, Zi–W1/Zi–W2, Zi–W5/Zi–W6, and Zi–W7/
Zi–W8). However, it was expected that samples from the same ridge
would give the same deposition age because each beach ridge was
deposited during a very short time span. In fact the Zingst–Osterwald
samples (Zi–O3/Zi–O4 and Zi–O5/Zi–O6) from outcrop Zi–1, 2, 3 give
the same age within the error for each beach ridge (Fig. 7). For the
samples Zi–W1/Zi–W2, Zi–W5/Zi–W6 and Zi–W7/Zi–W8 sub-sampled from the Windwatt cores WerI-2, WerI-8-OS and Bock-3 the
lower sample is signiﬁcantly older than the upper one (Fig. 7).

5. Discussion

The beach ridges of the Zingst–Osterwald area yielded OSL ages
ranging from 110 to 560 AD (Fig. 7, Table 2) correlating to the middle
Subatlantic period. The orientation of these beach ridges (north/
south) is different from the Windwatt beach ridge sequence (west/
east orientation) because the ridges are attached perpendicular to a
former island to the north. This succession represents the old spit
system before the late Subatlantic transgression (at about 800 AD)
and before the ﬁnal abrasion of the former islands. After this ﬁnal
abrasion the coastal inlets like the “Zingster Strom” (Figs. 1 and 2)
were ﬁlled and closed, which subsequently induced a general
alteration of the sediment dynamics of the Darss–Zingst spit system
with a dominant west–east sediment transport and the appearance of
prograding coastline in the easternmost part of the peninsula
(Windwatt). Our dates are in agreement with the evolutional
model of Janke and Lampe (1998), Lampe (2002), Lampe et al.
(2007), which is based on geology, geomorphology and radiocarbon
dating. The present data set does not allow the reconstruction of
the growth direction of the spit growing at this time because the
sampled beach ridges at the Zingst–Osterwald site are too close
together to obtain a signiﬁcant age difference. The investigated ridges
at Zingst–Osterwald have at least all the same age within the error and
suggest a synchronous formation. However, according to our OSL
dates, we assume that the closing of the former coastal inlets must be
younger than the Zingst–Osterwald ridges and hence younger than
560 AD.
The beach ridge succession of the Windwatt area has been
deposited since 1060 AD and is an ongoing process (Fig. 6, Table 2).
The Windwatt beach ridge succession is signiﬁcantly younger than
the Zingst–Osterwald beach ridges (Fig. 6, Table 2) and so younger

5.1. Reliability of OSL dates
The performance of SAR protocol in this study (recycling ratio,
recuperation and the dose recovery test) showed that the SAR
procotol was successfully applied for the samples. The distribution of
the recycling ratios of all measured aliquots (266) is well around unity
with an average of 1.004 ± 0.004. The small standard deviation of
0.062 (Fig. 6a) conﬁrms that the sensitivity correction of the adapted
SAR protocol is working perfectly. The average recuperation level is
between 2% and 4% of the sensitivity corrected natural signal and
therefore generally low and satisfactory. These values are similar to
those regarding the effect of preheat temperature to young quartz
samples conducted by Kiyak and Canel (2006). The measured dose
recovery ratios for all samples (altogether 59 aliquots) are close to
unity (mean value, 0.972 ± 0.008, Fig. 6b).
The distributions of De values for the investigated samples are
rather narrow and symmetrical indicating sufﬁcient bleaching for the
investigated sediments (according to Fuchs and Owen, 2008). The
standard deviations are mostly between 6 and 12% of the De (Table 2).
For some of the youngest sample (e.g. Zi–W5, Table 2) the obtained
standard deviations of the De are slightly larger due to a bad signal-tonoise ratio. The very low De of Zi–W7 (Table 2) conﬁrms that the sand
was sufﬁciently bleached and therefore the quartz dosimeter was
reset prior to the deposition.
The OSL ages are stratigraphically consistent. All ages derived from
the samples are in vertical sequence and increase with depth or rather
have the same age when taking the error into account (Zi–O1/Zi–O2,

5.2. OSL dates in context of setting and the literature review
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Fig. 6. Distributions of recycling ratios (a) and dose recoveries (b). (a) Distribution of
recycling ratios from all aliquots used for OSL age calculation. (b) Distribution of data
from all aliquots measured for dose recovery. The dotted lines mark the range of
acceptability for (a) and (b) (0.9 to 1.1).

than the alteration of sediment dynamics. The Windwatt beach ridge
succession was deposited after the late Subatlantic transgression,
which started at about 800 AD (Lampe et al., 2007). According to
Janke and Lampe (1998), Lampe (2002) and Lampe et al. (2007) the
Windwatt succession represents the most recent spit system with a
dominant west–east sediment transport, which started to develop
after the alteration of the sediment system triggered by the closing of
the coastal inlets. The obtained OSL ages are in agreement with the
geological estimates which are based on interpretation of the
sediment structure and a few radiocarbon ages from interstratiﬁed
peat layers.
The pattern of OSL ages from Windwatt area represents complex
sedimentary dynamics. It was expected that the landward ridges are
older than the seaward ridges due to a seaward prograding system.
Regarding Zi–W2 (lower sample of core WerI-2), Zi–W3 and Zi–W4
(Fig. 7) we obtained decreasing ages in a seaward direction. But taking
the result of core WerI-8-OS into account (from the most seaward
ridge) the lower sample has an age of about 470 years and is
signiﬁcantly older than Zi–W5 from the landward ridge. A similar
phenomenon is observed for Zi–W8 and Zi–W9 which are sampled
from the same depth in a seaward direction (Fig. 7, Table 2). The age of
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the seaward ridge (Zi–W9) is with 500 ± 30 years older than the OSL
age from the landward ridge (290 ± 30 years, Zi–W8) (Fig. 7, Table 2).
The sample Zi–W7, which was taken above Zi–W8, has a subrecent
age (40 ± 5 years). The latter age demonstrates that sedimentation
processes are still active in this area. It is very likely that the subrecent
sediment is related to a storm surge event which caused sediment
overwash. In fact, for every core the uppermost part is signiﬁcantly
younger, indicating that the formation of the ridges is not related to a
single depositional event. The complex spatial distribution of age
estimates is related to a seaward prograding sediment system but is
primarily an effect of phases with different sedimentary dynamics and
(re)mobilisation of sediment (e.g. sediment overwash).
Coastal sediment (sand) mobilisation is primarily related to human
activity (e.g. deforestation or coast protection), natural climatic factors
(e.g. storminess, and storm surge frequency), sediment availability
and ﬂuctuation of sea level (Madsen et al., 2007). Our OSL ages
between 1470 and 1750 AD (Table 2) correlate to the time of the Little
Ice Age (LIA) (1350–1900 AD according to Hass, 1996) and it is likely
that during that time sediment mobilisation increased. The LIA is
characterized by a relatively low sea level and a generally cold and
stormy climate. Several phases of increasing storminess related to
positive variations of the NAO (North Atlantic Oscillation) (Dawson et
al., 2002) were recognised within the period of the LIA. Hass (1996),
who investigated marine sediment cores from the Skagerrak, divided
the Little Ice Age into three phases 1350–1550 AD, 1550–1750 AD and
1750–1900 AD. The ﬁrst and the last phase indicate a winter mode of
sedimentation with increased (westerly) storm activity, whereas the
2nd period between 1550 and 1750 AD showed less storm activity.
However, there are a number of studies in northwest Europe which
document increased aeolian sand movement during the LIA due to
increased storminess and shifts in the atmospheric circulation system
(Szkornik et al., 2008). The ages of Zi–W3, Zi–W6 and Zi–W9 (Fig. 7)
cluster around 1500 AD and correlate with the ﬁrst phase of the LIA
with increased storm activity according to Hass (1996). It is likely that
the ages of Zi–W1, Zi–W4, Zi–W5 and Zi–W8 (Fig. 7) from 1680 to
1750 AD are related to the onset of the third phase of the LIA or rather
the ages represent the transition from the second to the third phase
(according to Hass, 1996). This is in agreement with OSL dating of
coastal dune and beach ridges from the North Sea coast conducted by
Ballarini et al. (2003) (Texel island, Netherland) and Madsen et al.
(2007) (Rømø, Denmark) who correlated their ages with increased
storminess in relation to the third phase of the LIA (around 1720 AD)
as well. The lack of age estimates between 1500 and 1680 AD is very
likely related to the calmer mode of the middle period of the LIA
(according to Hass, 1996).
The general role of the relative sea level position as an important
control on the sand movement initiation is still under discussion.
Szkornik et al. (2008) summarized two hypotheses regarding sea level
position which are common in the literature. Cooper (1958) proposed, that aeolian sand movement is related to relative sea level
highs or risings which induced reworking and erosion of sand and led
to a transgressive dune system. Whereas Shoﬁeld (1975) correlated
sand movement to an exposed shore area caused by a falling or low
sea level position and therefore an increased availability of sand. For
the German Baltic Sea coast, Lampe (2005) described the widespread
appearance of a prominent peat oxidation horizon in the coastal
peatlands, which is related to the LIA indicating a sea level regression
for this period. Since 1850 AD a rising sea level has been observed. The
clustering of deposition ages (1470–1750 AD) in the Windwatt area
(Fig. 7) during the LIA and hence a period of regressive sea level
conditions supports the second hypothesis. There is only one age
younger than 150 years (Fig. 7) which could be related to deposition
under transgressive conditions. Thus, the presented OSL dates also
support the OSL study of Madsen et al. (2007) who correlate the
pronounced beach ridge unit of the North Friesian island Rømø with a
relatively low sea level.
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Fig. 7. Map of Zingst–Osterwald and Windwatt with dating results. Ages are pictured in relation to the lithologic context and the geomorphic setting. For Zingst–Osterwald the
lithology of the outcrops are illustrated. The positions of luminescence samples are marked with grey cycles. For the Windwatt area the lithology of the cores is shown; the
luminescence samples were taken from the marked positions.

6. Conclusion
• The local sediment from the beach ridges is suitable for luminescence dating using quartz minerals as natural dosimeter and the
chosen SAR protocol for determination of the equivalent dose (De).
• The ages derived from these De values are consistent within the
stratigraphy.
• Our OSL ages are in agreement with the existing evolutional model
(Janke and Lampe, 1998; Lampe, 2002; Lampe et al., 2007) of the
Darss–Zingst spit development.
• The OSL age estimates from Zingst–Osterwald are signifcantly older
(1900 to 1450 years) than the Windwatt ages (950 years to modern
ages). The successions represent the phase before and after the late
Atlantic transgression or rather before and after the alteration of the
sediment dynamics linked to the closing of the coastal inlets.
• The young ages of the Windwatt beach ridge system with one
subrecent age estimate (Zi–W7) show that the sedimentation process
in this part of the spit is still active and reveal the very complex pattern
of sedimentation in this beach area. The ages cluster into four groups
(∼900, ∼500, 260–320, and ∼40 years). The OSL ages of ∼500 years
(1500 AD) and 260–360 years (1680–1750 AD) might represent
periods of sediment mobilisation caused by phases of a colder and
stormy climate and a generally low sea level within the Little Ice Age.
The chronological data of this study conﬁrm that quartz as a
dosimeter offers the potential for a precise and accurate geochronology

for investigations in the sand dominated coastal environment and of
coastal changes. It is possible to reconstruct the movement of shallow
marine and aeolian sand in order to prove the existing geological models
of this area and correlate them with phases of sedimentation triggered
by ﬂuctuations of climate and/or sea level conditions. We therefore
conclude that OSL is a convincing geochronological method for studies
of coastal evolution. This is part of an ongoing study investigating coastal
dynamics along the southern coast of the Baltic Sea.
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