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Abstract

During the past 130 years, classification of the Weichselian Pleniglacial in north-eastern Germany was
mainly based on morphostratigraphical interpretations. In general, three main ice marginal positions
are distinguished. The ice advance to the southernmost, relatively weakly developed ice marginal
position of the Brandenburg phase has traditionally been ascribed to the Last Glacial Maximum (LGM)
of the Scandinavian Ice Sheet (SIS). The Frankfurt phase is usually interpreted as a halt during the
downmelting of the glacier. The most prominent ice marginal position in north-eastern Germany is that

of the Pomeranian phase.

Owing to the absence of recent geochronological data of the Weichselian ice advances, the commonly
used ages of ice marginal positions are only estimates or are based on extrapolations from “c ages
of underlying organic sediments. However, during the past few years a number of studies have been
conducted to set up a chronology based on geochronometrical data. In this study fluvioglacial
sediments from outwash plains associated with the Brandenburg phase and the Pomeranian phase
were dated by means of Optically Stimulated Luminescence (OSL) of single aliquots and single grains
of quartz. Recently, additional ages from Surface Exposure Dating (SED) of erratic boulders using
cosmogenic '%Be have been published. To compare the results from these different approaches, the
type and position of the sampled material within the glacial landscape system have to be considered.
Consequently, different geomorphological processes are datable using either OSL or SED techniques.
Therefore a process-based interpretation for numerical ages from OSL and SED in glacigenic
landscapes is introduced.

From the results of the OSL analyses from the Brandenburg and Pomeranian phases as well as a
thorough reassessment of the available %Be exposure ages, a synthesis was achieved in terms of ice
dynamics and ice retreat patterns during Marine Isotope Stage (MIS) 2. One of the main findings is the
evidence for a twofold LGM, with the older phase (LGM-1) corresponding to the Brandenburg phase,
which was dated to <34 ka (maximum age), and the younger phase (LGM-2) represented by the
Pomeranian phase, which was dated to 20.1 £1.6 ka (initial formation of outwash plains) and 19.4 +2.4

ka (final sedimentation of sandur sediments).

The first Weichselian deglaciation pattern for north-eastern Germany was established, based on
results from numerical dating methods, and the last glacial-interglacial cycle was dated for the first

time from a terrestrial Saalian-Eemian-Weichselian sedimentary sequence in the research area.
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Zusammenfassung

Die im Laufe der letzten 130 Jahre entwickelte Klassifikation fur das weichselzeitliche Pleniglazial in
Nordost-Deutschland basierte im Wesentlichen auf morphostratigraphischen Interpretationen. Im
Allgemeinen werden drei Haupteisrandlagen unterschieden. Der Eisvorstold zur stdlichsten, relativ
schwach entwickelten Eisrandlage der Brandenburger Phase wurde traditionell dem Last Glacial
Maximum (LGM) des Skandinavischen Eisschildes (Scandinavian Ice Sheet, SIS) zugeschrieben. Die
Frankfurter Phase wird in der Regel als Eishalt im Zuge des Zurlckschmelzens der Gletscher
gedeutet. Die am deutlichsten ausgepragte Eisrandlage in Nordost-Deutschland ist die der

Pommerschen Phase.

Aufgrund des Fehlens aktueller geochronologischer Daten fiir die weichselzeitlichen Eisvorstofde, sind
die fir den Raum gebrauchlichen Altersangaben nur Schatzungen oder basieren auf Extrapolation
von "C Altern liegender organischer Sedimente. Im Laufe der letzten Jahre wurden jedoch mehrere
Studien mit dem Ziel durchgefuhrt, eine Chronologie basierend auf geochronometrischen Daten zu
entwickeln. Im Rahmen dieser Studie wurden glazifluviatile Sedimente von Sanderflachen der
Brandenburger und der Pommerschen Eisrandlage mit Hilfe von Optisch Stimulierter Lumineszenz
(OSL) an Aliquoten und Einzelkdérnern aus Quarz datiert. Kurzlich wurden zuséatzliche, auf
Oberflachen-Expositionsdatierungen (Surface Exposure Dating, SED) mit Hilfe von kosmogenem '%Be
basierende Alter veréffentlicht. Um die Vergleichbarkeit der mit Hilfe dieser unterschiedlichen
Verfahren gewonnenen Erkenntnisse zu gewahrleisten, ist es notwendig, die Art und Lage des
beprobten Materials im Kontext des glazialen Landschaftssystems zu bertcksichtigen. Folglich
kénnen mit Hilfe von OSL- und SED-Verfahren unterschiedliche geomorphologische Prozesse datiert
werden. Dementsprechend wurde ein prozessbasiertes Interpretationsverfahren fiir OSL- und SED-

basierte, numerischer Alter in glazialen Landschaftssystemen entwickelt.

Basierend auf den Ergebnissen der OSL-Datierungen der Brandenburger und der Pommerschen
Phase, sowie einer grundlegenden Neuinterpretation verfligbarer '%Be-Alter, konnte eine Synthese in
Bezug auf das Ruckschmelzverhalten und die Eisdynamik im Marinen Isotopenstadium (MIS) 2 erzielt
werden. Eine der wesentlichen Erkenntnisse ist der Nachweis eines zweifachen LGM. Die altere
Phase (LGM-1) entspricht der Brandenburger Phase, die auf <34 ka (Maximalalter) datiert wurde. Die
jungere Phase (LGM-2) entspricht der Pommerschen Phase, die auf 20.1 +1.6 ka (initiale Bildung von

Sanderflachen) bis 19.4 £2.4 ka (letztmalige Sedimentation auf den Sanderflachen) datiert wurde.

Zusatzlich zur Einfihrung einer ersten Chronologie des weichselzeitlichen Eisrlickzuges auf der
Grundlage von numerischen Datierungsmethoden wurde im Untersuchungsgebiet erstmals der letzte
Glazial-Interglazial-Zyklus an einer terrestrischen Sedimentabfolge, die saalezeitliche, eemzeitliche

und weichselzeitliche Sedimente umfasst, datiert.
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1. Introduction

Studies of past climate may help to improve
knowledge of the forcing factors of climate
change and the sensitivity of the earth’s climate
to these factors. Multiple evidence including
geomorphological, sedimentological and
palaeontological findings has proved that the
climate of the earth was subject to permanent
change. Today’s measurements and
observations substantiate the continuation of
those fluctuations (IPCC, 2007). With regard to
the current discussion about global warming
and possible consequences such as sea-level
rise and desertification, a thorough
reconstruction of past climatic changes is
essential. The analysis of amplitudes of
fluctuations occurring in natural systems is a
requirement in order to enhance understanding
of the effects of man-induced changes.
However, the available data especially from
terrestrial archives are still scarce, and past
climate system dynamics offer a challenge to
scientific understanding.

Records of climatic change on regional scales
are relevant because they represent individual
components for reconstructing the complex
patchwork of past global climate. This study
intends to provide such a component and aims
to contribute to the reconstruction of the timing
and dynamics of the deglaciation of the last
Scandinavian Ice Sheet (SIS) by Optically
Stimulated Luminescence (OSL) dating of
fluvioglacial (sandur) sediments related to main
ice marginal positions (IMPs) in north-eastern

Germany.

1.1. Aims of this study
The major aim of this study is to establish a
reliable numerical chronology of the distinct

Weichselian ice marginal positions in NE

Germany. During the past 130 years the
classification of the Weichselian Pleniglacial in
north-eastern Germany has mainly been based
on morphostratigraphical interpretations (cf.
section 2). Owing to the absence of recent
geochronological data of the Weichselian ice
advances, the ages of ice marginal positions
that are commonly used for that region are only
estimates or based on extrapolations from '“C
ages from underlying organic sediments (cf.
section 2.3.1). A reliable chronology of the
Weichselian ice decay based on numerical
ages is unfortunately still lacking (Terberger et
al., 2004). International research has shown
that the dynamics of the margin of the SIS
during the Weichselian glaciation were highly
variable in different regions (e.g., Marks, 2002).
The uncertainties implied herein impede a
simple correlation of ice marginal features from
adjacent countries such as Denmark, Poland,
and the Baltic States with those in NE Germany
and the adaptation of their respective ages.

To achieve the geochronological aim of the
study, Optically Stimulated Luminescence (OSL)
dating techniques, primarily based on the single
aliquot regenerative dose protocol (SAR)
(Murray & Wintle, 2000, 2003; Wintle & Murray,
2006) for the dating of quartz, have been
applied (cf. section 3.3). In contrast to '“C
dating, OSL enables the determination of
depositional ages directly from glacial
sediments.  This  geochronological  aim
consequently determines the methodological
aims of this study, namely to enhance the
application of OSL dating techniques to
fluvioglacial (cf. section 1.2) sediments. This
has previously been a challenging task, the
major problem being the incomplete resetting of

the OSL signal prior to deposition (cf. section
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3.4). Another aim evolved during the progress
of this study, as first results from surface
exposure dating (SED) of erratic boulders from
the research area became available. OSL and
SED are the two most frequently used
techniques for the dating of ice marginal
positions. With comparable OSL and SED
based ages available, this study aims to clarify
the chances and limitations implied by either
method with respect to the dating of ice

marginal positions (cf. section 4).

1.2.Choice of the research area and
representative sampling sites
To achieve geochronological significance, the
appropriate choice of the research area in
general and the sampling sites in particular is
crucial. Within a glacial landscape that was
formed and reshaped by multiple ice advances
during the last three glaciation cycles (cf.
section 2), the unambiguous assignment of
glacial landforms to a specific ice advance
remains challenging. However, in contrast to
the Jutland peninsula (comprising Denmark and
Schleswig-Holstein in Germany) and parts of
Mecklenburg-Vorpommern, for example, the ice
marginal positions of the Weichselian glaciation
in Brandenburg are located well apart from
each other (cf. section 2.2). In addition, this
area has a long tradition of Quaternary
research and was the type area where the
glacial theory was established in Germany by
the end of the 19" century. Brandenburg was
therefore chosen as the general research area.
Of the three main IMPs usually differentiated
here, only two represent ice advances of the
SIS (cf. section 2.2): the Brandenburg IMP and
the Pomeranian IMP. The Frankfurt IMP is only
weakly developed and is assumed to represent

a halt in the downmelting of the SIS from the

maximum extent of the Brandenburg phase and
was therefore excluded from the investigations
in this study. With the research area thus
specified, the prerequisites implied by the
dating method to be applied come into play.
OSL dating of sediments enables the
determination of the point in time when the
sediments were last exposed to daylight (cf.
section 3). In contrast to subglacially or
englacially deposited sediments such as tills,
subaerially deposited fluvioglacial sediments of
outwash plains (sandar) are likely to have been
exposed to daylight before burial. In addition,
outwash plains are often found to be geared
with terminal moraines and can therefore be
assigned to specific ice marginal positions.
Owing to the possibly longer transport
distances, fluvioglacial sediments deposited
within meltwater channels and ice marginal
valleys (IMVs) may even have had a greater
chance of having been properly exposed to
daylight before burial than sandur sediments.
However, the fact that the complex system of
channels and [IMVs drained meltwater
originating from different IMPs impedes an
unambiguous assignment of the sediments to a
specific IMP. Hence, sandur sediments were
identified as being most suitable to achieve the
geochronological aims of this study. Sub-
research areas and individual sampling sites
were accordingly defined for the Brandenburg
and Pomeranian IMPs (overview maps
provided as appendices 13.2.1, 13.2.2 and
13.2.4). They are described in detail in section
2.4 and in the individual research papers
(sections 5, 6, 8, 9).

To be able to crosscheck the OSL ages
obtained with an independent age control, an
additional sampling site had to be identified.

Unfortunately, a suitable section within the age
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range of radiocarbon dating was not available.
Accordingly, a sampling site offering age control
from results of plalynological analyses was
chosen (cf. section 2.4). Additionally, the
sediments exposed there gave the opportunity
to enhance understanding of the development
and deglaciation history of the adjacent
Oderbruch basin.

1.3.The structure of this cumulative paper

The results from this study have already been
published as research papers in international,
peer-reviewed scientific journals. Following a
general introduction of the research area and
the individual sampling sites, as well as an

introduction to OSL dating in general and the

SAR protocol for the dating of quartz in
particular, these individual research papers will
therefore be presented in this cumulative paper
as they have been published. The respective
chapters will be indicated and a link to the latest
online version of the published articles will be
provided. Any reproduction of these chapters
requires the agreement of the respective
copyright owners. However, the structure of this
cumulative paper and the order of presentation
of the individual articles guarantees a self-
contained and comprehensive presentation of
the research conducted in this study. In addition
to the already published work, new analyses
and results are also presented, discussed and

incorporated into the overall conclusions.
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2. Research area

This section provides a general overview of the
geomorphology, stratigraphy and chronology of
the research area situated in Brandenburg,
north-eastern Germany (Figure 01, appendix
13.2.1), and briefly introduces the different
sampling locations. A differentiated description
of the sites is provided within the different

research papers (cf. sections 5, 6, 8, 9).

2.1.Pre-Weichselian Quaternary history of
north-eastern Germany
The base of the Quaternary sediments in north-
eastern Germany is characterised by a system
of NE-SW oriented channels deeply incised
(~200 m on average, max. 500 m below sea
level) into the pre-Quaternary subsurface. The
formation of these channels by subglacial
meltwaters is assumed to have set in during the
downmelting of the first ice advance of the
Elsterian glaciation (Lippstreu, 1995) and
continued during the second Elsterian ice
advance. By the end of the Elsterian glaciation
the channels were completely filled with glacial
sediments. A possible influence on recent
morphology can therefore be excluded. The

Elsterian glaciation is tentatively correlated with

Marine Isotope Stage (MIS) 10 (Litt et al., 2007).

During the subsequent Holsteinian interglacial,
fluvial and limnic processes prevailed in the
young morainic landscape formed by the
Elsterian glaciation. On the basis of results from
20Th/U dating of peat, Geyh & Miiller (2005)
correlate the Holsteinian interglacial with MIS 9.
However, the results from this study have been
controversially discussed (Scourse, 2006; Geyh
& Miiller, 2006). A succession of alternating
cold and warm phases marks the beginning of
the subsequent Saalian complex (Litt et al.,
2007). Krbetschek et al. (2008)

m
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Figure 01: North-eastern Germany and
neighbouring areas of Denmark and Poland
(light grey); administrative areas of
Brandenburg (grey) and Berlin (dark grey).

Main  Weichselian ice marginal positions
according to Liedtke (1981): W, - Pomeranian
phase (green line), Wir — Frankfurt recessional
phase (dashed blue line), W;s - Brandenburg
phase (red line).

Sampling sites: 1 Luckenwalde (LUC-I,II), 2
Frankenfelde (LUC-III), 3 Beelitz (BEE), 4 Vevais
(VEV), 5 Eberswalde (EBE), 6 Macherslust
(MAC), 7 Althuttendorf (ALT-I,II)

successfully dated fluvial sediments from this
so-called Lower Saalian (Ehlers et al., 2004)
using infrared (IR-RF;
Trautmann et al., 1999; Krbetschek et al., 2000)

and conclude that the period spanned the time

radio-fluorescence

from ~300 ka to ~150 ka. Two major ice
advances occurred during the Saalian complex:
the older ice advance of the Drenthe stadial and
that of the Warthe stadial. Both are correlated
with MIS 6 (Litt et al., 2007). Geomorphological
and stratigraphical evidence suggests that, as a
consequence of the interaction of a highly

dynamic advancing ice sheet with the young
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morainic topography shaped during the

preceding Drenthe stadial, glacitectonic
processes and formation of push morainic
areas primarily took place during the Warthe
stadial (Lippstreu, 1995).

maximum extent of the SIS during the Saalian

However, the

did not reach as far south as during the
Elsterian (Figure 02). Taking into account the
age of ~150 ka as the upper boundary of the
Lower Saalian reported by Krbetschek et al.
(2008), as well as the onset of the subsequent
Eemian interglacial at ~130 ka, the Upper
Saalian (Ehlers et al., 2004) might only have
spanned roughly 20 ka. Eemian deposits,
mostly limnic sediments recovered from drilling
cores, have frequently been identified within the
research area. Hermsdof & Strahl (2008) have
recently compiled all recorded occurrences and
the results from related palynological analyses
of Eemian sediments in Brandenburg. The
correlation of the Eemian interglacial with MIS
5e has been widely accepted in scientific
discourse throughout the past few years

(summarised in Brauer et al., 2007).

2.2.The Weichselian cold stage in north-
eastern Germany
Like the Saalian, the onset of the Weichselian
cold stage was also characterised by
alternating cold and warm phases. Glacitectonic
and lithological evidence
Houmark-Nielsen, 2007)
indicates that a first advance of the
Scandinavian Ice Sheet (SIS) through the Baltic

Sea basin might already have occurred in MIS

reported from

Denmark (e.g.,

4. Corresponding fluvioglacial inter-till deposits
have recently been dated to ~50 ka (MIS 3;
Houmark-Nielsen, 2007) by means of quartz
OSL. Although it has been proposed that

several localities along the Baltic Sea coast of

Figure 02: Maximum extents (from south to
north) of the Elsterian (light blue), Saalian
(blue) and Weichselian (dark blue) glaciations in
north-eastern Germany and neighbouring areas
(data provided by Ehlers & Gibbard, 2004).
Figure based on a digital elevation model (DEM)
derived from hole-filled seamless SRTM data
(processed by Jarvis et al., 2006).

Mecklenburg-Vorpommern represent such an
early ice advance, up to now no clear evidence
supports such an assumption. In general, three
main Weichselian ice marginal positions are
usually distinguished in north-eastern Germany
(Figure 01), but only two are assumed to
represent ice advances (compare 2.2.1 & 2.2.2).
The Brandenburg ice marginal position (IMP)
represents the southernmost extent of the
Weichselian glaciation in the research area
(W4g), situated well north of the maximum
extent of the previous glaciations (Figure 02). It
is followed to the north by the Frankfurt IMP
(W4g) and the Pomeranian IMP (W,). Based on
the conceptual model of the “Glaziale Serie”
(glacial series - typical sequence of
geomorphological units formed at a stationary
ice margin) of Penck (1879), this pattern of ice
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marginal positions was named and thereby
established by Woldstedt in 1925 already,
shortly after Keilhack (1910) finally established
the concept of polyglaciation in northern
Germany primarily introduced by Penck in
1879. Woldstedt's pattern was solely based on
morphostratigraphical findings and implied a
deglaciation chronology with the southernmost
IMP representing the oldest ice advance and a
succession of constantly younger IMPs
northward towards the Baltic Sea basin. This
includes not only the three main IMPs depicted
in figure 01, but also a complex pattern of
intermediary systems of recessional terminal
moraines, which have been controversially
discussed within scientific discourse (e.g., Bdse,
1994, 2005). This introduction will therefore
focus on the three main ice marginal positions

as stated above.

2.21. Brandenburg (W;g) and Frankfurt

(W+¢) phase
Ice marginal positions related to the
Brandenburg and Frankfurt phase are relatively
weakly developed and have mainly been
reconstructed along ridges of outwash plains
(sandar). Terminal moraines (mainly consisting
of meltout till) or even pushmoraines only rarely
occur in the Brandenburg IMP and are almost
absent in the Frankfurt IMP. This implies a
presumably rapid and short-lived ice advance
that adapted to the morphology inherited from
the penultimate glaciation. Within the research
area, push morainic complexes originating from
Saalian times are known to have been
preserved in some places (Bdse, 2005). The ice
advance to the southernmost Brandenburg IMP
has traditionally been ascribed to the LGM as
reconstructed from marine and ice core data.

The area between the Brandenburg IMP and

the Pomeranian IMP (encompassing the
Frankfurt IMP) is dominated by fluvioglacial
deposits and landforms as well as dead ice
topography. Kames and minor outwash plains
frequently occur, but can hardly be assigned to
specific IMPs (Bdse, 2005). The Frankfurt IMP
is considered to represent a halt in the course
of the downmelting of stagnant or even dead
ice related to the ice advance to the
Brandenburg IMP (Lippstreu 1995; Bose, 2005;
Litt et al., 2007). The area south of the
Pomeranian IMP is furthermore characterised
by intensive fluvioglacial erosion related to the
development of a complex system of ice
marginal valleys (IMV, “Urstromtaler’) and
interconnecting meltwater channels. Specific
IMVs have frequently been assigned to specific
IMPs: Glogau-Baruth IMV & Brandenburg IMP,
Warsaw-Berlin IMV & Frankfurt IMP, Thorun-
Eberswalde IMV & Pomeranian IMP. However,
the drainage of meltwater has been shown to
be highly complex (e.g., Juschus, 2001) and
IMVs and meltwater channels were still in use
even when the SIS had already retreated north

of the Pomeranian IMP.

2.2.2. Pomeranian (W;) phase

The ice marginal position formed during the
Pomeranian phase shows the most prominent
terminal moraines in north-eastern Germany
and represents a strong readvance of the SIS
(Bbse, 2005). It is still a matter of discussion
how far north the SIS retreated prior to the
Pomeranian phase. Most authors (e.g.,
Lippstreu, 1995; Bose, 2005) favour a retreat
back into the Baltic Sea basin, whereas others
(e.g., Kliewe & Jahnke, 1972; Liedtke, 2001)
argue that there was no evidence for an
interstadial between the W,gr and the W,

phases, and the SIS ice margin therefore must
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have remained south of the Baltic Sea basin.
Towards the end of the Weichselian glaciation

the SIS retreated further north, with various

oscillations and readvances (the most
prominent of which occurred during the
Mecklenburg phase, forming the terminal

moraines of the Rosenthal and Velgast IMPs)
documented by ice marginal features north of
the Pomeranian IMP (Bose, 2005).

2.3.The late Weichselian
The late Weichselian is again characterised by
alternating cold and warm phases. It marks the
retreat of the SIS to the north of the Baltic Sea
(1999)

sediments from the decaying

depression. Preusser dated kame
ice of the
Mecklenburg phase in the Lubeck bay to ~15
ka, using green light stimulated luminescence
(GLSL) (TL)

techniques. By the time of the Younger Dryas

and  thermoluminescence
cooling, active glaciers of the SIS had retreated
to the north of the Baltic Sea depression and
formed the Salpausselkd IMP. The latter was
dated to ~11.5 ka by means of SED of erratic
boulders by Tschudi et al. (2000). During the
late Weichselian, periglacial and aeolian
processes prevailed in north-eastern Germany.
The melting of buried dead ice had significant
influence on the topography as soon as kettle
holes and subglacial channels evolved at the
surface. In general, limnic and/or organic
sedimentation within these depressions did not
set in before the Bolling interstadial (Bose,
2005).

2.3.1. Geochronology of the main

Weichselian IMPs

The available geochronometrical data for the
main ice marginal
the

positions were recently

reviewed by German  Stratigraphic

Commission (Litt, 2007). Table 01 shows a
summary of the relevant data. However, that
chronology is solely based on extrapolations of
"C ages and on estimates. It represents the
status quo of the time when this study was
initiated. In the course of this study additional
ages became available, derived from surface
exposure dating (SED) of erratic boulders from
north-eastern Germany (Heine et al., 2009;
Rinterknecht et al.,

in press). They are

discussed in detail in the research paper

dealing with the age of the Pomeranian IMP
(section 9). A reinterpretation of these SED
is also included

ages in the summarising

discussion (cf. section 11).

Table 01: **C based chronology of the main IMPs in
NE Germany*

IMP Age** Method

H 1

Brandenburg ~20 ka BP Estimate
(Wie) <24 cal. ka BP 142

~18.8 ka BP Estimate®
Frankfurt s
(Wip) <23.8 cal. ka BP C
<32 cal. ka BP ice

Pomeranian  ~16.2 ka BP Estimate®
(W2) <17.6 cal. ka BP 14c7

! Cepek (1965), Liedtke (1981), Kozarski (1995)
2 Age of organic sediments underlying glacial
sediments of the Brandenburg phase (Marks, 2002).
3 Age extrapolated from underlying *C ages,
assuming an estimated rate of ice build-up and
decay Kozarski (1995).

4 Age of organic sediments underlying glacial
sediments of the Poznan (Frankfurt) phase near
Konin, Poland (Marks, 2002).

® Age of an organic silt layer ("Mudde vom
Segrahner Berg”) underlying glacial sediments of
the Frankfurt phase (Luttig, 2005).

6 Age extrapolated from underlying *C ages,
assuming an estimated rate of ice build-up and
decay Kozarski (1995).

7 Age of organic sediments (Liedtke, 1996; Marks,
2002), origin and stratigraphical position unclear
from primary sources.

* Summarised from Litt et al. (2007), no age
uncertainties specified.

** Calibration of *C ages according to Stuiver et al.
(1998) by Litt et al. (2007).
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2.4.Sampling sites

As outlined in section 1.2, the dating efforts
within this study were concentrated on the two
main ice marginal positions in north-eastern
Germany representing advances of the SIS,
namely the Brandenburg and the Pomeranian
IMPs, with an additional sampling location
offering a crosscheck of the obtained OSL ages
with independent age control. Possible
sampling locations had to enable access to
fluvioglacial (sandur) sediments suitable for
OSL dating with an unambiguous assignment to
a specific IMP. A section from the Beelitz
outwash cone to the terminal moraine and
outwash plain near Luckenwalde was chosen to
represent the Brandenburg IMP within this
study (Figure 03). Three suitable sampling sites
were identified within this area: an abandoned
gravel pit near Beelitz and the active gravel pits
near Frankenfelde and Luckenwalde. A section
from the AlthGttendorf outwash cone to the
western boundary of the Oder valley was
chosen to represent the Pomeranian IMP
(Figure 04), and the Althittendorf gravel pit, an
abandoned clay pit near Macherslust and the

Klosterbriicke outwash fan were identified as

Table 02: Sampling locations

suitable sampling sites. A sediment succession
encompassing glaciofluvial to fluvial sediments
as well as limnic sediments exposed near the
village of Vevais provided the only chance to
crosscheck the obtained OSL ages with an
independent age control.  Palynological
analyses allow a secure classification of the
limnic sediments as being of Eemian origin.
Table 02 provides the exact position of each of
the mentioned sites. Additionally, the names of
the locations are linked to the sample codes
used within this study. The maps provided as
appendices 13.2.1, 13.2.2 and 13.2.4 show the
position of the sampling locations within their
regional context and provide a simplified
overview of the main geomorphological features
of the respective region. Detailed descriptions
of the different sites are available within the
related articles (links see table 02). In addition,
excerpts from the geological survey map (GUK
200) are provided as supplementary material
(appendices 13.2.3 & 13.2.5). Furthermore,
detailed excerpts from topographical maps
(TK25) and geological maps (GK25) are
provided for each sampling site (appendices
13.2.7-13.2.20).

Name Sample code Related IMP UTM* coordinates Altitude a.s.l. (m) Related article
Althittendorf ALT_I W, 33N 424235 5868772 70 Section 9
ALT_II W, 33N 424060 5868389 70 Section 9
Beelitz BEE Wis 33N 359294 5795101 70 Section 5
Eberswalde EBE W, 33N 426814 5856926 42 Section 9
Frankenfelde LUC_III Wig 33N 372165 5774668 68 Section 6
Luckenwalde LUC_I Wig 33N 372881 5772414 72 Section 6
LUC_II Wig 33N 372916 5772535 72 Section 6
Macherslust MAC W, 33N 421750 5855962 60 Section 9
Vevais VEV n/a 33N 441648 5838632 30 Section 8

* Universal Transverse Mercator (UTM) projection, zone 33N.

11
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Figure 03: Simplified geomorphological overview

of the W;s research area: Outwash plains
(yellow arrows), Brandenburg IMP (red line),
Glogau-Baruth  IMV  (light blue arrow),
fluvioglacial channel system (broken dark blue
lines), periglacial valley incision and formation of
outwash fans (grey arrows), Saalian push
moraines (purple lines). Sampling locations:
Beelitz (1), Frankenfelde (2), Luckenwalde (3).

Figure based on a digital elevation model (DEM)
derived from hole-filled seamless SRTM data
(processed by Jarvis et al., 2006).

In the following please also see figure 03 and
appendices 13.2.2 & 13.2.3. The Beelitz
sampling site is situated on the Beelitz outwash
cone, which dips over a distance of ~14km from
its inner fringe towards the Baruth ice marginal
valley. It has been described as a type region of
the Brandenburg ice marginal position (Bose,
2005). A complex system of meltwater channels
connected to the Baruth ice marginal valley
divides the Brandenburg IMP east of the Beelitz
outwash cone into separate “islands” consisting
mainly of fluvioglacial sediments. The gravel

pits near Frankenfelde and Luckenwalde are

Figure 04: Simplified geomorphological overview
of the W, research area: Outwash plains (yellow
arrows), Pomeranian IMP (green line), Thorun-
Eberswalde IMV (light blue arrow), meltwater of
recessional phases intersecting the Pomeranian
IMP at Chorin (dark blue arrow), periglacial
valley incision and formation of outwash fans
(grey arrows), interlobate Saalian push
moraines (purple lines). Sampling locations:
Vevais (4), Eberswalde (5), Macherslust (6),
Althittendorf (7).

Figure based on a digital elevation model (DEM)
derived from hole-filled seamless SRTM data
(processed by Jarvis et al., 2006).

both situated on the southernmost of these
elevations. Here the small outwash plain of
Luckenwalde dips southwest over a distance of
~2 km from its peak elevation towards the
Baruth IMV. South of the Baruth IMV, push
morainic complexes of the Saalian glaciation
form the southern margin of the Flaming upland,
part of the old morainic landscape.

In the following please also see figure 04 and
appendices 13.2.4 & 13.2.5. The sampling site
near the village of Vevais is part of the
level of

“Wriezener Terrasse”, an elevated

discharge on the western border of the

12
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Oderbruch basin formed during the existence of
a Thorun-Eberswalde ice marginal valley. Near
Oderberg, the Pomeranian IMP was intersected
by fluvial erosion of the Oder river. From
Oderberg the Pomeranian IMP continues to the
north-west, with its course revealing the lobate
character of the ice sheet. The Althittendorf
outwash cone was deposited in an interlobate
position. Nowadays one of the largest gravel
pits in Brandenburg is situated on the outwash
cone, granting excellent access to the sandur
sediments. The small “Klosterbriicke” outwash
cone marks the latest sandur formation
attributed to the Pomeranian IMP. By contrast,
the sediments exposed within the abandoned
clay pit near Macherlust are related to
meltwater discharge from IMPs north of the

Pomeranian terminal moraines.

2.5.Sampling for OSL dating

The OSL samples for this study were collected
using the equipment shown in figure 05.
Opaque plastic tubes of about 20 cm length and
6 cm diameter were driven into the freshly
cleaned sediment face (Figure 06). Under
darkroom conditions the light-exposed parts of
the samples (inner front and back part of the
sampling cylinders) were removed and used to
determine in situ and saturation water content.
Additional samples for radionuclide analyses
were taken from the direct surroundings of the
OSL samples. Pure quartz grains were
extracted for the OSL measurements using a
procedure of sieving, H,O, and HCI treatment
(removal of organics and carbonates), feldspar
flotation (separation of feldspar contaminants),
density separation (2.62-2.67 g/cm3), HF/HCI
etching (removing the outer ~10 um of the

grains affected by alpha radiation (Mejdahl and

Christiansen, 1994), and final sieving. A

summary of the basic luminescence sampling

and preparation procedures is provided by
Preusser et al. (2008).

Figure 05: OSL sampling equipment consisting
of an opaque plastic tube equipped with cutter
(top), opaque plastic caps to seal the tube after
sampling (middle) and soft hammer for driving
the tube into the sediment (bottom).

Figure 06: The author taking an exemplary
sample (not dated) in the Althittendorf gravel
pit, June 2007; photo taken by Dirk Wenske.

13
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3. Optically stimulated luminescence (OSL)
dating of quartz
Luminescence dating techniques make it
possible to determine when sediments were
last exposed to daylight throughout a
transportation event before subsequent burial
and therefore the time of sealing from daylight
within a sedimentary archive. Whereas the
specific  sample

preparation  techniques,

measurement procedures and evaluation
techniques are described in detail in the
research papers, this section provides a short
introduction to the basic principles of
luminescence dating in general and the Single
Aliquot Regenerative (SAR) dose protocol for
the dating of quartz developed by Murray and
Wintle (2000, 2003; reviewed in Wintle &
Murray, 2006), which was used for the major
part of the dating work in this study in particular.
Additionally, the basic problem of incomplete
resetting of the OSL signal (also termed
incomplete bleaching) and the different
approaches developed in order to overcome

this problem in OSL dating are introduced.

3.1.Basic principles of luminescence dating
Luminescence dating techniques are based on
the nature of non-conductive minerals such as
quartz or feldspar that store measurable
radiation damage within their crystal lattices
(Bgtter-Jensen et al., 2003b). lonising radiation
caused by the decay of naturally occurring

radionuclides (*’K, &

Rb) and radioactive series
(***U, #*U and ***Th) as well as cosmogenic
radiation has the effect that excited charge
carriers are trapped in deficiencies within the
crystal lattice and are stored in these
luminescence traps for geologically relevant
periods of time (Figure 07, a/b). As the number
of trapped charge carriers correlates with the
stored energy per mass unit [J/kg = Gy], the
mineral grains function as natural dosimeters.
Once stimulated by light or heat (input of
energy), trapped electrons recombine with
defects within the crystal lattice functioning as
luminescence centres (Figure 07, c/d). That
recombination process causes a light glow
(luminescence). The intensity of that signal is a
measure for the amount of energy stored within
the crystal (Botter-dJensen et al., 2003b;

conduction band
(high energy level)

conduction band

(high energy level) /\

-

) |

jonising
radiation  /

light or
heat

valence band
(low energy level)

o o

)

valence band
(low energy level)

Figure 07: A valence electron is excited by ionising radiation and is transferred to a higher energy level
(conduction band), leaving a hole in the valence band (a/b). Most excited electrons instantly recombine with
a hole in the valence band and dissipate their energy in the course of that process which is sometimes
accompanied by photon emission (a). Only few excited electrons transition to localised energy states below
the conduction band (b). This electron trapping creates a latent luminescence signal. Stimulation of the
trapped electrons by light or heat empties the traps. Electrons might either recombine with holes above (c)
or within (d) the valence band, either transitioning an unstable level below the valence band (c) or directly
via the valence band (d). In the course of that recombination process energy loss might be released in the
form of light (luminescence). Figure based on and modified from Bgtter-Jensen et al. (2003b), Preusser et

al. (2008).
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Preusser et al., 2008). Once the rate of stored
energy per time is known [Gy/ka], it is possible
to calculate the time elapsed since the crystal
was last exposed to daylight. This can be

described as a general age equation:

equivalent dose [Gy]
dose rate [Gy/ ka]

age [ka] =

The increase of the latent luminescence signal
stored within the crystal lattice over time is
limited by the number of available traps and will
therefore reach a saturation dose. In contrast to
the simplified model (Fig. 07), different types of
traps and recombination centres exist within
natural minerals. Depending on the depth of the
trap (with shallow traps not suitable for dating
purposes at all because electrons do not
necessarily remain captured within such traps),
different amounts of energy are required to
the The

emission of a luminescence signal can be

stimulate recombination process.
stimulated in different ways, e.g., by heat
(Thermally Stimulated Luminescence — TL),
light Stimulated
Luminescence — OSL), or infrared light (Infrared
Stimulated IRSL).

Comprehensive summaries of the development

visible (Optically

Luminescence -

of the different luminescence techniques and
recent new approaches are provided, e.g., by
Lian & Roberts (2006) and Wintle (2008b).
Whereas Iuminescence dating of sediments
was initially conducted using TL techniques
(e.g., Wintle & Huntley, 1979), the 1980s saw
the introduction of optical dating techniques
(OSL (Huntley et al., 1985) and IRSL (e.g. Hutt
et al., 1988)), which brought about a ground-
breaking approach for the dating of sediments.

Only optically sensitive traps are used to

determine the equivalent dose, which has the
advantage that these are more quickly and
more thoroughly bleachable than thermally
sensitive traps (Godfrey-Smith et al., 1988).
This is essential for dating sediments prone to
insufficient because

bleaching possible

overestimations of equivalent dose and

subsequently of age are minimised.

3.2.Determination of dose rate

To achieve a precise age, apart from the
equivalent dose, the dose rate within the
sediments must also be precisely determined.
Three types of naturally occurring ionising
radiation have to be taken into account for the
calculation of the dose rate for luminescence
dating: cosmic radiation (from space), external
radiation (from neighbouring grains) and
internal radiation (from within the grains). The
cosmic radiation can be calculated with regard
to geographical position (intensity increasing
polewards), altitude (intensity increasing with
altitude) and overburden (by sediment and/or
water; shielding effect increasing with
overburden thickness). External radiation from
*K and the decay chains of 2%y, 28U and ***Th
consists of a-radiation (range about 20 uym), B-
radiation (range about 2 mm) and y-radiation
(range about 30 cm) occurring within the
sediment body (Preusser et al., 2008). For the
the

moisture content (average water content since

calculation of the external dose rate,

deposition) of the sediment is of great
importance because the attenuation of ionising
radiation is much greater when the sediment
pores are filled with water rather than air.
Internal radiation is caused by the presence of
radioactive elements within the crystal lattice of
minerals. In alkali feldspars it mainly consists of

B-radiation from “°K; in quartz the contribution
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of internal radiation to the overall dose rate is
usually considered to be negligible.

Within this study, the external radiation was
determined by high
spectrometry (Aitken 1985, DeCorte et al. 2004,
Krbetschek et al. 1994, Lang et al. 1996,
Preusser & Kasper 2001, Wagner, 1998) of

bulk samples from the direct surroundings of

resolution gamma

the OSL samples. In order to take the gradient
of deposition of energy into account, coarse
grain (90-160 ym and 200-250 um) samples for
luminescence dating were prepared as
carbonate and organic free mineral separates.
The outer layer affected by alpha radiation was
removed by etching of the grains (Mejdahl &

Christiansen, 1994). The a-radiation component

could therefore be neglected in age calculations.

The overall dose rate was calculated using the
software ADELE (Kulig, 2005), which was also

used for the final age calculations.

3.3.Determination of equivalent dose using
the SAR protocol
To determine the equivalent dose, the natural

luminescence signal is compared with that of

laboratory irradiated subsamples (aliquots).
Apart from the classic multiple aliquot
techniques, single aliquot techniques have

been established since the 1990s. Here all
measurement steps necessary to determine the
equivalent dose are conducted using the same
aliquot. In contrast to multiple aliquot
techniques, the equivalent dose of a large
number of single aliquots can be determined,
which significantly reduces the measurement
error. Different approaches using single aliquots
have been put forward, but nowadays the
Single Aliquot Regenerative (SAR) protocol of
Murray and Wintle (2000, 2003; Wintle &
Murray, 2006) established in

has been

luminescence dating laboratories worldwide
and is constantly being refined and enhanced.
For the dating of sediments prone to incomplete
bleaching, the use of quartz grains is preferred
as opposed to feldspar because the OSL signal
of quartz bleaches faster than that of feldspar.
In addition the OSL signal from feldspar is
known to show anomalous fading, a loss of
OSL signal over time (Wintle, 1973). Although
different methodological approaches have been
developed to solve it (Huntley and Lamothe,
2001; Auclair et al.,, 2003; Tsukamoto et al.,
2006; Thomsen et al., 2008), that problem has
not yet been overcome. Therefore, quartz SAR
OSL measurements were used as the standard
technique within this study. Only in one case
were feldspar measurements successfully
conducted in order to overcome dose rate

related problems (Section 8).

Table 03: Generalised SAR protocol*

Step Treatment Observe
1 Give dose?, D; -
2 Preheat (160-300°C for 10 s) -

3 Stimulation with blue LEDs for Lb
40 s at 125°C '

4 Give test dose, Dr =
Cutheat (160-300°C) -

6 Stimulation with blue LEDs for Tb
40 s at 125°C !

7 Start from top -

@ For the first cycle (natural sample) i=0, Dy is the
natural dose.

®The observed luminescence signals for L; and T;
are derived from the stimulation curve.

* Based on Murray & Wintle (2000, 2003),
modified from Wintle & Murray (2006)

Table 03 shows a basic SAR sequence after
Murray and Wintle (2000, 2003) used to derive
a dose response curve as shown in figure 08.
The the SAR

assumptions  underlying

16




C. Luthgens - The age of Weichselian main ice marginal positions in NE Germany inferred from OSL dating

procedure have been summarised in detail by
Wintle and Murray (2006). The basic principle
each OSL

measurement is preceded by a preheating step

can be described as follows:

in order to empty shallow, unstable
luminescence traps (step 2). In the first SAR
the

corresponding to the natural dose (Dy) is

cycle natural luminescence  signal

measured. In subsequent SAR cycles the
aliquot is given known doses (step 1) and the
corresponding luminescence signal is
measured (step 3). After each luminescence
measurement a test dose which remains
constant throughout all SAR cycles is given to
the aliquot (step 4). After another preheating
step (termed cutheat, step 5) the luminescence
signal corresponding to the given test dose is
(step 6). the

correction of possibly occurring sensitivity

measured This allows for
changes due to the repeated stimulation and
irradiation of the aliquot. The measurement
cycle is repeated for multiple known doses.
Finally, a dose response curve can be fitted to
the individual L; / T; values for the known dose
points and allows for the determination of the
equivalent dose (D) of the natural OSL signal
(figure 08).

Sensitivity corrected
OSL signal (L,/ T)

Dose (Gy)

Figure 08: Idealised dose response curve for a
SAR protocol with 7 cycles including recycling
point (2 Gy) and zero point. In this example, the
natural OSL signal corresponds to a D of ~3 Gy.

Two quality checks are incorporated into the
SAR sequence: tests for recuperation and
recycling. Recuperation is expressed as a
fraction of the OSL response to a given zero
dose. In an ideal case, recuperation should be
zero. To be able to calculate the recycling ratio,
the OSL response to an identical dose is
measured twice. The quotient of the repeated
measurements should equal one in an ideal
case. As a guideline, deviations of recuperation
values up to 0.05 and deviations of 5% from
unity for recycling ratios are regarded as
acceptable (Murray & Wintle, 2000). Aliquots
exceeding these threshold values should be
discarded from further calculations.

To test the suitability of a SAR protocol for
specific samples, dose recovery tests have to
be conducted. Here, a number of aliquots is
artificially bleached (luminescence signal is set
to zero) in the laboratory and subsequently
given a known dose. The dose is then
measured by applying a SAR protocol as
The

calculated from the SAR measurements should

described above. equivalent dose
ideally equal the dose given to the aliquots prior
to the SAR measurements (corresponding to a
measured/given dose ratio of 1; Wintle &
Murray, 2006).

Additional quality tests and rejection criteria
(e.9.,
depletion ratio cf. Duller, 2003) were applied in
the the

conducted for this study. These criteria are

tests for feldspar contamination, IR

course of OSL measurements
described in detail within the different research
papers. The Software Analyst (Duller, 2007)
was used for the evaluation of all SAR data.
Finally, the “true” equivalent dose of a sample
can be derived from the dose distributions of
the individual Des obtained from the individual

aliquots. Once the dose rate is also known, a
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Figure 09: Once buried, the OSL signal within sediments starts to grow
(a, ¢, e) until mobilisation and exposure to daylight during transport

events (b, d).

accumulated OSL signal during transport (b, d).

Sufficient sunlight exposure completely resets the

The OSL signal

measured for a completely bleached sample therefore corresponds to the
age of the last depositional event (d/e).

depositional age can be calculated by applying
the general age equation as stated above.
Dose distributions of well bleached sediments
ideally show a tight normal distribution and the
“true” D, is determined by calculating a central
mean value. The Central Age Model (CAM)
developed by Galbraith et al. (1999) is most

commonly used for these calculations.

3.4.Incomplete resetting of the OSL signal

Incomplete resetting (bleaching) of the OSL
signal occurs whenever sediments are not
exposed to sufficient daylight during transport
events. The chance of insufficient resetting of
the OSL signal to occur during transport is
the

environment. Whereas aeolian sediments are

highly dependent on depositional
generally regarded as thoroughly bleached
(Figure 09), waterlain sediments in general (e.g.,
Juyal et al., 2006; Wallinga, 2002; Olley et al.,
1998) and especially fluvioglacial (sandur)
sediments (e.g., Thrasher et al., 2009 and
references cited therein) have frequently been

shown to be prone to incomplete bleaching

(Figure 10) due to cloudy meltwaters, high

sedimentation rates and short transport

distances. Various approaches have been
proposed to detect and correct for incomplete
bleaching, either conducting comparative
measurements, investigating properties of the
luminescence signal itself, or analysing D
distributions obtained from SAR measurements.
Table 04 provides a condensed summary of the
major approaches and gives reference to key
publications. The detailed application of these
methods within this study is described in the
respective research papers (cf. sections 4, 5, 6,
8, 9). Comprehensive overviews are provided in
Fuchs & Owen (2008) and Thrasher et al.
(2009).

The OSL signal derived from single aliquots is
always an averaged signal consisting of the
individual luminescence signals from individual
grains. By using a fine to medium sand sized
fraction of quartz grains, the number of grains
per aliquot can be controlled, enabling the
measurement of small aliquots or even single

grains. Because only a small proportion of

18
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Figure 10: Sufficient exposure to daylight during transport completely
zeroes the OSL signal accumulated during phases of burial (a/b/c).
However, sediment grains may not be exposed to sufficient daylight
during transport (d) and the OSL signal may not be completely zeroed.
In that case an unknown residual is added to the OSL signal accumulated
since the last depositional event (designated signal corresponds to
depositional event d/e). The measured OSL signal is significantly higher,
which causes significant age overestimation.

grains (usually 5-10%) emits a luminescence
signal at all, Duller (2008) suggests reducing
the aliquot size for the dating of sediments
probably affected by incomplete bleaching. The
resulting reduction of the number of grains per
aliquot (eventually down to the single grain level,
figure 11) has the effect that the measured OSL

signal is composed of fewer individual signals
emitted from individual grains and therefore
enables the differentiation of fractions of well
bleached and incompletely bleached grains
within heterogeneously bleached samples. To
account for this effect, medium (4mm diameter)

and small aliquots (2mm diameter) as well as

Table 04: Approaches developed to detect incomplete bleaching

Comparative approaches

Key publications

OSL using coarse grain and fine grain fractions

Measurements of quartz OSL and feldspar IRSL*

Olley et al. (1998), Wallinga (2002)
Godfrey-Smith et al. (1988), Fuchs et al. (2005)

Analysis of the OSL signal

Key publications

De versus illumination time plot
Correlation of OSL intensity and corresponding D.

Signal component separation using LM OSL?

Huntley (1985), Bailey (2003)
Li (1994, 2001), Wallinga (2002)
Bailey et al. (1997), Singarayer et al. (2005)

Analysis of equivalent dose distributions

Key publications

Asymmetry of D, distributions
Thresholds for scatter in D, from dose recovery tests
Thresholds for scatter in D. from well bleached analogues

Observed overdispersion

Wallinga (2002), Bailey & Arnold (2006)
Fuchs & Lang (2001), Fuchs & Wagner (2003)
Galbraith et al. (2005), Fuchs et al. (2007)
Duller (2008), Thrasher et al. (2009)

! Infrared stimulated luminescence (IRSL)
2 Linearly Modulated OSL (LM OSL)
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Figure 11: OSL signal recorded by the
photomultiplier installed in an OSL reader
system: averaged signal from single aliquots
(left) and individual signal from single grains
(right).

single grains of quartz were used for the OSL
measurements in this study. A comprehensive
review of single grain quartz OSL is provided by
Duller (2008).

3.5. Statistical age models

Whenever incomplete bleaching is detected for
a sample, different statistical age models are
available to calculate the “true” equivalent dose
and subsequently a depositional age for such
samples. In general, these models are based

on the assumption that incompletely bleached

Table 05: Statistical age models

sediments consist of a mixture of well bleached
and incompletely bleached grains (Duller, 1994).
Within the dose distribution of the individual
aliquots obtained from single aliquot or single
grain measurements for a specific sample, the
low end of the dose distribution is assumed to
reflect the well bleached proportion of grains
and therefore the true burial dose. Table 05
summarises the most important statistical age
models and gives reference to key publications,
including the Central Age Model (CAM,
Galbraith et al., 1999) described above and the
Finite Mixture Model (FMM, Roberts et al.,
2000). The latter allows the identification of
different populations of De within
heterogeneous D, distributions caused by post
depositional sediment mixing. The decision
which model should be applied to which dataset
primarily  depends on the  statistical
characteristics of the dataset to be analysed, as
each model has individual shortcomings. This
decision process and comparative calculations
for suitable age models are described in the

individual research papers.

Age model

Suitable in case of Key publications

Central Age Model (CAM)!

Mean of the lower 5%?

3 and 4 parameter Minimum Age Model (MAM-3, MAM-4)3

Sample specific threshold based D. determination*
Leading edge technique®
Finite Mixture Model (FMM)®

Complete bleaching Galbraith et al. (1999)
Incomplete bleaching Olley et al. (1998)
Incomplete bleaching Galbraith et al. (1999)
Incomplete bleaching Fuchs & Lang (2001)
Incomplete bleaching Lepper & McKeever (2002)

Sediment mixing Roberts et al. (2000)

1 Within the calculation of the mean, the observed overdispersion (o) is taken into account, which describes
the spread in the D. distribution additional to the spread expected from the errors on the individual D. values.
2 The true D is calculated as the mean of the lower 5% of a positively skewed D, distribution.

3 The equivalent dose estimate is derived from the truncation point of a truncated log-normal distribution. In
contrast to the MAM-3, the MAM-4 allows for the allowance of an expected overdispersion.

4 A running mean value is calculated for the sorted (low to high) D. distribution and compared with a threshold
based on the experimental error obtained from dose recovery tests.

®> The true D. is derived from the inflexion point of a Gaussian curve which is fitted to the rising limb of a

positively skewed dose distribution.

5 Allows for the identification of different populations of D. within distributions, each of which is assigned with
an individual D error. The best component fit is indicated by the lowest value for the Bayesian Information

Criterion (BIC) (Rodnight, 2006).
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4. From morphostratigraphy to geochronology - on the dating of ice marginal positions

Proceeding from the general introduction of the
research area and the basics of OSL dating,
this section focuses on the following issues:

- The position of this study in the context of
the history of Quaternary research in
northern Germany.

- The change in approach to the stratigraphy
of glacial deposits that has taken place

within the last decade (within German

Pleistocene stratigraphy and beyond).
Chances and problems concerning the
integration of different dating methods,
especially OSL and SED of erratic boulders,
to ascertain ages for depositional features
within the glacial landscape.

The use of age-derived isochroneity in ice
marginal positions, rather than

morphostratigraphical definitions.

This section has already been published. Please see below for corresponding information.
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From morphostratigraphy to geochronology - on the dating of ice marginal
positions

Journal:

Volume / Issue:

Quaternary Science Reviews

n/a

First author:

Co-author(s):

Christopher Luthgens

Margot Bose

Date of acceptance:

Date of online publication:

12 October 2010

19 November 2010

Link (WWW):

DOI:

PDF:

From morphostratigraphy to geochronology

http://dx.doi.org/10.1016/j.quascirev.2010.10.009

PDE (1765 K)

Status at press time:

Article in Press, Corrected Proof

Copyright notice:

Reproduction of this section only by permission of the rightholder.

21



http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBC-51H5HHM-1&_user=1676895&_coverDate=11%2F19%2F2010&_rdoc=2&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%235923%239999%23999999999%2399999%23FLA%23display%23Articles%29&_cdi=5923&_sort=d&_docanchor=&_ct=81&_acct=C000054205&_version=1&_urlVersion=0&_userid=1676895&md5=88e1c196c4f3b5bf174684afeb00206f&searchtype=a
http://dx.doi.org/10.1016/j.quascirev.2010.10.009
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6VBC-51H5HHM-1-1&_cdi=5923&_user=1676895&_pii=S0277379110003756&_origin=browse&_zone=rslt_list_item&_coverDate=11%2F19%2F2010&_sk=999999999&wchp=dGLzVlz-zSkWA&md5=f4b8b45f0a079c5c0ac38852c9691bff&ie=/sdarticle.pdf

C. Luthgens - The age of Weichselian main ice marginal positions in NE Germany inferred from OSL dating

5. The age of the Brandenburg ice marginal position — Part 1. The Beelitz outwash cone

The following sections present the OSL dating
results obtained within this study. The order of
presentation of the results follows the
succession of ice marginal positions from south
to north (cf. section 2). This section accordingly
deals with the first numerical ages for the
Brandenburg IMP in north-eastern Germany.
Methodologically this section focuses on the
comparison of different indicator values for the

detection of incomplete resetting of the OSL

signal as well as the comparability of results
from different statistical age models developed
in order to correct for the effect of incomplete
bleaching in the evaluation of SAR based D,
distributions.

In addition to the published material,
topographical and geological maps of the
sampling site are provided as supplementary

material in appendices 13.2.9 & 13.2.10.

This section has already been published. Please see below for corresponding information.
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6. The age of the Brandenburg ice marginal position — Part 2: The Luckenwalde end

moraine and outwash plain

Within the following section numerical ages for
the Luckenwalde end moraine and outwash
plain (Brandenburg IMP) are presented. To
provide support of the results obtained from
OSL dating, stratigraphical analyses including
detailed mapping of four sediment sections as
well as petrographic gravel analyses of selected
samples were conducted.

Additional topographical and geological maps
are provided as supplementary material to this
publication in appendices 13.2.13 & 13.2.14.

Unfortunately an error most probably caused by

transformation of one of the data tables
throughout the publication process could not be
corrected before the final printed publication of
the article. Therefore a corrected version of the
table is provided in the following. Again, it is
important to note that the error only occurred in
the course of the publication process and all
calculations and conclusions of the manuscript
were originally based on the correct values
presented here and therefore don’t need to be

altered.

This section has already been published. Please see below for corresponding information.
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Corrected version of “Table 4 — OSL data summary”

Erratum

This table substitutes the original table on top of page 77 in the published article (Changes only

affect the dose rate column).
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7. The age of the Brandenburg ice marginal position — Part 3: The Beelitz outwash cone

revisited

Both the age of 34.1 +3 ka from the Beelitz
outwash cone (cf. section 5) and the age of
34.4 +7 ka from the Luckenwalde outwash plain
(cf. section 6) have to be regarded as maximum
ages for the formation of the Brandenburg IMP.
However, the ages from both sites are in good
agreement. Incomplete bleaching was detected
for all samples from the Brandenburg IMP. As
(2008),

measurements for two samples from the Beelitz

suggested by Duller comparative
site were conducted using reduced aliquot
sizes. However, the expected drop in D, and
consequently in age could not be observed (cf.
section 5). To investigate this problem further
and to be able to state the age of the
Brandenburg IMP more precisely, additional
measurements using single grains of quartz
were conducted for the samples BEE-2 and
BEE-3. The results from these measurements
the

following. Please see section 5 for details

will be presented and discussed in
concerning the geomorphology of the study
area and the stratigraphy of the Beelitz

sampling site.

7.1.Methods and procedures
Pure quartz separates were extracted from the
the

described in the respective subchapters of

bulk samples using procedures as
sections 5. The fraction of 200-250 ym was
separated for single grain measurements, and

grains were placed onto aluminium sample

holders, each containing 100 grains. The
measurements were carried out in the
luminescence dating laboratory of the

University of Bern, using a RIS@ TL-OSL DA 20

automated luminescence reader system

(Botter-densen et al. 2000, 2003a) equipped

with a green (532 nm) and an infrared (830 nm)
laser for single grain measurements.

Based on the results from dose recovery tests
(recovery ratios close to 1.00 for both samples),
the SAR protocol shown in table 06 was used
for D, determination. One thousand grains were
measured for sample BEE-2 and 1200 grains
for sample BEE-3. To correct for inhomogeneity
of the Sr-90 beta irradiator (5.6 Gy min'1), the
dose received at the individual single grain
positions on the sample holders was calibrated
as suggested by Ballarini et al. (2006). The
luminescence signal was integrated over the
first 0.5s of stimulation with background
integration over the last 0.25 s of stimulation.

A more detailed description of the single grain
procedures applied here is provided in section
9. Details the

determination have been described

concerning dose rate
in the

respective chapter of section 5.

Table 06: Single Aliquot Regenerative (SAR) dose
protocol for single grains®

Run Treatment

1 Dose (except before first run)

2 Preheat (260° C for 10 s)

3 Optical stimulation with IR laser (only
for last run)

4 Optical stimulation with green laser for
0.5sat 125°C

5 Test dose

6 Cutheat (220° C for 10 s)

7 Optical stimulation with green laser for
0.5sat 125° C

8 Start from top

! Seven regeneration cycles including zero dose,
recycling point and test for IR depletion
according to Duller (2003)
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7.2.Results

7.21. Luminescence signal characteristics
A high variation in the OSL properties of single
grains of quartz was observed. In general, the
values summarised in table 07 are in good
agreement with results from previous studies
(summarised in Duller, 2008), as well as the
results from single grain measurements for
samples from the Pomeranian IMP conducted
within this study (cf. section 9). Furthermore,
both samples show rather similar values.
However, there is a strikingly high percentage
of grains characterised by an L\/Ty ratio above
the maximum Lyx/Tx value to be calculated from
the generated dose response curve. The BEE
samples both show values of about 8 times the
maximum value obtained for samples from the
Pomeranian IMP (0.4% for sample ALT_lI-1, cf.
section 9). For the samples from the
Pomeranian IMP, the grains falling into this
category show a natural OSL signal well above
a dose response curve in or close to saturation
as observed from previous studies (e.g., Jacobs
et al. 2006 and references therein; Stone &
Thomas 2008). Such grains (Figure 12a) are
also present in the BEE samples, but their

overall percentage only amounts to 0.7% for
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Figure 12: Shinedown and dose response curves
of two single grains measured for sample BEE-3.
(a) Grain showing a natural OSL signal well
above the dose response curve. (b) Grain
showing a natural OSL signal barely above the
dose response curve.

Table 07: Single grain characteristics of samples BEE-2 and BEE-3

- n No Dim Feldspar Ln/Tn > max. Accepted grains
P (100%) signal (%)% grains (%)® grains (%)* Ly/Tx (%)° (%)°®

BEE-2 1000 86.8 7.3 1.0 3.4 1.5

BEE-3 1200 86.4 7.0 1.5 3.0 2.1

! Total number of grains measured per sample

2 Percentage of grains not emitting any detectable luminescence signal

3 Percentage of grains emitting only a dim OSL signal (rejected for insufficient test dose signal)

4 Percentage of grains failing the IR depletion test and therefore identified as feldspar grains

5 Percentage of grains characterised by an Ly/Ty ratio above the maximum Ly/Tx value to be calculated from

the generated dose response curve

6 Percentage of grains fulfilling all quality requirements as proposed by Liithgens et al. (submitted for

publication; cf. section 9)
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BEE-2 and 0.8% for BEE-3. The remaining
grains also show a natural OSL signal above
the maximum Lx/Tx value to be calculated from
the generated dose response curve. However,
the shape of the dose response curves (Figure
12b) indicates that by applying higher
regenerative doses an intersection of the
natural L\/Ty value with the dose response
curve might have been achieved. The
proportion of such grains amounts to 2.7% for
BEE-2 and 2.2% for BEE-3. This exceeds the
proportion of accepted grains of 1.5% for BEE-2
and 2.1% for BEE-3 for both samples. Similar
behaviour was only observed in very rare cases
from the single aliquot measurements.
Therefore it is likely that the effect was

obscured by signal averaging (cf. section 3.4).

7.2.2. Analysis of D, distributions and
resulting OSL ages

Because of the circumstances described in the

previous section, the D, distributions of the two

samples have to be regarded as incomplete. All

values that might have been obtained from

grains carrying a charge corresponding to more

than ~90 Gy (highest dose point) are missing.
The analysis of D, distributions for the detection
of incomplete bleaching (cf. section 3.4) is
therefore inapplicable. However, the results
from single aliquot measurements had already
revealed the samples to be incompletely
bleached (cf. section 5). Therefore it is still
possible to derive a burial dose from the D,
distributions of the two samples by applying the
Finite Mixture Model (FMM, Roberts et al.,
2000; for a more detailed description of the
statistical age model see section 8). The
calculations on which this model is based are
not affected by the described truncation of the
Within an

bleached sample, the well bleached proportion

D, distributions. incompletely
of grains is supposed to be represented by a
statistically independent population of D, values
at the lower end of the dose distribution. By
applying the FMM this population can be
separated and a corresponding average value
can be calculated. Table 08 shows the results
from the D, calculations using the FMM, as well
as the resulting ages calculated using the
software ADELE (Kulig, 2005).

Table 08: FMM results and age calculations for samples BEE-2 & BEE-3

FMM?
Sample Component? De (Gy) n dose rate (Gy/ka)? age (ka)*
BEE-2 1 24.29 £2.97 7 0.8 30.6 £4.0
2 59.19 +£7.54 8 n/a n/a
BEE-3 1 20.46 +£1.43 14 0.8 24.8 £2.0
2 72.34 £6.26 11 n/a n/a

! According to Roberts et al. (2000), threshold of o) = 19% for FMM calculations derived from analogue well
bleached samples from the Pomeranian IMP (cf. section 9) as suggested e.g. by Galbraith et al. (2005);
observed overdispersion values: BEE-2 o,y =45.5 %; BEE-3 0@,y =63.0 % calculated using the Central Age

Model (CAM, Galbraith et al., 1999).

2 The best fit was achieved for two components for both samples as indicated by the BIC.

3 Procedures of dose rate determination described in the respective chapter of section 5, different grain size
for single grain measurements accounted for in calculations here.

4 No ages were calculated for the second component, as these values represent the proportion of incompletely

bleached grains within the samples.
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7.3.8Single aliquot vs. single grain results

Two samples previously dated using single
aliquot techniques were reinvestigated by
applying single grain dating techniques for the
dating of quartz. The single grain based
equivalent doses and the resulting ages are
significantly lower than the values previously
obtained from single aliquot measurements
(summarised in table 09). This is not surprising
considering that both samples had already
been identified as incompletely bleached on the
basis of the results from single aliquot
measurements. Accordingly the observed drop
in D, is larger for sample BEE-2, which had
already revealed poorer bleaching
characteristics than sample BEE-3 in single
aliquot measurements. The fact that D, values
as well as the resulting ages for the single grain
based results overlap within error may indicate
that the different bleaching characteristics that
influenced the results on the single aliquot level
(with both samples clearly showing significantly
different results, cf. table 09) have been
overcome on the single grain level. Because
both samples were taken from the same
stratigraphical unit, it seems plausible to
calculate an average age of 27.7 +4 ka (stating
the largest observed uncertainty from the
individual ages as error). This age is not
significantly different from the single aliquot
based results previously stated for the Beelitz
outwash cone of 34.1 3 ka (cf. section 5) and
34.4 7 ka for the Luckenwalde outwash plain
(cf. section 6) and might confirm the

assumption that the ice advance to the

Brandenburg IMP occurred earlier in MIS 2 than
previously estimated (cf. section 2.3.1).

However, a final assessment of the reliability of
the single grain based results remains
challenging because comparable results
obtained from well bleached samples are not
available for the Brandenburg IMP. As is shown
in section 9, single grain OSL measurements
for samples from the Pomeranian IMP have
been proven to provide reliable equivalent
doses, based on comparative measurements of
single grains and single aliquots for well
bleached and incompletely bleached samples.
However, owing to the different OSL
characteristics outlined above, it remains
questionable whether the overdispersion
threshold used for the FMM calculations (o, =
19%, as derived from well bleached fluvioglacial
samples from the Pomeranian IMP, cf. section
9) is also adequate for samples from the
Brandenburg IMP. This issue will be discussed
in further detail in the summarising discussion

provided in section 11.

Table 09: Single grain and single aliquot
equivalent doses and ages for samples BEE-2
and BEE-3.

Single aliquots? Single grains

Sample De (Gy) Age (ka) De(Gy) Age (ka)

44.6 54.8 2429  30.6
BEE-2 44> +5.6  £2.97  +4.0
28.8 34.1 20.46  24.8
BEE-3 £2.2 +3.0  +1.43 2.0

! Results from small aliquots (cf. section 5).
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8. An excursus: The Eemian of Vevais — A comparison with independent age control and

the reconstruction of the development of the Oderbruch basin

Near the village of Vevais, east of Berlin (maps
provided as
appendices 13.2.17 & 13.2.18), a sediment

succession encompassing deposits from the

supplementary material in

last glacial-interglacial cycle is accessible. This
profile was chosen as a sampling site for two
reasons. First, it offered the chance to
crosscheck OSL ages obtained from
fluvioglacial sediments with an independent age
control from palynological findings. Furthermore,
the section is situated in a key position, in both
stratigraphical and geographical senses, for the
reconstruction of the development of the
Oderbruch basin. Five samples for OSL dating

were taken: two from below Eemian sediments

(pre-interglacial), one from Eemian sediment
(interglacial) and two from above Eemian
sediments (post-interglacial). Owing to dose
rate related problems the ages obtained from
the initially conducted quartz OSL
measurements turned out to be severely
underestimated for some of the samples.
Additional Infrared Stimulated Luminescence
(IRSL) and post-Infrared Yellow OSL (post-IR
YOSL) measurements of feldspar as well as a
subtraction dating method were applied in order
to solve these problems. The results of these
analyses are presented within the following

section.
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9. Age of the Pomeranian ice-marginal position inferred from OSL dating of single grains

of quartz

Three sampling sites were investigated in order
to determine the age of the Pomeranian IMP:
the Klosterbriicke outwash fan near Eberswalde
(supplementary maps provided as appendices
13.2.11 & 13.2.12), the Althittendorf outwash
cone (supplementary maps provided as
appendices 13.2.7 & 13.2.8) and an abandoned
clay pit near Macherslust (supplementary maps
provided as appendices 13.2.15 & 13.2.16).
Within the following section the results obtained
from OSL dating of single grains of quartz will

be presented. Based on these results, previous

surface exposure ages obtained from erratic
boulders associated with the Pomeranian ice
marginal position will be critically discussed.

This section was submitted for publication to
BOREAS and is currently under review. In order
to enhance readability the manuscript draft was
adjusted to the overall layout of this cumulative
paper. However, the overall structure of the
manuscript as well as the format of citations,
references, figure captions etc. were not altered

from the journal’s specifications.
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10. A comparison of single aliquot and single grain quartz OSL for samples from the

Pomeranian IMP

In addition to the single grain measurements
presented in the previous section, comparative
measurements of medium and small aliquots of
quartz were conducted for the samples from the
IMP to

contribution of individual grains to multigrain

Pomeranian investigate the signal

aliquots of different sizes. As shown for
samples from the Brandenburg IMP in section 7,
the

necessarily result in a reduction of D, for

reduction of aliquot size does not
incompletely bleached samples. This may be
due to a significant effect of signal averaging

even on the small aliquot level.

10.1.

The study area as well as the sampled profiles

Study area, methods and procedures

have been described in detail in the previous
section. Please also see section 9 for details
concerning preparation procedures and dose
rate determination. (cf.
9) OSL

measurements were carried out at the Freiberg

Sample preparation

section and single aliquot
luminescence laboratory. The fraction of 90-160
Mm was separated for the single aliquot
measurements. Aliquots were prepared with 4
mm (medium) and 2 mm (small) diameter single
grain layers in aluminium cups. The average
number of grains on each aliquot was
determined by microscopic counting of the
grains on randomly chosen aliquots. About 800
grains fit onto a 4 mm aliquot, and about 200
grains onto a 2 mm aliquot. These numbers are
in good agreement with those estimated from
Duller (2008). The prepared aliquots were
tested for remaining feldspar contamination by
IR (880nm) stimulation at low power. Aliquots
showing a significant luminescence signal were

excluded from further analyses. Single aliquot

measurements were carried out on a RISJ TL-
OSL DA 15 automated luminescence reader
system (Botter-Jensen et al., 2000) equipped
with a Sr-90 beta irradiator (5.6 Gy/min).
Stimulation was carried out using blue LEDs
(470nm) at 90% power. The OSL emission was
detected in the UV through a 7.5mm U 340
(Hoya) optical filter. Based on results of dose
recovery tests (recovery ratios close to 1.00 for
all samples, figure 14 a SAR protocol (Murray &
Wintle, 2000, 2003) with six regeneration cycles
including zero dose and recycling point was
used to determine the equivalent dose (Table
10).

Table 10: SAR protocol for single aliquots

Run Treatment

1 Dose (except before first run)

2 Preheat (260° C for 10 s)

3 Optical stimulation with blue LEDs for 50
sat 125° C

4 Test dose

5 Cutheat (220° C for 10 s)

6 Optical stimulation with blue LEDs for 50
s at 125° C

7 Dose (only for last run)

8 Optical stimulation with IR LEDs (only
for last run)

9 Start from top

10.2. Luminescence signal characteristics

All samples show OSL signals clearly

dominated by a fast component. Typical shine
down and dose response curves for medium
and small aliquots are shown in figure 13.
Despite variations in peak luminescence
intensities, the Althittendorf samples show a

generally brighter luminescence signal than the
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Figure 13: Representative OSL shinedown

curves and typical dose response curves (inset)
for medium (top, sample ALT_II-1) and small
(bottom, sample EBE-2) aliquots.

Eberswalde and Macherslust samples (Table
11). (4 mm) the
Althittendorf samples show an average of
~40000 photon counts recorded within the first

For medium aliquots

second of stimulation with a background of 800-
900 counts recorded within the last 10 seconds
The
Macherslust samples show average values of
only around 50% of the Althuttendorf sample

of  stimulation. Eberswalde and

values for medium aliquots. For small (2 mm)
aliquots this general trend is no longer present.
within a

Luminescence intensities scatter

broader range with the brighter samples
averaging at around 18000 counts and the
dimmer ones ranging from ~4600-8500 counts

within the first second of stimulation. Recycling
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Figure 14: Results from dose recovery tests for
all samples (top - medium aliquots; bottom -
small aliquots; given dose of ~19 Gy similar to
expected natural dose): ALT_I-1 open circles,

ALT_I-2 filled circles, ALT_II-1

open squares,

ALT_II-2 filled squares, EBE-1 open triangles,
EBE-2 filled triangles, EBE-3 open diamonds,
MAC-1 filled diamonds.
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Table 11: Luminescence properties of single aliquot and single grain measurements

Natural OSL signal intensity (photon counts)?
sample size n' peak background
min max mean min max mean
4mm 29 7295 282532 42608 434 1877 838
ALT_I-1 2mm 32 1158 21420 6910 158 509 261
SG? 46 163 21975 2834 18 833 100
4mm 33 9169 203578 38009 414 1490 804
ALT_I-2 2mm 37 1623 80326 18711 140 754 365
SG? 40 190 18642 1964 26 623 104
4mm 33 11270 512708 43699 511 1773 987
ALT_II-1 2mm 35 2260 261650 17895 186 1118 336
SG? 32 138 10672 1463 19 322 82
4mm 37 11429 117352 40424 386 2104 932
ALT_II-2 2mm 33 2467 25444 7585 171 454 261
SG? 50 127 26841 3062 25 797 131
4mm 39 3295 60374 20236 239 827 430
EBE-1 2mm 33 898 18287 4647 68 214 121
SG? 29 78 31183 2768 7 1017 130
4mm 40 4701 314198 25909 248 638 394
EBE-2 2mm 36 1340 26502 8425 170 699 244
SG? 32 134 14352 2041 28 422 120
4mm 39 3598 84124 19534 233 665 401
EBE-3 2mm 35 2048 57327 8489 124 447 219
SG? 28 311 56617 4748 38 992 184
4mm 41 5905 184193 25520 191 846 332
MAC-1 2mm 43 1877 69642 18640 156 844 276
SG? 49 189 68370 3793 17 2071 131

! number of accepted aliquots/ grains

2 peak integrated over the first second of stimulation, background integrated over the last 10s of stimulation
for single aliquots; peak integrated over the first 0.1s of stimulation, background integrated over the last

0.25s of stimulation for single grains
3 Single grain values taken from section 9.

ratios are close to unity within error for all single
aliquot measurements. Aliquots showing a
recycling ratio of >5% were discarded from
further calculations. Recuperation is low on
average. Aliquots showing recuperation values
further

calculations as well (Murray and Wintle, 2000,

of >0.05 were discarded from
2003). A closer look at the recorded peak signal
intensities (Table 11) reveals the following
characteristics, which occur independently from
the different sample characteristics described

above:

For the minimum OSL peak intensities, the
observed brightness drops with aliquot size
for all samples (medium aliquots showing
the brightest signal, followed by small
aliquots and single grains).

For the maximum OSL peak intensities,
medium aliquots always show the brightest
but the

brightness recorded for single grains is

signals, for some samples

similar to or even exceeds the brightness

recorded for small aliquots (Table 11).
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- For the observed mean OSL peaks the
order of brightness again corresponds to
aliquot size (from medium to small aliquots
to single grains).

This might indicate that some of the small

aliquots are dominated by a luminescence

signal originating from only few individual grains.

This seems plausible when the low percentages
of grains that emit a significant OSL signal are
taken into account. Sample EBE-3 may serve
as an example: only 3.1% of the grains emit a
significant OSL signal (excluding dim grains, cf.
section 9), corresponding to ~6 grains on a
small aliquot, but to ~25 grains on a medium

aliquot.

10.3.

aliquots from single grains

Modelling of synthetic multigrain

To be able to assess the signal contribution
from individual grains to the multigrain aliquots
in more detail, a straightforward modelling
approach was developed. Synthetic aliquots
were generated from the single grain datasets
(1000 grain per sample, cf. section 9) of each
sample. Grains identified as feldspar grains
were removed before modelling the synthetic
aliquots. For each aliquot size, 200 synthetic
aliquots were generated by repeated random

selection of 10, 25, 50, 100, 200, 400 and 800

grains respectively from the single grain dataset.

The luminescence signal of the individual grains
was determined by integrating the first 0.1s of
the luminescence signal recorded as response
to the first test dose of the SAR cycle. The
luminescence signals of the single grains were
summed up, and the individual proportion of
the

luminescence signal of the synthetic aliquot

each grain to resulting cumulative
was determined. From the resulting datasets of

200 synthetic aliquots for each aliquot size, the

mean signal proportions of the grains were
calculated and plotted versus the cumulated
OSL signal (adapted and modified from Duller,
2006). Additionally, the aliquot showing the
highest signal proportion within the first 10 % of
grains and the aliquot showing the lowest signal
proportion within the first 10 % of grains were
extracted from the datasets for each aliquot
size. These provide boundary values for the
range of signal proportion distributions around
the mean values. Cumulative signal plots were
compiled for a selection of the modelled
synthetic aliquot sizes. In these plots, the graph
for an ideal aliquot showing identical signal
contribution to the cumulative OSL signal from
each grain would be depicted as a diagonal
straight line from the origin. A shift of the
maximum curvature towards the top left corner
of the plot (which defines the point of 100% of
the cumulative OSL signal being concentrated
in one single grain) indicates a higher
concentration of the luminescence signal within
fewer grains. These analyses were conducted
for all samples from the Pomeranian IMP, two
of which will be presented here. Sample ALT _II-
1 was chosen because it is characterised by the
lowest average natural OSL signal. Additionally,
as indicated by the rather low value of the
maximum recorded luminescence intensity, the
dataset is not assumed to contain very bright
grains (Table 11). By contrast, sample MAC-1
shows significantly  higher luminescence
intensity on average and the highest maximum
value recorded for the natural luminescence
signal of a single grain of all samples (Table 11).
Selected cumulative signal percentage plots of
sample ALT IlI-1 are presented in figure 15,
those of sample MAC-1 are provided in figure
16 for comparison. Both samples show a higher

percentage of the cumulative OSL signal
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Figure 15: Synthetic aliquots modelled for sample ALT_II-1; top left: cumulated OSL signal percentage
plotted versus the percentage of grains for all modelled aliquot sizes (symbology: circles 10 grains,
diamonds 25 grains, tip up triangles 50 grains, cross symbols 100 grains, tip down triangles 200 grains,
X symbols 400 grains, star symbols 800 grains); top middle: cumulated OSL signal percentage plotted
versus the absolute number of grains (only first 25 grains displayed for aliquot sizes >25 grains; symbology
as described before); top right and subsequent plots: cumulated OSL signal plotted versus the overall
number of grains displayed for 10 (top right), 25 (middle left), 50 (middle middle), 100 (middle right), 200
(bottom left), 400 (bottom middle) and 800 (bottom right) grains: dots represent the average signal
contribution for each grain on the aliquot calculated from the 200 synthetic aliquots modelled for each
aliquot size, the shaded area describes the minimum and maximum signal concentrations observed from the
200 synthetic aliquots modelled for each aliquot size with the diagonal (dashed line) indicating an ideal
aliquot with each grain contributing the same signal percentage to the overall OSL signal (all grains showing
equal brightness).

concentrated in the same proportion of grains percentage for the different aliquot sizes (10%
with larger aliquot sizes (top left plot in figures of grains amount to a single grain for a 10 grain
15 and 16). This reflects the effect of a larger aliquot as opposed to 80 grains for an 800 grain
number of grains making up the same aliquot). When the contribution to the cumulated
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Figure 16: Synthetic aliquots modelled for sample MAC-1; top left: cumulated OSL signal percentage plotted
versus the percentage of grains for all modelled aliquot sizes (symbology: circles 10 grains, diamonds 25
grains, tip up triangles 50 grains, cross symbols 100 grains, tip down triangles 200 grains, X symbols 400
grains, star symbols 800 grains); top middle: cumulated OSL signal percentage plotted versus the absolute
number of grains (only first 25 grains displayed for aliquot sizes >25 grains; symbology as described
before); top right and subsequent plots: cumulated OSL signal plotted versus the overall number of grains
displayed for 10 (top right), 25 (middle left), 50 (middle middle), 100 (middle right), 200 (bottom left), 400
(bottom middle) and 800 (bottom right) grains: dots represent the average signal contribution for each
grain on the aliquot calculated from the 200 synthetic aliquots modelled for each aliquot size, the shaded
area describes the minimum and maximum signal concentrations observed from the 200 synthetic aliquots
modelled for each aliquot size with the diagonal (dashed line) indicating an ideal aliquot with each grain
contributing the same signal percentage to the overall OSL signal (all grains showing equal brightness).

OSL signal is analysed with regard to the contribution of individual grains to the overall
absolute numbers of grains (top middle plot in signal. What is striking is that for all aliquot
figures 15 and 16), it is shown that the smaller sizes 25 grains or less contribute more than
the aliquot size, the higher the relative 50% of the overall OSL signal. The rise of the
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cumulative plots is rather exponential for the 10

brightest grains and subsequently shifts
towards a linear shape for the remaining grains.
This suggests that these remaining grains (15
grains for a 25 grain aliquot up to 790 grains for
an 800 grain aliquot) contribute similarly low
To be

able to detect incomplete resetting of the OSL

proportions to the overall OSL signal.

signal from multigrain aliquot measurements, it
is crucial that the recorded OSL signal is
dominated by only few individual grains. The
plots for different modelled aliquot sizes (top
right to bottom right plots in figures 15 and 16)
show the rising effect of signal averaging with
increasing aliquot sizes. For small aliquots (10-
200 grains) a large variation in signal
composition can be detected around the mean,
whereas the variation is only very limited for
(400-800 grains). The

existence of aliquots showing a possibly high

medium  aliquots
concentration of the cumulative OSL signals
within only few grains enables the detection of
incomplete bleaching from a SAR dataset.
According to the results from the synthetic
aliquot modelling, this seems to be possible for
aliquots with up to a maximum of 200 grains for
the samples analysed within this study. For
larger aliquots the signal averaging is assumed
to obscure the scatter caused by incomplete
resetting of the OSL signal. Additionally, it has
to be pointed out that this maximum number of
grains is strongly dependent on the signal
characteristics of the individual samples. As
described above, sample MAC-1 was identified
bright

measurements. Based on single grain analyses

as a sample in single aliquot
this brightness is caused by the existence of
very few extremely bright individual grains
within the sample (brightest grain showing

~25000 counts within the first 0.1s of

stimulation). Sample ALT_II-1 also contains
only few bright grains, but these grains are
significantly dimmer than those found in sample
MAC-1 (brightest grains showing up to ~5000
counts within the first 0.1s of stimulation). As a
result the effect of signal averaging is higher
even for smaller aliquot sizes for this sample as
indicated by less variation around the mean
detected from the synthetic aliquot modelling
(Figures 15 and 16).

10.4.

observations from measurements

Observations from modelling vs.

the

averaging

Based on these observations from

modelling approach, significant
effects were surely present in the medium
aliquot (~800 grains) measurements and might
already have had a significant effect on the
small aliquot (~200 grains) measurements

this This be

comprehensible by comparing the equivalent

within study. should
doses and resulting ages derived from the
single grain measurements (cf. section 9) with
those from the single aliquot measurements.
For the well bleached samples all aliquot sizes
should lead to indiscernible values, whereas the
incompletely bleached Eberswalde samples
should show a drop in De and accordingly in
age. Equivalent dose determination for the
single aliquots was carried out according to the
same principles as for the single grains (cf.
The

assessment for the single aliquots are provided

section 9). results of the bleaching
in table 12; the results of D, determination and
age calculations are summarised in table 13,
which additionally includes the single grain
based values (cf. section 9) for comparison.
The results from the bleaching assessment for
the single aliquot measurements yielded the

same results for both medium and small
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Table 12: Bleaching characteristics of samples from the Pomeranian IMP

Sample Size! n Skewness  20sew? f;?—:;lef; Kurtosis  20kurtt f;gnr;:'; Oy’ RSDipr” RSDpri®
AL Tl 29 0.77 0.91 no 0.27 1.82 no 7.26 10.44 4.08
2 32 0.00 0.87 no -0.67 1.73 no 9.34 15.47 2.89
4 33 0.82 0.85 no 0.65 1.71 no 14.64 16.71 1.21
R 2 37 0.44 0.81 no -0.29 1.61 no 12.35 16.13 2.96
N 33 1.60 0.85  yes®  3.52 171 yes® 10.08 15.71  0.34
- 2 35 0.56 0.83 no -0.37 1.66 no 18.73 23.24 3.23
4 37 0.29 0.81 no -0.43 1.61 no 14.43 15.87 6.29
A 2 33 0.34 0.85 no -0.33 1.71 no 12.59 14.89 3.43
EBE-1 4 39 1.90 0.78 yes 4.03 1.57 yes 8.75 26.94 1.31
2 33 1.23 0.85 yes 2.75 1.71 yes 19.79 27.29 13.69
ERED 4 40 1.83 0.77 yes 4.13 1.55 yes 10.73 24.35 2.27
2 36 2.38 0.82 yes 6.15 1.63 yes 13.85 32.20 5.60
4 39 2.61 0.78 yes 7.70 1.57 yes 3.55 24.62 2.76
EBE-3 2 35 1.95 0.83 yes 3.69 1.66 yes 2.85 24.38 5.80
Mac 41 0.54 0.77 no 0.39 1.53 no 7.98 10.42 4.44
43 0.27 0.75 no -0.71 1.49 no 6.63 10.89 5.94

! Number of accepted aliquots

2 Two times the standard deviation of skewness, calculated according to Tabachnick & Fidell (1996)

3 Significant skewness detected when skewness value exceeds 20w (Bailey & Arnold, 2006)

4 Two times the standard deviation of kurtosis, calculated according to Tabachnick & Fidell (1996)

® Significant kurtosis detected when kurtosis value exceeds 20, (Bailey & Arnold, 2006)

¢ Overdispersion value calculated using the Central Age Model (Galbraith et al., 1999)

7 Coefficient of variation (relative standard deviation) of the natural dose distribution, RSDpr in sensu Preusser
et al. (2007)

8 Coefficient of variation (relative standard deviation) of dose recovery test dose distributions, RSDprr in sensu
Preusser et al. (2007)

° The fact that sample ALT_II-1 shows significant skewness for medium aliquots is surprising, as this is not
present in the datasets of small aliquots and single grains for that sample (skewness caused by incomplete
bleaching should rather be obscured by averaging of the OSL signal for medium aliquots). A Grubbs outlier test
(normality assumption, 95% significance level) was applied to the 4mm dataset and revealed that the skewness
is caused by only few high outliers. Their occurrence can-not be explained by the luminescence characteristics of
the respective aliquots and therefore remains unclear. On the basis of these considerations, the 4mm dataset of
sample ALT_II-1 should also be treated as a well bleached sample.

aliquots. Furthermore, the Eberswalde samples, aliquot sizes (200 and 800 grains). On the
which had been identified as incompletely single grain level all three samples show a drop
bleached samples on the single grain level, in D.. However, owing to the relatively large
were also identified as incompletely bleached errors of the single grain based D.s, the CAM
samples on the single aliquot level. and minimum age model results still slightly
As expected, the well bleached samples show overlap in some cases. This suggests that
indiscernible D, values and ages for all aliquot incomplete resetting of the OSL signal might
sizes. A closer look at the D, values calculated have affected the samples only slightly.

for the incompletely bleached Eberswalde

samples shows that the results are indiscernible 10.5. Chances and limitations of the
within error for medium and small aliquots of modelling approach

each sample. This corroborates the results from The basic population for the synthetic aliquot
the synthetic aliquot modelling, which revealed modelling was derived from the single grain
signal averaging to be significant for both OSL measurements of 1000 grains for each
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sample. As shown previously, the percentage of
grains emitting a detectable OSL signal is
rather similar for all samples (~90%), whereas
the percentage of grains passing the rejection
criteria varies from 2.8% to 5% on the single
grain level for the different samples. The latter
is mainly dependent on the brightness of the
individual grains because dim grains often have
to be rejected owing to insufficient response to
the test dose. For the single aliquot modelling
all grains apart from those identified as feldspar
grains were included in the basic population.

Therefore not the percentage of bright grains

but rather the question whether these bright
grains show similar or varying brightness in the
OSL signal becomes more important. Within the
MAC-1 sample, very few extremely bright
identified

grains were in the single grain

measurements, whereas such grains are
missing in the ALT_II-1 sample. By contrast, the
single aliquot measurements of the ALT_II-1
sample have shown the highest peaks in
luminescence intensity of all samples (Table
11). It

extremely bright grains as identified from the

is therefore very likely that such

MAC-1 single grain dataset are also present in

Table 13: OSL data summary - single aliquots vs. single grains from the Pomeranian IMP

Water

Sample D(gﬁqt)h c?gzc)apt Alsiggg)t n D. (Gy)? ?giji(r:)tf Age (ka)
4 29 30.8 £0.6 22.4 £0.6

ALT_I-1 14.6 8 4 2 32 32.3 £0.8 1.3 24.0 £1.5
sg 46 28.3 £1.1 21.7 £1.4

33 31.0 £0.9 19.7 £1.5

ALT_I-2 7.0 8 £4 2 37 28.1 £0.7 1.5 17.8 £1.4
sg 40 29.7 £1.3 19.4 £1.6

33 24.6 £0.5 18.8 £1.4

ALT_II-1 13.5 8 4 2 35 25.5 £0.9 1.3 19.5 £1.6
sg 32 27.1 £1.5 21.3 £1.9

37 28.3 £0.7 19.0 £1.5

ALT_II-2 7.0 8 £4 2 33 27.3 £0.7 1.4 18.3 £1.4
sg 50 26.2 £1.0 18.1 £1.5

39 17.2 £0.6 20.2 £1.4

EBE-1 2.3 8 4 2 33 14.5 £1.1 0.8 17.0 £1.6
sg 29 16.6 £1.8 20.0 £2.5

40 18.2 £1.1 20.7 £1.7

EBE-2 1.5 8 £4 36 18.1 £0.8 0.9 20.7 £1.5
sg 32 17.0 £1.8 19.8 £2.4

39 21.4 £0.6 21.3 1.4

EBE-3 0.7 8 4 35 20.0 £0.6 1.0 20.0 £1.3
sg 28 18.0 £2.2 18.4 £2.5

41 31.9 £0.5 15.9 £1.0

MAC-1 4.5 20 £5 43 32.0 £0.5 2.0 15.9 £1.0
sg 49 28.8 £1.0 14.7 £1.0

! Estimated average water content, cf. section 9

2 Aliquot sizes: sg - single grains, 2mm - ~200 grains, 4mm - ~800 grains
3 Calculated using the Central Age Model (CAM) according to Galbraith et al. (1999) for the ALT and MAC
samples, calculated using the MAM-4 according to Galbraith et al. (1999) for the EBE samples, cf. section 9

4 Overall dose rate, cf. section 9
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the ALT_II-1 sample. For future modelling

approaches it is therefore suggested to
measure more than 1000 grains per sample to
obtain a basic population for the synthetic
aliquot modelling, which more closely
resembles the natural variation of individual
grain properties occurring in a certain sample.
Furthermore, a threshold value for a maximum
averaging effect still needs to be defined.
However, the analysis of the modelled synthetic
the

to

aliquots has clearly demonstrated

importance of single grain analyses
determine a suitable aliquot size for single
aliquot measurements in order to be able to
detect incomplete bleaching. For the analysed
samples the effect of signal averaging is most
likely to become a limiting factor in terms of
bleaching assessment for aliquots containing
200 or more grains. This might also explain why
a significant drop in D, could not be proved for a
reduction of aliquot size from medium (4mm
diameter, ~800 grains) to small (2mm diameter,
~200 grains) aliquots for incompletely bleached
samples (cf. sections 5, 7).

On the basis of the findings from the
straightforward modelling approach proposed
here, we strongly suggest using single grain
measurements as a tool to characterise the
signal contribution to the overall cumulated OSL
signal from individual grains in order to be able
to set up a maximum aliquot size that still
allows the detection of incomplete bleaching.
Samples showing a rather uniform signal
contribution would require the measurement of
smaller aliquot sizes as opposed to samples
showing large variation in relative signal
intensity and the existence of few very bright
grains. For the latter, larger aliquots might still
allow the detection of incomplete resetting from

a SAR dataset. Additionally the aliquot size

should be defined by the number of grains and
not by aliquot diameter (as usually done).
Differences in grain size distribution within the
grain size fraction used for the measurements
and different aliquot preparation procedures
might result in significantly different numbers of

grains on aliquots with the same diameter.

10.6.
Various authors (e.g. Vandenberghe et al.,
2003; Mayya et al., 2006; Lomax et al., 2007)

have pointed out that microdosimetriy may have

A welcome side-effect

a significant effect on equivalent dose
distributions on the single grain level. The
inhomogeneous distribution of beta radiation
within sediments is assumed to result in
different dose rates for individual grains. These
small-scale variations in radiation dose are
regarded as an additional extrinsic source of
scatter apart from incomplete bleaching. Like
the
asymmetry
(Duller, 2008; Mayya et al., 2006). As stated
the Althdttendorf and Macherslust

samples did not show significantly skewed dose

latter, they are assumed to cause

in single grain D, distributions

above,

distributions for all measured aliquot sizes.
Furthermore, there is no clear trend of rising
skewness values with decreasing aliquot size
for the individual samples. By contrast, the
Eberswalde samples have shown positively
skewed dose distributions for all aliquot sizes
(not only on the single grain level as would be
by
microdosimetric effects) and also lack a trend of

expected for skewness caused
increasing skewness for small aliquots and
single grains. It is therefore concluded that
microdosimetric effects, if present, do not have
a significant influence on the single grain De
distributions obtained from sandur sediments of

the Pomeranian IMP.
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10.7.

In a straightforward modelling approach based

Concluding remarks

on the luminescence intensities of 1000 single
grains for each sample, the cumulative signal
composition of multigrain  aliquots was
investigated. This modelling approach might
serve as a powerful tool in assessing the
maximum aliquot size for multigrain aliquots in

order to prevent signal averaging from inhibiting

the detection of incomplete resetting of the OSL
signal.

The comparison of equivalent doses and
corresponding ages from different aliquot sizes
and single grains of quartz has proved the
single grain based ages obtained for the
Pomeranian IMP to be reliable. No significant
influence of microdosimetric effects could be

observed.
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11. Summarising discussion

The results of the individual subchapters of this
study have already been discussed in detail in
the corresponding sections. Here, the main
findings and issues will be briefly summarised
and discussed in a broader perspective in order
to achieve a coherent, synthetic evaluation of
the overall results of this study. In addition,
perspectives for future research based on the

results of this study will be introduced.

11.1.

(sandur) sediments

Quartz OSL dating of fluvioglacial

As expected from previous research (cf. section
1.2), incomplete resetting of the OSL signal
prior to deposition turned out to be the main
challenge in OSL dating of fluvioglacial (sandur)
sediments within this study. Analysis of a set of
different indicator values (e.g., skewness and
kurtosis of dose distributions, cf. sections 5 and
9) showed that all fluvioglacial samples from the
Brandenburg IMP and some of the samples
from the Pomeranian IMP were incompletely
bleached. As suggested by Galbraith et al.
(2005) and Preusser et al. (2007), for example,
the comparison of threshold values for different
measures of scatter (RSD, overdispersion)
derived from well bleached analogue samples
turned out to be a practicable, reliable approach
for the identification of incompletely bleached
samples and the subsequent calculation of the
burial dose using different minimum age models
(cf. section 5 & 9). For the samples from the
Beelitz outwash cone (cf. section 5 & 7), well
bleached

sediments were used to establish threshold

samples from periglacial cover

values for incomplete bleaching and
subsequent D, calculation. Well bleached
fluvioglacial samples from neighbouring

sampling sites (Althittendorf, cf. section 9)

provided the threshold values for the equivalent
dose calculations for the incompletely bleached
Eberswalde samples (cf. sections 9 & 10). As to
the choice of an appropriate statistical age
model, comparative calculations conducted
within this study have shown that the results
from different minimum age model approaches
agree within error with samples from Beelitz
and Eberswalde (cf. section 5 & 9). These
findings are in good agreement with those of
Fuchs et al. (2007), for example. The decision
which model should be applied for a specific
sample should therefore be based on the
characteristics of the respective dose
distribution.

As suggested by Duller (2008) for the

measurement of incompletely bleached

samples, single grain and small aliquot
measurements were conducted for samples
from the Brandenburg and Pomeranian IMP (cf.
sections 5, 6, 7, 9, 10). For the samples from
the IMP

measurements of ~800 grain (medium) and

Pomeranian comparative

~200 grain (small) aliquots for well bleached
the

measurements to be reliable (cf. section 9 & 10).

samples have proved single grain
However, the single grain measurements also
revealed different luminescence characteristics
for samples from the Pomeranian IMP and the
Brandenburg IMP (for example, expressed by
significantly higher overdispersion values for
samples from the Brandenburg IMP, cf. section
7). For the latter no single grain data from well
bleached analogue samples are available.
Given that, the reliability of the ages based on
these measurements remains questionable to a
certain degree. Additional single grain OSL
measurements are needed in order to provide a

larger population of D, values for statistical
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With

proportion of D, values passing the applied set

analyses. respect to the very low
of rejection criteria (cf. section 7), it seems
advisable to use the results from single grain
measurements to determine an adequate
aliquot size for small aliquot measurements (cf.
section 10). The modelling approach introduced
in section 10 might serve as a powerful tool for
that purpose. However, a threshold value for a
critical averaging effect to be derived from the
synthetic aliquot modelling still needs to be
established and verified. Once that is achieved,
aliquot sizes can be determined on a robust
statistical basis and deduced individually for
each sample. The latter is of great importance
the

conducted within this study revealed different

because single grain measurements

luminescence characteristics (especially
concerning the brightness of individual grains)
even for samples from identical stratigraphical
units.

For some of the samples from the Vevais
section, dose rate related problems (a common
difficulty in limnic and related environments,
Preusser et al., 2008) impeded reliable age
determination by means of quartz OSL dating
techniques (cf. section 8). Unfortunately, it was
therefore not possible to 'calibrate' the latter
with the independent age control from the
pollen record as originally intended (cf. section
1.2 & 2.4). To solve the dose rate related
IRSL and post-IR YOSL dating

techniques for the dating of feldspar as well as

problems,

a subtraction dating approach were applied.
1981 by
McKerrel and Mejdahl, the subtraction dating

Although already developed in

approach has only rarely been used in recent
studies (e.g., Davids et al., 2010). Based on the

given palynological age control from a

sequence of lake marls encompassed within

the sediment succession, the ‘subtraction ages’

were proved to be reliable.

11.2.

data derived from glacial landscapes

Interpretation of geochronometrical

Within section 4 a process-based interpretation
for numerical ages from OSL and SED in
glacigenic landscapes was introduced. OSL of
sandur sediments and SED of glacigenic
boulders on endmoraine crests were identified
as the most suitable techniques for the dating of
ice marginal positions. However, whereas OSL
of sandur sediments makes it possible to date
the presence of an active ice margin at a
certain IMP, SED of glacigenic boulders dates
the final stabilisation of the landscape surface.
This implies a significant time lag between the
ages obtained by the two methods because
secondary deglaciation (in sensu Everest &
2003)
periglacial processes delay the stabilisation of

Bradwell, and the persistence of
the landscape surface after the initial retreat of
active ice from an IMP (cf. section 4). The
comparison of OSL ages of sandur sediments
from the Pomeranian IMP with exposure ages
of erratic boulders (cf. section 9) have reliably
validated this process-based interpretation
pattern. However, the combination of both SED
and OSL dating methods allows a detailed
reconstruction of regional deglaciation patterns,
as will be shown in section 11.3. Based on
these findings, a reassessment of previously
published exposure ages for erratic boulders
and their significance for the dating of IMPs is
recommended (cf. section 9). By applying the
Finite Mixture Model to a set of exposure ages
IMP

significantly  different

attributed to the Pomeranian it was

possible to discern
populations of boulder ages from the dataset (cf.

section 9), with the oldest population showing
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ages in agreement with those derived from OSL
dating of sandur sediments. This application of
the FMM as a ‘maximum age model’ may serve
as a tool for the proposed reassessment of
previously published exposure ages.
Nevertheless, the calculation of average ages
needs to be handled with care because they
might obscure geochronological details and
regional differences in landscape development

(cf. sections 4 & 9).

11.3.

11.3.1. Timing of the last glacial-interglacial

Geochronological implications

cycle and the onset of the Weichselian

glaciation
Despite methodological challenges, reliable
ages for the last glacial-interglacial cycle were
derived from the Saalian-Eemian-Weichselian
sedimentary sequence exposed near the village
of Vevais (cf. section 8). The onset of the
Eemian was dated to 126 116 ka. The
beginning climatic transition from the Eemian to
the Weichselian cold stage was dated to 109 +9
ka. This is in excellent agreement with the
marine isotope record (MIS 5e equivalent to the
Eemian interglacial) as well as the results from
the continuous varve record of Lago Grande di
Monticchio (Brauer et al., 2007). There is still no
evidence for an ice advance to the north-
eastern German lowland as early as MIS 4
(reliable evidence of such an advance exists for

Denmark, Houmark-Nielsen, 2007).

11.3.2. A new deglaciation chronology for
north-eastern Germany

The Brandenburg IMP

The ice advance to the Brandenburg IMP was

formerly estimated to have occurred at about

20-24 ka (cf. section 2.3.1). In the course of this

study, three ages from SED using '’Be of

erratic boulders from between the Brandenburg
and Frankfurt IMPs were published (Heine et al.,
2009). The ages range between 19.0 + 0.8 ka
and 21.2. + 0.7 ka (corrected for snow and
vegetation cover and erosion, corresponding to
18.3 209 ka and 205 0.7 ka without
corrections) and provide a minimum age for the
Brandenburg IMP in the area. For Poland,

Marks (in press) states an age of 24 ka for the

Lezno phase which corresponds to the
Brandenburg phase in Germany. This age is
based on the reinterpretation of '°Be

(Rinterknecht et al., 2006a) and *°Cl (Dzierzek
and Zreda, 2007) ages of erratic boulders from
the area attributed to the Lezno phase.
Dzierzek and Zreda (2007) themselves state an
age of 27-28 ka for the LGM ice advance in
north-eastern Poland. However, Rinterknecht et
al. themselves (2006b) report an age of 19 +1.6
ka for the age of the “LGM” moraine, by
calculating an error-weighted mean from 15
“Be ages of erratic boulders from IMPs
attributed to the LGM in Lithuania and Belarus.
In 2008 they reported an age of 18.3 +0.8 ka for
the initial retreat of the SIS from the LGM
(Grada

(Rinterknecht et al., 2008), based on the same

position moraine) in  Lithuania
dataset already published in Rinterknecht et al.
(2006a). The same applies to the LGM in
Belarus. Rinterknecht et al. (2007) give an age
of 17.7 £2.0 ka for the initial retreat of the ice
from its LGM position (Orsha moraine) in
Belarus. However, they also argue that the ice
advance to the LGM moraines in Belarus did
not occur before 19.2 +0.2 cal. kyr BP in the
north-eastern part of the country and 22.3 £1.5
cal. kyr BP in the western part of the country

(based on results from radiocarbon dating).
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In this study, the following ages were obtained
from fluvioglacial sandur sediments from the
Brandenburg IMP :
- 341 3 ka

measurements, maximum age from the

(based on single aliquot

Beelitz outwash cone, cf. section 5)

- 344 7 ka (based on single aliquot
measurements, maximum age from the
Luckenwalde outwash plain, cf. section 6)

- 277 14 ka (based on single grain
measurements from the Beelitz outwash
cone, cf. section 7).

When the time lag between initial sandur

formation and final boulder deposition is taken

into account (cf. section 4, also observed for
the Pomeranian IMP, cf. section 9), the single
grain based age is in good agreement with the
oldest boulder age of Heine et al. (2009) from
the hinterland of the Brandenburg IMP and
Marks’ (2010) interpretation of the exposure
ages from Poland. The age of 27-28 ka stated
by Dzierzek and Zreda (2007) for the LGM ice
advance in Belarus even matches the single
grain based age very well. The fact that most of
the ages calculated by Rinterknecht et al.
(2006a/b, 2007, 2008) are significantly younger
may be explained by the way the ages are
calculated. By stating an error-weighted mean,
different phases of exposure documented
within the dataset may get lost. In fact, three
individual boulders from Lithuania and Belarus
show ages > 22 ka (within error, the dataset
contains 15 boulder ages, two of which are >

50 ka due to inheritance effects and four of

which show Younger Dryas to Holocene ages

The

single grain based OSL age of sandur

due to post-depositional exhumation).
sediments from the Brandenburg IMP therefore
indicates an ice advance that occurred at

around 24-32 ka, which is in good agreement

with results from SED. However, given the
various uncertainties affecting single grain OSL
ages (cf. section 7) it seems to be more
appropriate to state the single aliquot based
maximum ages of ~34 ka for the Brandenburg
IMP. More dating work is obviously needed to
be able to state the age of the Brandenburg

IMP more precisely.

The Pomeranian IMP

The OSL ages obtained for samples from
outwash plains of the Pomeranian IMP have
been discussed in detail in sections 9 & 10. The
initial sandur formation was dated to 20.1 + 1.6
ka (AlthGttendorf outwash cone). The final
sandur formation was dated to 19.4 £ 2.4 ka
(Klosterbriicke outwash fan, Eberswalde). Final
the
moraine at 16.4 + 0.7 ka can be deduced from
SED of erratic boulders (Heine et al., 2009,
Rinterknecht et al., in press). A period of

stabilisation of Pomeranian terminal

boulder stabilisation at 15.2 £ 0.5 ka in the area
of the Gerswalde terminal moraine indicates
further retreat of the active ice margin during
the Gerswalde subphase. The melting of dead
ice buried within the glaciofluvial sediments of
the Angermiinde subphase has been dated to
14.7 £ 1.0 ka.

Evidence for a twofold LGM in north-eastern
Germany

Summarising the results from the previous
sections, there is clear evidence for a twofold
LGM in north-eastern Germany. The older
advance of the Brandenburg phase occurred
after ~34 ka, with first results from single grain
analyses indicating a minimum age of ~24 ka.
The ice advance during the Pomeranian phase
occurred at around ~20 ka and therefore

represents the climatic LGM as reconstructed
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from the marine isotope record. It shaped the
most prominent ice marginal features (terminal
moraines and outwash plains) in north-eastern
Germany. By contrast, there are strong
that the the

southernmost IMP in the research area, the

indications ice advance to
Brandenburg IMP, only reshaped a relief initially
generated by the Saalian glaciation. Sandur
sediments from the Luckenwalde outwash plain
were dated to 130-150 ka (corresponding to the
Warthe stage of the Saalian glaciation, cf.
section 6). The results from gravel analyses at
further that

transformation of the relief was mainly linked to

Luckenwalde suggest
meltwater processes. This implies a fast-paced
and short-lived ice advance to the Brandenburg
IMP. This is corroborated by the different
bleaching characteristics of the samples from
the Pomeranian IMP and the Brandenburg IMP.
Although samples were taken from sediments
with

(outwash

associated identical sedimentary

environments plains, proximal
position to the former ice margin, characterised
by high turbidity flow — implying possibly
disadvantageous bleaching conditions) all
sandur samples from the Brandenburg IMP
showed incomplete resetting of the OSL signal,
whereas the majority of samples from the
Pomeranian IMP showed good bleaching
characteristics. This might indicate a very
limited reworking of the fluvioglacial sediments
on the elevated outwash cones of the
Brandenburg IMP, with meltwater flow from
stagnant or even dead ice probably quickly
shifting to the complex fluvioglacial channel
system (cf. sections 6 & 2.4).

Just recently Johnsen et al. (in press) have
given evidence for an interstadial from 25-20 ka
in western Norway based on OSL and

radiocarbon dating (similar observations from

the southern Alps were reported by Monegato
et al., 2007). They suggest that the area was
ice-free at around 21-22 ka, dividing the LGM
into two stadials. Furthermore, they argue that
these effects were most likely not restricted to
the western part of the SIS, but would also have
affected the other sectors of the dynamic ice
sheet. As stated above, there is clear evidence
from the results of this study that the described
scenario indeed applies to north-eastern
Germany as well because OSL ages and
the

Brandenburg IMP indicate a fast-paced ice

geomorphological findings from
advance early in MIS 2, the initial boulder
the area north the

Brandenburg IMP has been dated to ~21 ka

stabilisation in of
(depending on correction factors for snow and
vegetation, Heine et al., 2009), indicating ice
free conditions in the area, and finally, the initial
sandur formation at the Pomeranian IMP set in
at around 20 ka, documenting the readvance of

an active ice sheet to north-eastern Germany.

12. Overall Conclusions

Within this last section, the main findings of this
study will be briefly summarised.

Although

bleaching remains a limiting factor even on the

for some samples incomplete
single grain level and the obtained ages still
have to be regarded as maximum ages, the
methodological aims of the study were basically
OSL dating

applied

achieved. techniques
the

Weichselian and (unexpectedly) Saalian sandur

were

successfully for dating of
sediments and a set of tools was compiled and
successfully applied to detect and correct for
the OSL signal.

Statistical minimum age model approaches for

incomplete resetting of

the evaluation of D, datasets for incompletely

bleached samples have to permit the
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calibration of the statistical model according to
threshold values derived from analogue well
bleached samples. For future studies the
analysis of single grain luminescence
characteristics of individual samples is strongly
recommended in order to be able to define
adequate aliquot sizes (defined by the number
of grains, not aliquot diameter) for single aliquot
measurements.

Concerning the second methodological aim of
the study, the assessment of the comparability
of ages derived from OSL and SED, it was
shown that different dating techniques enable
the dating of different processes of the glacial
landscape development. While OSL of sandur
sediments enables the determination of an age
for the presence of an active ice margin at an
IMP, the ages obtained from SED of glacigenic
boulders date the final stabilisation of the
landscape surface. This causes a significant
time lag between ages for IMPs derived from
OSL and SED, as observed from the
comparison of ages from the Pomeranian IMP.
A reassessment strategy for previous exposure
ages is suggested, and the use of the FMM as
a maximum age model is proposed.

To reflect recently developed dynamic concepts
of ice sheets, the use of age-derived
isochroneity in ice marginal positions, rather
than the use of morphostratigraphical
definitions resulting in time transgressiveness is
proposed. Based on the OSL ages from this

study and a reinterpretation of 10

Be ages for
glacigenic boulders according to the strategy
laid out above, the first deglaciation pattern for
north-eastern Germany based on results from
numerical dating methods was established and
the major aim of this study was thereby

achieved. It can be summarised as follows:

Brandenburg phase: LGM-1 (maximum
extent of the Weichselian SIS in the
research area), fluvioglacial reworking
of Saalian outwash deposits (130-150
ka, Warthe stage, quartz OSL age, this
study) at Luckenwalde and the
deposition of sandur sediments on the
Beelitz outwash cone at <34 ka
(maximum age, quartz OSL, this study).
First phase of boulder stabilisation in
the area between the Brandenburg and
Pomeranian IMP at 21-20 ka ("°Be SED,
Heine et al., 2009).
Pomeranian LGM-2

(corresponding to the LGM derived

phase:

from the marine isotope record)

associated with the formation of the

Pomeranian IMP at 20.1 +1.6 ka

(AlthGttendorf outwash cone, quartz

OSL, this study) to 194 124 ka

(Klosterbriicke outwash fan, quartz

OSL, this study).

Final stabilisation of the Pomeranian

terminal moraine at 16.4 £ 0.7 ka (1°Be

SED, Heine et al., 2009, Rinterknecht

et al., in press).

General stabilisation of the landscape

surface at around 15 ka most probably

due to the termination of a periglacial
activity phase indicated by:

o A phase of boulder stabilisation in
the terminal moraines associated
with the recessional Gerswalde
subphase ("°Be SED, Rinterknecht
et al., in press).

o The stabilisation of periglacial
cover sediments as observed for
the Beelitz outwash cone (quartz

OSL, this study).
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o The meltout of buried dead ice as
deducible from the deposition of
glaciolacustrine to  glaciofluvial
sediments in a developing dead
ice depression at the Macherslust
sampling site (quartz OSL, this
study).

However, some points remain to be clarified in
the course of future studies. First, the
Brandenburg IMP needs to be reinvestigated in

order to be able to state its precise age. Second,

the geochronological position of the Frankfurt
IMP, which is situated between the
Brandenburg and the Pomeranian IMP, remains
to be clarified. Finally, recessional IMPs and
especially those associated with the
Mecklenburg ice advance should also be dated
in order to fully reconstruct the deglaciation
pattern of the Weichselian SIS in north-eastern
Germany from its maximum extent at the
Brandenburg IMP to its retreat beyond the

recent shoreline of the Baltic Sea.
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13.2.

13.2.1. North-eastern Germany — topography and research areas
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Topography of north-eastern Germany and neighbouring areas, based on a digital elevation model (DEM)
from hole-filled seamless SRTM data (processed by Jarvis et al., 2006), 90 m resolution, UTM, WGS 1984.
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13.2.2. Wy research area — topography and sampling sites
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Topography of the W, research area, map based on a digital elevation model (DEM) derived from hole-filled
seamless SRTM data (processed by Jarvis et al., 2006), 90 m resolution, UTM, WGS 1984.
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13.2.3. W research area — GUK200
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Excerpt from the geological map 1:200,000 (based on GUK CC 3942 © BGR Hannover - Bundesanstalt fir
Geowissenschaften und Rohstoffe, 1998). UTM, WGS 1984. Selected map legend see appendix 13.2.6.
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13.2.4. W, research area — topography and sampling sites
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Topography of the W, research area, map based on a digital elevation model (DEM) derived from hole-filled
seamless SRTM data (processed by Jarvis et al., 2006), 90 m resolution, UTM, WGS 1984.
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13.2.5. W, research area — GUK200
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Excerpt from the geological map 1:200,000 (GUK CC 3142, 3150, 3942, 3950 © BGR Hannover -

Bundesanstalt fur Geowissenschaften und Rohstoffe, 1998, 2003).
appendix 13.2.6.

UTM, WGS 1984. Map legend see
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13.2.6. GUK200 map legend (selection)
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Map legend (part 1 of the selection) for the previously presented geological maps 1:200,000 (GUK200 ©
BGR Hannover). The legend is presented as is (in German language).
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Map legend (part 2 of the selection) for the previously presented geological maps 1:200,000 (GUK200 ©
BGR Hannover). The legend is presented as is (in German language).
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13.2.7. Althattendorf (ALT_I & ALT_II) — TK25
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Excerpt from the topographical map 1:25,000 (TK25 3048, 3049 © GeoBasis-DE/LGB 2011, GB-D 07/11
www.geobasis-bb.de - Landesvermessungsamt Brandenburg, 1998). UTM, WGS 1984. Selected map legend
see appendix 13.2.19.
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13.2.8. Althuttendorf (ALT_I & ALT_II) — GK25
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Excerpt from the geological map 1:25,000 (GK25 3048, 3049 © LBGR 2011 - Koniglich PreuBische
Geologische Landesanstalt, 1912, 1891). UTM, WGS 1984. Please also see remarks in appendix 13.2.20.
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13.2.9. Beelitz (BEE) — TK25
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Excerpt from the topographical map 1:25,000 (TK25 3743 © GeoBasis-DE/LGB 2011, GB-D 07/11
www.geobasis-bb.de - Landesvermessungsamt Brandenburg, 1993). UTM, WGS 1984. Selected map legend
see appendix 13.2.19.
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13.2.10. Beelitz (BEE) — GK25
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Excerpt from the geological map 1:25,000 (GK25 3743 © LBGR 2011 - Koéniglich PreuBische Geologische
Landesanstalt, 1875). UTM, WGS 1984. Please also see general remarks in appendix 13.2.20.
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13.2.11. Eberswalde (EBE) — TK25
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Excerpt from the topographical map 1:25,000 (TK25 3149 © GeoBasis-DE/LGB 2011, GB-D 07/11
www.geobasis-bb.de - Landesvermessungsamt Brandenburg, 1996). UTM, WGS 1984. Selected map legend
see appendix 13.2.19.
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13.2.12. Eberswalde (EBE) — GK25
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Excerpt from the geological map 1:25,000 (GK25 3149 © LBGR 2011 - Koéniglich PreuBische Geologische
Landesanstalt, 1899). UTM, WGS 1984. Please also see general remarks in appendix 13.2.20.
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13.2.13. Frankenfelde (LUC_IIlI) & Luckenwalde (LUC | & LUC_II) — TK25
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Excerpt from the topographical map 1:25,000 (TK25 3844, 3845, 3944, 3945 © GeoBasis-DE/LGB 2011,
GB-D 07/11 www.geobasis-bb.de - Landesvermessungsamt Brandenburg, 1994). UTM, WGS 1984.

Selected map legend see appendix 13.2.19.
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13.2.14. Frankenfelde (LUC_lII) & Luckenwalde (LUC | & LUC_Il) — GK25
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Excerpt from the geological map 1:25,000 (GK25 3844, 3845, 3944, 3945 © LBGR 2011 - Preufische
Geologische Landesanstalt, 1922). UTM, WGS 1984. Please see remarks in appendix 13.2.20.
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13.2.15. Macherslust (MAC) — TK25
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Excerpt from the topographical map 1:25,000 (TK25 3148, 3149 © GeoBasis-DE/LGB 2011, GB-D 07/11
www.geobasis-bb.de - Landesvermessungsamt Brandenburg, 1996). UTM, WGS 1984. Selected map legend
see appendix 13.2.19.
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13.2.16. Macherslust (MAC) — GK25
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The glaciofluvial to glaciolimnic sediments of
the Macherslust section (vertically hatched
signature indicating fine sand, silt and clay) are
exposed within a small dry valley incised into
the slope of the elevated area of discharge
related to the formation of the Eberswalde IMV
(fluvioglacial sand and gravel indicated by the
green signature with green dots and circles).
The Holocene level of discharge within the
former IMV is charcterised by the
predominance of organogenic sediments
(brownish signatures).
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Excerpt from the geological map 1:25,000 (GK25 3148, 3149 © LBGR 2011 - Koniglich PreuBische
Geologische Landesanstalt, 1899). UTM, WGS 1984. Please also see general remarks in appendix 13.2.20.
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13.2.17. Vevais (VEV) — TK25
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Excerpt from the topographical map 1:25,000 (TK25 3250, 3350 © GeoBasis-DE/LGB 2011, GB-D 07/11
www.geobasis-bb.de - Landesvermessungsamt Brandenburg, 1996). UTM, WGS 1984. Selected map legend
appendix 13.2.19.
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13.2.18. Vevais (VEV) — GK25
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exposed near the village of Vevais is indicated
by a small area showing a blue, hatched
signature. The lake marls are exposed at the
mouth of a dry valley (yellowish signature
indicating colluvial sediments) deeply incised
into the till plain (indicated by the orange,
hatched signatures) and the fluvioglacial sand
and gravel of the “Wriezener Terrasse” (dark
green signature with green dots) to the west of
the Oderbruch basin.
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Excerpt from the geological map 1:25,000 (GK25 3250, 3350 © LBGR 2011 - Koniglich PreuBische
Geologische Landesanstalt, 1908, 1895). UTM, WGS 1984. Please also see remarks in appendix 13.2.20.
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13.2.19. TK25 map legend (selection)

Zeichenerklarung (Auszug)

Grenzen

Staatsgrenze

5
=== mit Grenzmarke und Nummer

Kreisgrenze
Grenze einer kreisireien Stadt

Gewasser

Strom, Flul? mit FlieBrichtungspfed
Ankerplatz und Buhnen

@1

Binnensea mit
Wasserspiegelhohe

i Landesgrenze 00— Gemeindegrenze
Ract Truppenibungsplatzgrenze, Mole; Beginn der Schiffahrt = Weiher, Teich
Standortiibungsplatzgrenze -y
L Flul mit Wehr und Pagel : Verinderliche Gewdsserflache
--------------- Naturschutzgebietsgrenze from—_
Kanal mit L Talsperre
i Graben mil Siel oder Stauschleuse e Wasserfalle
Siedlungen i = = .
NAUEN . - e
PLAUE v v s s o
Gol Leest Name eines Gemeindeteils i Unterirdischer Wassedaut B OWBh  Wasserbehdher: offen, bedecki
olm Name einer Gemeinde
Ausbau Name eines Wahnplatzes Trockener Graben - P Pumpwerk
Die Schriftgrien nchten sich nach den Emwohnarzahlien = } 7 Furt O KidrAni Kidranlage
=G Relief
7 V& Geschinssene Bebauung Historische Maver
4 5
- Einzelne Gebaude Schlfisser, Burgen T B Hitenkng Baschungen
= [ Henorragende Gebdude b 1 Schiafiruinen, Burgruinen 5 m - Hohenfinie mit relativer Hahenangabe
B GraBe Kirche mit Turm == Gewichshaus 45m Hohenlen NRppeD
5 m - "
+ Kirche mit Turm tie] Friedhof 1,26m - Hihenline Dimme, Deiche
§ Kapelle COSpPl Sporplae - 148,8 Hihenpunkt mit Hihenangabe
b Turme - massiver Bau, leichter Bau T SchieRstand wnbbBE  Felsen
1 Schomstein - - =
Sonstige topographische Objekte
Verkehr
a Denkmal, Denkstemn, Meilenstein 2% Bergwerk . in Betrieb, auBer Betrieh
Bahnen x I 111t
i ol Biinad = - Sendeturm; Sendemast | | Bruchfeld
b Mighrgleisige Eisenbahn ———+——+  Schmalspurige Esenbahn
Eingl g; bahn, elekrif Strat :hq H Funkstelle, Umsetzer Gradienwerk
—_— ngleisige Eisenbahn, elektrifiziert e By n 2 - o
ingleisige Eisenbahn, elekirifizie raenbahn P Wassermitle Steinbriiche, Gruben
— L Seilsahn, S . Sessellft * i i
T Windmiihle Steinriegel
StraBen und Wege * Windrad aaaenaa Mauer, Stitzmauer
" o \ Hihle Hochspannungsleitungen
Ausbauzustand Gesetzliche Klassifizierung . ———— aut Holz- oder Stahlbetonmasten
i a Findling ———— auf Stahimasten
45 Schneliverkehrsstrake Vi i ‘
—_— - . o
==t——== (nundeslens ver Fahrstraiier} |* """ A2 | Bussosa inengral A307,4  Trgenomsinischer Bodenpunid
mit Kiometerangabe mit Héhenangabe
- e, Ringwall, Grenzwall, Schanze
} (Breita 6m) B 96 Bundessiraie + odis + 4 h Trigonometrische Hachpunkte:
Rughalen
Hauptsiralse (Breite unter 6 m) L505  LandesstraBe 3 N P Kirche; Turm; Gabdude
Nebenstrafie {Breite mindestens 4 m) K125  KreisstraBe w Kleine Fabriken
Hauptweg {befestigt) E - -
uropastraie
—— —— ——— Neberweg (befesiigt oder unbefestigh E 60 Abkiirzungen
- - FuBlweg, Radfahnveg
AS AutobahnanschluBstelle ...grb, Grb Graben NSG Natwrschutzgetiet
Sonstige Verkehrsbauwerke AD Autabahndreieck GBf Giterbahnhof SFIPl Segellugplatz
—, oty T AK Autobahnkreuz .hfn, Hin  Hafen SprSchz  Sprungschanze
= s L .b,B  Bach HP Haltepunkt, Haliestelle  StOUBP! Standortiibungsplatz
= = riicken — e ———C— X
A Eisenbahnfahre; Aulafahre ..bfBf  Bahnho HBr Hauptahnhof Schn  Stomschnelle
— Steg, Fugangerbriicke | et T Personenfihre; Anlegestelie BT m, HubP! LT Teich
. ..bg, Bg Berg JgHb Jugendherberge b Trigonometrischer Punkt
Vegetation br.Br  Brunnan kean, Kan Kanal TrObPI Truppeniibungsplatz
1 Ew Elektriziitswerk KSA Kop-Seiten-Rampe LW Umspaniwerk
Laubwald Garten FIHfa  Fughafen KrHs Krankenhaus wr Wasserturm
Schneise F Forsterei, Forsthaus KD Kulturdenkmal ww Wassererk
Nadehwald i ¢ Weinanbau .ff, Fhf  Friedhof Mbi Miihle ZeltP! Zeltplat, Campingplatz
Forstabteilungsnummer $
Mischwald ! ! Sonstige lechnische Kulur

Einzelne Baume; Gebiisch

RegelméBige Baumanpfianzung,
Baumschule

Park

Hecke, Wallhecke {Knickl

oo Kleines Waldstiick

Hervarragende Baume

" Wiese, Weide;
nasse Steflen

Moor, Bruch, Sumpl;
orstich

Schil, Rohr
Heide

Sand, Kies, Gerdil

Map legend (selection) for the previously presented topographical maps 1:25,000 (TK25 © GeoBasis-
DE/LGB 2011, GB-D 07/11 www.geobasis-bb.de). The legend is presented as is (in German language),

because it is mostly self-explanatory.

13.2.20. GK25 map legend — general remarks

The geological maps 1:25,000 (GK25) presented in the preceding sections represent the most
detailed geological field survey available for the research area. However, as the oldest maps were
published in the late 19" century already and the newest maps also date back to the beginning of the
20" century, the interpretation of the mapped data is in many cases outdated. In addition, the
signatures used for identical strata on maps from different editions differ significantly. For those
reasons a detailed map legend is not presented here, but the most important information to be inferred
from the map excerpts is provided along with the individual maps (used by kind permission of the
Landesamt fur Bergbau, Geologie und Rohstoffe (LBGR) Brandenburg).
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