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Abstract

A 93.6 m deep sediment core NW09 was drilled in Niederweningen in the Wehntal, 
Northern Switzerland, providing deep insights into the Quaternary environmental 
history of the last ~260 ka. As the knowledge of the climatic and environmental con-
ditions for the time preceding the Eemian Interglacial (Marine Isotope Stage MIS 5e) 
is still limited for the Swiss lowlands, this study contributes to advances in the pres-
ent state of knowledge. The main focus is on the extent of Alpine glaciers during 
the Penultimate Glaciation (MIS 6) and the climatic and environmental conditions 
during the transition from MIS 6 into MIS 5e. Geochemical and geophysical meth-
ods and a chronology based on luminescence dating revealed information about en-
vironmental conditions during the deposition of the sediment. Above a sequence 
of molasse and basal till at the bottom of the core, a sequence of lacustrine clays 
with dropstones from MIS 8 was observed, being an indicator for the presence of 
a proglacial lake in the Wehntal. Followed by a section of lacustrine clays without 
dropstones covering the entire MIS 7, the luminescence ages revealed a time gap for 
most of the MIS 6 glacial. This gap is interpreted as a possible glacier advance during 
MIS 6, as proposed from other sites in the Swiss Midlands. The sediment sequence 
representing the transition from MIS 6 into MIS 5e is characterised by a decrease in 
carbonate content (from ~45 to 17 wt-%) and units with increased grain-size (from 
clayey silt to fine sand). The decreasing carbonate content is probably associated 
with a change in the catchment area of the glacier due to changing climatic condi-
tions. Moreover, the occurrence of wood fragments and increasing organic carbon 
content immediately below the Eemian peat indicate a gradual enhancement of the 
climatic conditions towards MIS 5e, followed by a silting up of the lake and the for-
mation of the peat horizon. A detailed chronology of the transition, however, was not 
possible, as results from palynological analysis revealed a hiatus at the beginning of 
the peat horizon. 
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Introduction1	

In March 2009, a 93.6 m long sediment core was taken in Niederweningen, a village 
situated in the Wehntal, Switzerland. This sediment core “NW09” is the object of 
research of the Niederweningen project 2009/2010 in which this master thesis is 
integrated. Besides a general introduction into the research context, the first chapter 
covers a detailed problem description including the main research questions. 

General context and motivation1.1	

The climatic conditions in Switzerland and Central Europe are to a large extent influ-
enced by the presence of the Alps. Today, the Alps separate moderate all-year humid 
climate conditions to the north and warmer Mediterranean climate to the south. 
Nevertheless, completely different climatic conditions were present in Europe dur-
ing glacial times due to different atmospheric circulation patterns and an associated 
southward shift of the polar front (Florineth and Schlüchter, 2000). Therefore, the 
Alps and its forelands are interesting areas for paleoclimatic investigations. In addi-
tion to the atmospheric impact, the Swiss Alpine Foreland was strongly influenced 
by Quaternary glaciations. Advancing glaciers led to massive bedrock erosion and 
re-deposition of unconsolidated sediment, forming different glacial landforms such 
as glacial basins or moraine ridges (Ehlers, 1996; Anselmetti et al., in press). It is 
known that several paleo-valleys have been deeply incised into the molasse bed-
rock of the Swiss Alpine Foreland by such glacial activities (Jordan et al. 2008). The 
sediment fillings of these so-called overdeepened valleys, such as the Wehntal, con-
tain important information about the environmental conditions during the time of 
deposition. The analysis of the NW09 core, reaching down to the molasse bedrock, 
may lead to a better understanding of environmental evolution in the course of the 
Quaternary and probably provide important information about formation process-
es of such glacial overdeepened valleys. The Niederweningen project 2009/2010 is 
mainly being conducted by members of the Paleontological Institute and Museum of 
the University of Zurich, the Eawag  (Swiss Federal Institute of Aquatic Science and 
Technology) and the Institute of Geological Sciences of the University of Bern. 

The motivation to write a master thesis dealing with this topic was manifold. Writing 
a thesis in the field of luminescence dating was the basic idea. With the introduction 
to the current Niederweningen project, the multidisciplinarity and the variety of dif-
ferent methods applied to the project have aroused the interest to this project even 
more. Further, the very limited knowledge of pre-Eemian climate conditions north 
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of the Alps represents a challenge and additional motivation. The basic motivation, 
however, is to link the two subjects of climate sciences and geology. As today climate 
sciences are more present in political and social life than ever before, doing research 
work in this topic is very interesting and challenging. Climate models are in great 
demand and are taken into account for environmental- and energy-policy decisions. 
The basis of climate models is the knowledge of what happened in the past or in 
the words of a paleoclimatologist: the past is the key to the future. Hence, the link 
between climate sciences and geology is evident. This project investigates one of the 
most extensive and accessible of the various geological archives: lake sediments. The 
subject of lake sediment investigation is known as paleolimnology and addresses for 
example to the timing of past climate change, rates of evolutionary change in spe-
cies and the timing of pollutant introduction into watersheds (Cohen, 2003). Hence, 
the combination of paleolimnological methods and luminescence dating is suited for 
gaining new insights into past glacial history.

Thesis’ research questions1.2	

As most of the previous research was done on the transition from the last glacial cy-
cle into the Holocene (e.g. Amman et al., 1994; Kerschner and Ivy-Ochs, 2008), very 
little is known about the period preceding the last glaciation and particularly for 
Eemian (~114 – 125 ka, Bassinot et al., 1994) and pre-Eemian times. Therefore, this 
thesis will focus on the transition from MIS (Marine Isotope Stage) 6 to 5e, which 
reflects the transition from the Penultimate Glaciation into the Last Interglacial (Fig. 
3-1). 
The research focus of this thesis is on the climatic and environmental evolution 
afore and during the transition into the Eemian interglacial. As mentioned above, 
the knowledge about pre-Eemian climate evolution and the presence or absence of 
glaciers is still rather limited and contradictory discussed in literature (e.g. Litt et 
al., 2007; Habbe, 2007; Schlüchter, 1988a) (compare chapter 3.2). Results from the 
NW09 core, however, may contain important data about climate change from a gla-
cial into an interglacial and may contribute to a better understanding of this process. 
The extent of the glaciers and their climatic conditions associated are a possible 
source of information addressing this problem. As the NW09 core mostly consists of 
proglacial lake sediments, it contains data about the evolution of such a glacier. To 
reconstruct the timing of different glacier advances and retreats, the age determina-
tion of the sediment is a further relevant objective. The main focus is therefore made 
up of two research topics: glacier fluctuations and derivation of climate variables on 
the one hand and temporal evolution and type of climate change on the other hand. 
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Possible conclusions can only be drawn in consideration of both of these topics. 

Glacier fluctuations and derivation of climate variables1.2.1	

The appearance of today’s landscape and topography was highly influenced by the 
presence of Quaternary glaciers and their fluctuations (Anselmetti et al., in press). 
Moreover, the reduction of Alpine glaciers in the course of the last 150 years showed 
the high sensitivity of glaciers to climate changes, particularly to changes in tem-
perature (Häberli et al., 2001). Therefore, contributing to a better understanding of 
the Swiss and European climatic conditions by means of the analysis of the related 
glaciation history is one objective of the thesis. A special focus is on the presence and 
extent of glacier advances during the MIS 6 cold period in the Swiss midlands. For 
this reason, the NW09 core was analysed using different geochemical and geophysi-
cal methods. 

Temporal evolution and patterns of climate change1.2.2	

Besides the information concerning the mode glaciers fluctuated during glacials and 
interglacials, there is one essential variable missing for the detection of the temporal 
evolution of climate change: the age of the sediment. Several issues related to the 
temporal evolution are part of the main research questions of this thesis. The timing 
and velocity of the transition from MIS 6 into MIS 5, from initial indicators until the 
full expansion of the Eemian interglacial, is one task. These findings may lead to a 
subsequent, more general question dealing with the transition from a glacial into an 
interglacial. Such a transition has been investigated in detail for the time period from 
the last glacial (MIS 2 or Würmian) into the present interglacial (MIS 1 or Holocene). 
Hence, knowledge of this younger transition could be very helpful for the interpre-
tation. In this context, a further issue to investigate is the incidence of a rapid cool-
ing event in the initial phase of the warm period comparable to the ‘Younger Dryas’ 
cooling in the beginning of the Holocene ~12,000 years ago. The presence of such 
a cooling event in the NW09 core would support some propositions in literature 
(e.g. Sarnthein and Tiedemann, 1990; Seidenkrantz, 1993; Sànchez Goñi et al., 2000) 
stating it as a general phenomenon during a glacial-interglacial transition. Another 
objective is to detect proxies, which contain information about trigger mechanisms 
for the climate change between MIS 6 and 5e. A final objective is related to the meth-
odological part. In this study, the dating of the sediment was conducted using lumi-
nescence dating. As there are still some methodological uncertainties concerning 
the reliability of luminescence dating prior to the Eemian (e.g. Lowick et al., 2010; 
Murray et al., 2008), a comparison of the dating results with other data from the 
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NW09 core including temporal information such as pollen analysis could contribute 
to this discussion.

To summarise, the main research questions are the following:

-	 Was the research area covered with ice during the MIS 6 and how far did the 
Alpine glaciers then advance into the Swiss Alpine Foreland?

-	 When and how fast did the transition from MIS 6 to 5e occur in the Swiss Al-
pine Foreland?

-	 Is there evidence for a Younger Dryas - type cooling during the transition to the 
Eemian interglacial (MIS 5e)?

-	 Does luminescence dating provide reliable ages for the entire NW09 core?  
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For the interpretation of a sediment core, the understanding of the surrounding geo-
graphical, geological and climatic conditions are essential. The following chapter de-
scribes the most important characteristics of the research area and its catchment.

Geographical and geological setting2.1	

The Wehntal is an east-west-oriented valley in the Swiss Midlands about 20 km 
northwest of Zurich. The drill site is situated in Niederweningen, a village 505 me-
ters above sea level, at the northwestern border of the Canton of Zurich. The bore-
hole was drilled about 160 meters southwest of the Niederweningen train station 
in the Schnötenstrasse (Swiss Grid coordinates: 670.945 / 261.960) (Fig. 2-1). The 
recent drainage of the Wehntal is controlled by the brook Surb, having its source in 
Oberweningen, flowing westwards through Niederweningen and finally discharging 
into the river Aare at Döttingen. 

 Map of Niederweningen with the position of the mammoth pit from 1890/91, Figure 2-1:
the coreholes from 1983 (1-83, 2-83), 1985 and 2007, the construction pits 2003 and 2004 
and the drilling location of the Niederweningen project 2009/2010 (NW09). Source: Picture 
from Google Earth (version 4.3).
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The hydrological conditions in particular have changed to a great extent during the 
Quaternary. Not only glacial activity has influenced the area around Niederwenin-
gen, but also the melting of glacier ice, which led to the formation of a large proglacial 
lake capturing the entire valley and most probably parts of the Glatttal and the area 
of Lake ‘Greifensee’ further to the south-east. This proglacial lake caused a filling of 
the valley with lake sediments, as previous drillings already revealed (e.g. Welten, 
1988; Schlüchter, 1988b; Furrer et al., 2007). 

The most conspicuous geological element in the Wehntal is the Lägern anticline, 
forming the southern slope of the Wehntal (Fig. 2-2). The Lägern is part of the Jura 
Mountains and was formed during the last period of the Alpine folding in Late Mio-
cene to Pliocene (~6-2 Ma ago) and consists mainly of Upper Jurassic limestone 
(Labhart, 2005). 

 Simplified geologic map of the Wehntal including the position of Niederwenin-Figure 2-2:
gen and the main drainage system. Coordinates are indicated in Swiss grid. Source: Inset 
modified from Atlas der Schweiz 2.0; map modified from Swisstopo, Geologische Karte der 
zentralen Nordschweiz, 1:100 000.
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The recent valley floor is covered with alluvial deposits and the northern slope of 
the valley is made up of Tertiary Molasse bedrock, partially being covered by the 
‘Deckenschotter’ (Cover Gravel) unit. During the deposition of these gravel in the 
Early Pleistocene, a precursor of the Wehntal already existed (Furrer et al., 2007). 
The development of the valley to the present size and the overdeepening below its 
actual level into the Molasse bedrock was forced by Middle Pleistocene glaciers, but 
the timing of the formation of the basin is still unknown (Furrer et al. 2007). The 
terminal moraine ridge at Steinmaur, situated at the valley entrance 4km east of 
Niederweningen (Fig. 2-2), indicates the maximum ice advance of the Linth-Rhein 
glacier into the Glatt valley during the Last Glacial Maximum (LGM, around 23 ka) 
(Keller and Krayss, 2005; Wyssling, 2008) (Fig. 2-3). As a consequence, the entire 
Wehntal was ice-free during the LGM, leading to the opportunity to reconstruct the 
glacial history prior to the LGM (Anselmetti et al., in press). 

	

!  Maximum ice extent of the Last Glaciation (MIS 2) and the Most Extensive Figure 2-3:
Pleistocene Glaciation including the main pathway of the glaciers to the drill site of NW09. 
Source: Anselmetti et al. (in press).
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Recent Climate 2.2	

Considering the present climate of Europe, there is one dominant pattern: the North 
Atlantic circulation (Martyn, 1992). Direct manifestations of this influence are the 
Northern Hemisphere westerlies (Florineth and Schlüchter, 2000). The shifting and 
meandering course of the westerlies is the leading circulation pattern for mid- to 
high-latitudes. The core of the westerlies is the polar front jet stream located at ap-
proximately 500 hPa (~5.5 km above sea level) (Harrison et al., 1992). Its strength 
and position vary during the course of the year in response to the seasonal variations 
of the latitudinal temperature gradient (Florineth and Schlüchter, 2000). Hence, the 
jet stream moves southwards with an increased strength in winter and polewards 
with a decreased strength in summer (Harrison et al., 1992). Owing to this occur-
rence, the influence of the westerlies on Swiss climate is much stronger in winter 
than in summer. Another important impact on European climate is represented by 
the Alps. Due to their position between the Mediterranean region and central Eu-
rope they amplify the general climatic gradient and act as a climate and weather 
divide (Florineth and Schlüchter, 2000). 

With its position in the Swiss Midlands, the climate in the Wehntal is mainly domi-
nated by westerly winds being channelized through the Alps and the Jura Mountains 
and bringing mild and humid air masses. A further dominant wind pattern in the 
Swiss Midlands is the cold and dry continental wind coming from the northeast, 
known as the Bise (Fig. 2-4). These conditions lead to an average annual precipita-
tion amount of 1031 mm per year and an average annual temperature of 8.5 °C at the 
Zürich-Kloten weather station 13 km to the east of Niederweningen (MeteoSchweiz, 
2010). The highest precipitation amount and temperatures occur during the sum-
mer months (Fig. 2-5). 

 Wind rose indicating the most dominant wind patterns at the Zurich-Kloten Figure 2-4:
weather station in the Swiss Midlands 13 km east of Niederweningen. Reference period: 
1981-2000. Source: MeteoSchweiz (2010).
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 Monthly precipitation and temperature values for Zürich-Kloten, 13 km to the Figure 2-5:
east of Niederweningen for the reference period 1961-1990. Data source: Meteoschweiz 
(2010).
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As mentioned above, the ongoing Niederweningen project was preceded by several 
other projects in the Wehntal. In the following chapter, a chronology of these investi-
gations will be given including the most important scientific findings. This will help 
to get an overview of the topic and provides an explanation for the selections of the 
main research topics for the current project. The second part of the chapter deals 
with the climatic aspects of the problem setting, namely with the climatic conditions 
during MIS 6 and the transition from MIS 6 to 5e.

Previous Niederweningen projects3.1	

Niederweningen is Switzerland’s richest mammoth site. In 1890 more than 100 
bones, molar teeth and tusks of at least seven different mammoths were found, in-
cluding a very young calf. All these findings were related to a peat horizon located 
at 3-4 meters below ground, the so-called “mammoth peat” (Furrer et al., 2007). A 
second peat horizon at a depth of 10-12.6 m was detected in a construction pit in 
1987 and in three cores drilled in 1983 (KB 1-83, 2-83) and 1985 (KB 85) (Fig. 2-1) 
(Schlüchter, 1988b). Pollen analysis of this lower peat from KB 1-83 and KB 2-83 in-
dicated a deposition during the Eemian interglacial (Welten, 1988). Moreover, Wel-
ten (1988) described a two meters thick paleosoil in the core KB 2-83, which was 
interpreted as being deposited probably during the penultimate glacial cycle.
In 2003 and 2004, new mammoth bones and even a well-preserved mammoth skel-
eton were found in two construction pits close to the 1890 mammoth pit (Furrer 
et al., 2007). The upper “mammoth peat” was again intensively investigated using 
many different methodological approaches. The upper part of the peat containing 
the mammoth skeleton and some peat and wood pieces were dated using radiocar-
bon dating and revealed an age of approximately 45 14C ka BP (Hajdas et al., 2007). 
The sediment above and below the mammoth peat was dated with luminescence 
dating to an age of ~40 ka and 80-70 ka, respectively (Preusser and Degering, 2007).  
Moreover, the analysis of pollen, wood and other plant material from the mammoth 
peat revealed a long phase of a former lake in the Wehntal, building swamps with 
different pollen associations partly dominated by Picea (spruce) in the upper part 
of the peat (Drescher-Schneider et al., 2007). This pollen association is an indicator 
for an improved climate with lower valley slopes partly covered by open mixed for-
est (Drescher-Schneider et al., 2007). In the lower part of the peat, the tree pollen 
concentration is very low, indicating unfavourable conditions for tree growth on the 
slopes of the Wehntal (Drescher-Schneider et al., 2007). Moreover, the research on 
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the mammoth peat from the 2003 mammoth site was complemented by the study of 
Coleoptera (beetles) by Coope (2007). An estimation of paleotemperatures based on 
Coleoptera assemblages in the peat showed similar climatic conditions as presently 
found near the northern limit of the boreal forest (Taiga) in Siberia (Coope, 2007). 
The different results of the studies on the 2003/04 sediment showed that the peat 
has developed during a more temperate period during the Würmian glacial cycle, 
starting after 80–70 ka in a shoaling lake and stopped around 40 ka by re-flooding 
(Furrer et al., 2007).

In October 2007, a 30 m deep core (NW07) was drilled close to the research site 
of 1985 and the pits in 2003/04 (Anselmetti et al., in press). Besides the two peat 
horizons other findings were made, which have not been detected in the previous 
drillings. One is the occurrence of deformation structures below the “Eemian peat” 
(around 140 ka), that suggested a temporary contact of the glacier with the lakebed. 
Another novelty was the detection of a sharp transition between the lake depos-
its and the “Eemian peat”. This transition marked a lowering of the water level en-
compassing likely a hiatus (Anselmetti et al., in press). The age of the peat horizons 
and lake sediments using luminescence dating and pollen analysis agreed with the 
data from 2004. Moreover, the luminescence age of the bottom of the core is inter-
esting for methodological purpose, since the method is still under development for 
ages around 200 ka.  For the base of the 2007 core, the derived luminescence age is 
190 ka (Anselmetti et al., in press).

Climatic aspects 3.2	

In the course of the Quaternary, climate has changed several times from glacial to 
interglacial conditions and vice versa (Fig. 3-1) (Bassinot et al., 1994). Therefore, 
a more general view on the dominant atmospheric circulation patterns shows that 
both glacial and interglacial periods have their characteristic properties. Climate in 
general is mainly influenced by the interaction of three components: solar irradia-
tion, atmospheric composition and terrestrial geography, whereas terrestrial geog-
raphy did not change much during the Quaternary apart from growing and shrinking 
ice sheets (Harrison et al., 1992). Sub-parameters of these components are also the 
ones representing the most important boundary conditions for atmospheric circu-
lation and climate on land. These are insolation, greenhouse gas concentration, ice 
sheets, sea-surface temperatures and sea-ice distribution (Harrison et al., 1992). 
Today’s and near past climate is well known and investigated through direct mea-
surements or written records and the knowledge of the present atmospheric cir-
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culation is essential for climate reconstructions. Nevertheless, as soon as climate 
has to be reconstructed in an indirect way using different climate proxies, there are 
several uncertainties coming across, increasing with the age of the time period be-
ing reconstructed. Additionally, past boundary conditions have rarely been the same 
as those today and hence, past climate cannot directly be inferred from the present 
conditions (Harrison et al., 1992). The investigation of paleoclimate is, however, an 
important topic in climate sciences. Therefore, several studies have been accom-
plished during the last decades about European and Swiss paleoclimate (e.g. Welten, 
1988, Guiot et al., 1989; de Beaulieu et al., 2001; Martrat et al., 2004). Some impor-
tant findings dealing with climatic conditions and fluctuations for the time period 
during MIS 6, MIS 5e and the transition between them are based on various glacial 
and pollen records, respectively. 
The extent of Alpine glaciers during the MIS 6 has been discussed rather contro-

versially so far. While for this period, a major glaciation is assumed for the French 
(Buoncristiani and Campy, 2004) and Austrian (van Husen, 2004) Alps, the interpre-
tation of Swiss records are different. Based on the Meikirch sequence in the Swiss 
Midlands, it has been deduced that the glaciation during MIS 6 must have been only 
of limited extent (Welten, 1988). However, a re-interpretation of the Meikirch pollen 
record by Preusser et al. (2005) using luminescence dating and results of penulti-
mate glaciation erratic from the Jura Mountains by Graf et al. (2007) using exposure 
dating, gave evidence for a major glaciation of the Swiss Alps during MIS 6. 

 Marine Isotope stages 1-9 deduced from Benthic foraminifera δFigure 3-1: 18O values. Low 
δ18O values indicate a warmer climate and vice versa. Data source: Bassinot et al., 1994 (iso-
topic event stack) and Lisiecki and Raymo, 2005 (benthic δ18O data).
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The transition from MIS 6 into MIS 5e has not yet been investigated extensively. Nev-
ertheless, Sarnthein and Tiedemann (1990) discovered a general pattern for glacial 
terminations based on the findings from the last glacial-interglacial transition with 
its famous Younger Dryas cooling event and the analysis of benthic and planktonic 
foraminifera from a core offshore northwest of Africa. The analysis of the δ18O values 
from this core revealed a fast cooling event after a first step of MIS 6 deglaciation at 
~128.5 ka (Sarnthein and Tiedemann, 1990). Analogue to the Younger Dryas cool-
ing event at the last glacial termination, benthic δ13C minima revealed a breakdown 
of the North Atlantic Deep Water (NADW) formation immediately prior to the cold 
event at the penultimate glacial termination (Sarnthein and Tiedemann, 1990). 
Furthermore, such a non-random nature for glacial-interglacial transitions and for 
the MIS 6 to 5e transition in particular, was detected by Seidenkrantz (1993) in two 
cores from Denmark and by Sànchez Goñi et al. (2000) in a marine core from the Ibe-
rian margin. Additionally, the benthic δ18O values after Lisiecki and Raymo (2005) 
and the isotopic event stack after Bassinot et al. (1994) as well show indicators for 
such a cooling event at the MIS 6 to 5e transition (Fig. 3-2). For Central Europe and 
Switzerland, evidence for such a Younger Dryas-type cooling event during the tran-
sition from MIS 6 to 5e has not yet been found.

 Detailed view on the transition from MIS 6 to 5e deduced from benthic δFigure 3-2: 18O. 
Low δ18O values indicate a warmer climate and vice versa.  Yellow circle indicates a possible 
„Younger Dryas“ cooling event afore the Eemian interglacial. Data source: Bassinot et al., 
1994 (isotopic event stack) and Lisiecki and Raymo, 2005 (benthic δ18O data).
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This chapter includes information about the different methods used to answer the 
given research questions. Due to the multidisciplinarity of the project, some data 
from investigations of other scientists within the research team are also used to an-
swer the thesis’ research question. For a better understanding of the results, these 
methods are described briefly in the paragraphs 4.1, 4.5 and 4.6. The chapter 4.7, 
describing luminescence dating, represents the main emphasis of this thesis and 
therefore is explained in more detail than the previous ones. A flow chart (Fig. 4-1), 
listing the proceeding of the laboratory work, all methods and the contributing sci-
entists summarises this chapter. 

Drilling4.1	

The 93.6 m long NW09 core was drilled by Stump ForaTec AG as the drilling opera-
tor. Rotary and percussion drilling techniques were used to recover the complete se-
quence of sedimentary basin fill including the top meters of the underlying molasse 
bedrock. The diameter of the sediment core decreases from 326 mm at the surface 
to 145 mm at 93.6 m depth. For further handling, the core was cut in 1 m pieces and 
stored in standard wood boxes. After the documentation, the remaining core mate-
rial was transported and stored in the core repository of Schweizerische Landesge-
ologie at Hochdorf. 

Sediment description and sampling4.2	

The upper third of the core pieces was cut off using a guitar string and then removed. 
For continuous sampling, one half of a plastic pipe, the so-called u-channel, with a 
diameter of approximately 4 cm was hammered into the lower two-third of the core. 
To remove the u-channel, the core was cut again just below the plastic pipe. The u-
channel then was closed with a lid and sealed with tape to avoid water and sediment 
loss. Parts of the surrounding sediment of the cut slice were used for further sam-
pling discussed later in this chapter (Fig. 4-1). In general, two samples were taken 
from each core section, one at 30 cm and one at 70 cm starting from top of the core 
piece. Each sample was sub-sampled into three cubes of 3-5 cm3 for the purpose of 
grain-size, geochemistry and pollen analysis. In sections with prominent sediment 
colour or grain-size changes, the number of samples was increased. 



15

Methodology 4

The sampling for luminescence dating was conducted after documentation of the 
core and is explained separately (in chapter 4.7.3) due to its particular proceeding. 
After sampling, the shear strength of the sediment was measured using a torsional 
vane shear tester.

 Flow chart of the methods used. Gray boxes show research results.Figure 4-1:
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For the documentation of the core, high-resolution photographs were taken every 
20 cm and sketches of the opened cores were drawn. These sketches include sedi-
ment colour, lamination, grain-size, conspicuous structural patterns and sub-sam-
pling positions.  

Grain-size analysis4.3	

Grain-size analysis of the whole NW09 core was carried out using the Mastersizer 
2000 from Malvern Instruments. The Mastersizer measures grain-sizes from 0.2 up 
to 2000 µm using the laser diffraction technique (Malvern Instruments, 2010). For 
the measurement, a knife point of sample material was dispersed in deionised wa-
ter until an obscuration value of 10-20% was reached. A stirrer and an ultrasound 
unit were used to dissolve particle agglomerates and destroy air-bubbles possibly 
skewing the data. The stirrer was adjusted at a medium value of 1450 rpm and the 
ultrasound at an intensity of 50–70%. When the required obscuration value was 
reached, the sample was directly channelled into the measuring chamber, where a 
laser beam then is scattered by the particles in suspension. The resulting scattering 
angle is closely dependent on the size of the particle (Malvern Instruments, 2010). 
After each measurement cycle, the system was cleaned three times to maintain clean 
conditions. The measurement results are automatically processed to a data-sheet 
including particle size distribution plots and detailed numerical results. For the pre-
sentation of the measurement results, the median grain-size (in µm) was selected, in 
order to provide an appropriate coverage of the marginal values measured.

Total inorganic and total carbon content4.4	

The carbon content of a sediment sample can be derived extracting its CO2 concen-
tration by either burning (total carbon) or acidification (inorganic carbon) (Her-
rmann and Knake, 1973). For the measurement, the samples were freeze-dried for 
at least 24 hours. To measure the total carbon content (TC), the CO2 is extracted 
from the sediment, packed in an aluminium capsule and burning it at 950°C. To de-
termine the total inorganic carbon content (TIC), ca. 20 mg of sample material was 
acidified with perchloric acid (32%). Thereby, the CO3

2- of the sample reacts with 
the perchloric acid and CO2 is released. The CO2 is channelled to the measurement 
cell of the coulometer (Coulometer CO2 CM 5011, from UIC Inc. Coulometrics). This 
measurement cell consists of a cathode and an anode. The CO2 induced changes the 
transmissibility and the electricity current of the cathode solution. To recover the 
initial transmissibility of the cathode solution, the coulometer increases the elec-
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tricity current through the measurement cell. Based on the amount of additional 
electricity, the Win-Carb software calculates the original C content (in wt-%) of the 
sample. At the beginning, after six to eight measurements and at the end of each 
cycle, a standard CaCO3 sample (with 12 wt-% C) was measured to control measure-
ment uncertainty. The amount of total organic carbon (TOC) was calculated using 
the difference between TC and TIC. 

Density and magnetic susceptibility4.5	

The u-channels were tested for density and magnetic susceptibility using a multi-
sensor core logger from Geotek Ltd. These indicators provide information concern-
ing lithology changes (density) and provenance analysis (magnetic susceptibility). 
The density was calculated using the attenuation of gamma rays, which were shot 
through the u-channel with an interval of 1 cm and a duration of 5 seconds whereas 
the magnetic susceptibility was measured every 4 cm but for a duration of 10 sec-
onds. 

Palynological analysis4.6	

Palynological investigations were done in the laboratories of the Botanical Institute 
at the University of Graz by Dr. Ruth Drescher-Schneider. In total, 372 samples for 
palynological analysis were taken from the NW09 core at about 5-50 cm intervals. 
From this set, 39 samples are analysed so far. For the preparation, the samples were 
treated with hydrofluoric acid (37%) to remove inorganic material.  Partially, a sec-
ond treatment with hydrofluoric acid (74%) and sometimes even a separation with 
heavy liquid (ZnCl2) was necessary due to insoluble mineral fragments.  For each 
sample, 500 pollen grains were counted and analysed. As in cold period deposits 
the pollen concentration was very low, the analysis was limited to an area of 24×32 
mm. The given pollen sum includes trees, shrubs and terrestrial herbs (Drescher-
Schneider, unpublished data). 

Luminescence dating4.7	

The dating of the samples from NW09 was conducted in the luminescence labora-
tory of the Institute of Geological Sciences at the University of Bern using infrared 
stimulated luminescence (IRSL). Due to the importance of reliable sediment ages 
for significant results, the IRSL method was chosen as it has already been used suc-
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cessfully in former projects in this area (Preusser and Degering, 2007; Furrer et al., 
2007). Luminescence dating is a complex topic, but the basic ideas of the phenom-
enon for dating Quaternary sediments are quite simple (Duller, 2004). The following 
chapter tries to give an understanding of the essential processes of luminescence 
dating. 

Introduction4.7.1	

The phenomenon of luminescence, which describes the release of energy in the 
form of light, has been known and observed for a long time in many different ways 
(Duller, 2004). Among these phenomena, bioluminescence is the most common and 
was mentioned in reference to fireflies in early Chinese literature 3,000 years ago 
(Aitken, 1998). However, first scientific investigations were not conducted until the 
mid-seventeenth century, when Boyle (1664, in Aitken, 1998) did a few first experi-
ments with a kind of diamond, emitting cold light (Lian and Roberts, 2006; Aitken, 
1998). Luminescence as a dating technique was discovered after the invention of the 
photomultiplier in the 1920s (Aitken, 1998). 
The method of luminescence dating is based on the principle that mineral grains 
store a certain amount of energy over time. From this energy stored in the crystal 
lattice of the minerals, the time since crystallisation, last exposure to sunlight or to 
heat can be derived (Lian and Roberts, 2006). As this method uses minerals with a 
thermally and optically sensitive luminescence signal such as quartz and feldspars 
(Preusser et al., 2008), the signal can be erased by heating or illumination (Aitken, 
1998). In the context of dating lake sediments the resulting date refers to the last 
deposition of the sediment at which the mineral grains were exposed to daylight 
(Stokes, 1999). This daylight exposure is known as bleaching and erases the latent 
luminescence signal. When the mineral grains are covered with sediment and the 
daylight is shielded, the latent luminescence signal accumulates again (Preusser et 
al., 2008) (Fig. 4-2). This accumulation results from a weak flux of ionizing radiation 
provided by the decay of radioactive elements within the minerals and the surround-
ing sediment, as well as by cosmic rays (Lian and Roberts, 2006; Aitken, 1998). Thus, 
the intensity of a luminescence signal is depending on the amount of energy the 
mineral has absorbed since the last bleaching event and is referred to as Paleodose, 
measured in the unit of grays (1 Gy = 1 J kg-1) (Duller, 2004; Stokes, 1999). If now the 
rate at which the sample was exposed to radiation over time, the so-called dose rate 
(in Gy ka-1), is known and if this rate was constant over time, then the luminescence 
age can be derived using equation [1] (Duller, 2004; Aitken, 1998):
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For a better understanding of the physical mechanism behind the occurrence of lu-
minescence, the energy-level representation (Fig. 4-3) is used as a basis of expla-
nation. Ionizing radiation originating from the surrounding sediment and cosmic 
rays excites the atoms within the crystal lattice, leading to an activation of electrons 
reaching a higher energy state (Aitken, 1998; Duller, 2004; Preusser et al., 2008). 
Most of the activated electrons leave their higher energy state immediately and re-
combine with a hole in the valence band. A small part of the excited electrons, how-
ever, are trapped in energy states below the conduction band, the so-called electron 
traps (Krbetschek et al., 1997; Aitken, 1998; Preusser et al., 2008). These electron 
traps represent defects in the crystal lattice, which occur in naturally grown crystals 
(Aitken, 1998). Due to this effect, a charge deficit in form of holes is generated in 
the valence band. These holes act as recombination centres being filled by electrons 
from localised levels above the valence band (Preusser et al., 2008).  If radiation 
continues, more and more electrons are trapped over time, increasing the latent lu-
minescence signal. Due to a bounded number of electron traps, the latent signal will 
be saturated at a certain point. This condition is referred to as saturation (Lian and 
Roberts, 2006; Preusser et al., 2008). 

 Basic principle of luminescence dating: accumulation of the signal over time Figure 4-2:
when the material is sealed from daylight and not exposed to heat, followed by a zeroing of 
the signal during daylight exposure or heating. The luminescence age reflects the last zero-
ing of the signal. Redrawn after Preusser et al. (2008).
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When a mineral is exposed to a certain dose of stimulation energy, the electrons are 
released from the traps (Duller, 2004; Preusser et al., 2008). Such stimulation ener-
gies can result from heating or irradiating the mineral, which leads to lattice vibra-
tions (Aitken, 1998). Not all electron traps have the same energetic depth and there-
fore the amount and type of energy needed to release an electron varies. The deeper 
a trap is the higher is the required stimulation energy (Aitken, 1998; Preusser et al., 

 Simplified energy level model. Schematic illustration of the processes during Figure 4-3:
accumulation (left) and stimulation (right). Redrawn after Preusser et al. (2008).

Accumulation:	 a: 	 Electron is excited by ionising radiation and has sufficient energy to 	
			   reach the conduction band, leaving a hole in the valence band.
		  b:	 Most of the electrons recombine immediately with a hole in the va-	
			   lence band.
		  c:	 A few excited electrons reach localised energy states below the con-	
			   duction band and are trapped in electron traps.
		  d:	 The hole in the valence band may be filled by electrons from hole 	
			   traps (localised levels above the valence band). This is referred to 	
			   as the hole transfer from the valence band to the localised level. 

Stimulation:	 a:	 Electron is excited by light or heat and leaves the electron trap 	
			   through a recombination with a hole in the valence band. The loss 	
			   of energy in all three cases may be released in the form of light (=lu	
			   minescence). 
		  b:	 Recombination of the electrons with localised hole traps above the 	
			   valence band via the conduction band.
		  c:	 Recombination of the electrons with localised hole traps after a 	
			   transfer to an unstable level below the conduction band.  
			   (Preusser et al., 2008)
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2008). Once an electron has been emitted from a trap, it diffuses around the crystal 
until a recombination centre is found. During this recombination process, some of 
the energy stored is released from the electron in the form of light. This is the light 
referred to as luminescence and being measured by the luminescence reader (Ait-
ken, 1998; Preusser et al., 2008). 
The amount of recombining electrons is proportional to the electrons trapped dur-
ing accumulation and the intensity of light emitted during the stimulation process 
(Aitken, 1998; Preusser et al., 2008). A more detailed review of the general concept 
of luminescence dating is given in Aitken (1998), Duller (2004), Lian and Roberts 
(2006) and Preusser et al. (2008).

Infrared stimulated luminescence4.7.2	

Luminescence dating includes different methods working all with the same physical 
principle of light emission during recombination processes as mentioned above. The 
two main approaches are luminescence dating using thermal and optical stimula-
tion. Thermoluminescence (TL) comprises the stimulation by heating the mineral 
up to a certain temperature leading to electron recombination and hence to light 
emission (Preusser et al., 2008). Luminescence dating applying optical stimulation 
includes mainly two different stimulation sources, the stimulation by visible light 
(optically stimulated luminescence, OSL) and by infrared light (infrared stimulated 
luminescence, IRSL). The major advantage of optical methods over thermolumines-
cence is that only the light-sensitive part of the luminescence signal is stimulated 
and thus the signal is much faster bleached during deposition in comparison to heat 
sensitive parts (Preusser et al., 2008). The IRSL signal of feldspars is used for sedi-
ment dating purpose since the work of Hütt et al. (1988). For the polymineral fine-
grained sediment samples from the NW09 core, the IRSL method was adopted. The 
main advantage of IRSL over OSL is that a much wider wavelength range is avail-
able for the detection of the luminescence signal. Further, the IRSL signal is more 
effectively bleached at deposition than the luminescence signal stimulated by visible 
light (Aitken, 1998).

Paleodose determination and SAR-protocol4.7.3	

For the calculation of the luminescence age, the determination of the paleodose is a 
prerequisite. To obtain the paleodose, a dose function is calculated which allows to 
deduce the dose accumulated over time from the luminescence signal of a mineral 
grain. The relation between paleodose and luminescence intensity is quite simple: 
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the higher the paleodose, the higher the luminescence intensity. Furthermore, the 
number of defects in the crystal lattice of a mineral is responsible for its lumines-
cence intensity (Aitken, 1998). The number of these defects, however, is dependent 
on the conditions during crystallisation of the mineral, its geological history and 
the amount of surrounding radioactive radiation (Bøtter-Jensen et al., 2003; Atiken, 
1998). Therefore, the luminescence intensity of crystals from the same mineral can 
vary to a great extent (Lian and Roberts, 2006).  Hence, the luminescence intensity 
is not directly reflecting the paleodose. In fact, the paleodose has to be estimated by 
comparing the natural signal with laboratory-induced signals. With this approach, 
the dose of radiation required to obtain a luminescence signal equal to the natural 
signal can be derived (Lian and Roberts, 2006). As this derived radiation dose is a 
laboratory-induced dose, which is equivalent to the natural paleodose, it is referred 
to as equivalent dose (De) (Lian and Roberts, 2006). 
The methodological approach to achieve the dose function for this study is the sin-
gle-aliquot regenerative-dose (SAR) protocol, mainly developed by Murray and Rob-
erts (1998) and Murray and Wintle (2000, 2003). Although the SAR protocol was 
developed for OSL measurements of quartz minerals, Wallinga et al. (2000) proved 
its application for IRSL dating of feldspars. In comparison to the additive method, 
where an artificial signal is added to the natural signal, the regenerative method 
first measures (and at the same time removes) the natural signal before the labora-
tory signal is induced. Using the regenerative dose method, the equivalent dose is 
obtained by direct comparison of the natural luminescence signal with a series of 
laboratory irradiations (Fig. 4-4) (Aitken, 1998). 
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 Dose response curve of the regenerative method. After the measurement of the Figure 4-4:
natural signal, different laboratory doses are induced to the aliquots and the luminescence 
responses to these doses are used to construct a growth curve. The paleodose can then be 
evaluated by a projection of the natural signal on the growth curve. Redrawn after Preusser 
et al. (2008).
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A major advantage of the regenerative method is that only interpolation and no ex-
trapolation is involved, whereby uncertainties due to nonlinearity are reduced (Ait-
ken, 1998; Preusser et al., 2008). As the SAR protocol only uses one single sub-sam-
ple for each measurement, which is referred to as aliquot, a change in luminescence 
sensitivity occurs due to repeated bleaching of the same mineral grains. To monitor 
these sensitivity changes, a test dose is implemented in the measurement proto-
col. This test dose is administered on the same aliquot immediately after the signal 
from the natural dose and every regenerative dose has been measured (Murray and 
Wintle, 2003; Lian and Roberts, 2006) (Fig. 4-5).  

The test dose remains constant during the whole protocol and is in the range of 10-
20% of the natural dose as suggested by Murray and Wintle (2000). The lumines-
cence signal of the test dose (Tx) is used to normalise the regenerated signals (Lx). 
Therefore, the ratio of Lx and Tx (Lx/Tx), representing the sensitivity-corrected lumi-
nescence signal, is calculated to construct a dose response curve (Fig. 4-6) (Preusser 

 Schematic illustration of the standard single-aliquot-regenerative-dose (SAR) Figure 4-5:
protocol of Murray and Wintle (2000, 2003). LX is the natural (first cycle) or regenerated 
(all other cycle) signal measured and TX is the signal of the test dose measured after each 
natural or regenerated signal. Redrawn after Preusser et al. (2008).



24

4 Methodology

et al., 2008). After the measurement of at least three different regenerative doses, 
the natural dose and the zero dose, the curve can be fitted to these dose points. To 
improve the mathematical fitting of the dose response curve, the flexibility of the 
SAR protocol allows running further cycles with other regenerative doses (Preusser 
et al., 2008). 

Sampling4.7.4	

Sampling for the luminescence sub-samples was done after the documentation of 
the sediment (chapter 4.2). Cubes of sediment of approximately 10-15 cm3 were cut 
out of the sediment core and immediately packed in labelled opaque plastic bags. 
Samples for the paleodose determination must not be exposed to light during the 
sampling procedure, as already a short time of light exposition can lead to a bleach-
ing of the luminescence signal and hence to an age underestimation. The layer from 
which the sediment is taken should preferably be homogeneous and with a thick-
ness of approximately 30-50 cm in order to ensure a uniform radiation field (Aitken, 
1998; Preusser et al., 2008). A total of 24 samples were taken from the NW09 core. 
The samples were labelled as “NWE”, going from NWE1 at the bottom to NWE24 at 
the top of the core (Table 4-1).

Natural Dose (Cycle 1)
Dose = 4000 s irradiation
(Cycle 3)

Dose = 2000 s irradiation
(Cycle 2)

Dose = 0 s irradiation
(Cycle 5)

Dose = 6000 s irradiation
(Cycle 4)

Dose = 2000 s irradiation
(Cycle 6)
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 Growth curve of the standard SAR-protocol applied to NW09 samples. The sig-Figure 4-6:
nals of the natural and regenerated measurements are divided by the signal of the test dose 
to apply a sensitivity correction. To control the sensitivity correction, the same regenerated 
dose is measured in the measurement cycles two and six. The ratio of these two measure-
ments is referred to as recycling ratio and should not exceed a value of 0.1 (Preusser et al., 
2008).
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Sample Depth (m) Sample Depth (m)

NWE1 91.45 NWE13 35.23
NWE2 86.45 NWE14 32.46
NWE3 80.6 NWE15 29.25
NWE4 77.8 NWE16 24.27
NWE5 73.85 NWE17 19.55
NWE6 69.41 NWE18 16.2
NWE7 60.36 NWE19 14.89
NWE8 53.71 NWE20 12.49
NWE9 48.53 NWE21 11.55

NWE10 45.31 NWE22 10.57
NWE11 40.3 NWE23 5.65
NWE12 38.5 NWE24 3.5

Sample preparation4.7.5	

To avoid unwanted stimulation or loss of luminescence, the preparation and mea-
surement steps for the determination of the paleodose were done in the low inten-
sity red-light laboratory of the Institute of Geological Sciences at the University of 
Bern. The sample preparation is conducted in order to separate the samples into 
portions or aliquots of different mineral grains of a given size range and mineral 
composition. These aliquots are then placed on small metal discs with a diameter 
of 10 mm and a thickness of 0.5 mm to carry out the luminescence measurement. 
Only the inner part of the sample was taken for paleodose measurements to assure 
that the sediment was not exposed to light during the drilling and sampling process. 
Therefore, the outer 4-5 cm of the sample cube were cut off. The sediment removed 
was used for the dose rate determination, as there is no need for a shielding from 
light for this purpose. These sub-samples were weighed and dried in an oven at 60°C 
for approximately 48 hours. In this working step, the current water content of the 
sediment was deduced by means of the weight difference before and after drying, as 
the water content is used for the determination of the dose rate (chapter 4.7.8). After 
drying and weighing, the sub-sample material was crushed using a jaw breaker to 
loosen the sediment, which stuck together due to its high clay and silt content. The 
crushed dose rate samples were filled into special boxes for the following gamma 
spectrometry described in chapter 4.7.8.
The preparation for the polymineral fine-grain IRSL measurement was carried out 
according to the instructions given in Preusser et al. (2008). To remove all carbonates, 
the samples were treated with 16% hydrochloric acid (HCl). Organic material was 

 Sample name and sample depth of all IRSL samples taken from the NW09 core.Table 4-1:
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removed using 30% hydrogen peroxide (H2O2). The treatment with diluted sodium 
oxalate (Na2C204) acting as a dispersion solution released the mineral grains from 
clay pads. An ultrasound irradiation of 3-4 minutes completed the dispersion with 
sodium oxalate. The treatments with HCl, H2O2 and sodium oxalate took all between 
24 and 48 hours, depending on the carbonate, organic material and clay content, 
respectively. Rinsing the samples three times with deionised water followed every 
preparation step. Fine-grain measurements include a grain-size from 4-11 µm. For 
an isolation of this fraction, the elutriation method after Atterberg, based on Stokes’ 
Law (Tucker, 1996), was applied. The elutriation process was repeated several times 
until the obscurity of the water after settling was very low being an indicator that 
all mineral grains with a grain-size >11 µm are eliminated. After each elutriation 
cycle, the remaining sediment was centrifuged to remove the grain-size <4 µm and 
thus the grain-size between 4 and 11 µm needed for the fine grain measurement re-
mained. The last preparation step after drying the sediment in an oven at 60°C was 
the placing of the aliquots on the small metal discs. Therefore, the sub-sample was 
brought in suspension with acetone (C3H6O) and filled in a glass pipe from where it 
settled down on the disc. These aliquots are then placed on the sample carousel of 
the luminescence reader for the IRSL measurements. 

Testing procedure4.7.6	

Prior to the actual paleodose measurement, a number of tests were carried out to 
ensure the quality and reliability of the results. As the minerals from different geo-
logical settings differ in their luminescence properties, it is necessary to test for dose 
recovery, preheat temperature, thermal transfer and anomalous fading (Preusser et 
al., 2008). By reasons of comparability and regularity, different aliquots from the 
same sample were used throughout the test period. 

A first test concerned the retrieval of the dose induced in the laboratory by the 
measurement process. During the so-called dose recovery test, the natural dose was 
erased and a known laboratory dose was administered to the sample. The laborato-
ry dose resulted from an irradiation by a 90Sr/90Y-β-source over 4000 seconds. This 
dose was then treated as the natural signal in the standard SAR-protocol (Preusser 
et al., 2008). In the optimal case the measured dose should be equal to the given 
dose. If the deviation is too large, changes in the measurement protocol have to be 
applied. 

The choice of an appropriate preheat temperature can pose one possible source of 
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error. Preheating is implemented prior to the measurement step in the SAR protocol 
(see Figure 4-5) and leads to the removal of unstable luminescence from shallow 
traps (Aitken, 1998). To evaluate the ideal preheat temperature, the SAR-protocol 
was carried out using preheat temperatures at 230°C, 250°C, 270°C and 290°C. This 
process is known as preheat test. At a certain temperature, the unstable signal is re-
moved and the paleodose should remain stable (Figure 4-7). 

These stable values represent the so-called preheat plateau (Murray and Wintle, 
2000) and the ideal preheat temperature is situated in the range of this preheat pla-
teau. For the NW09 core, dose recovery and preheat test were merged to the same 
SAR measurement sequence (see appendix). 
If the preheat temperature is too high, stable electron traps may be transferred to 
unstable traps leading to an overestimation of the paleodose (Preusser et al., 2008). 
This effect is referred to as thermal transfer and can be identified by erasing the 
latent luminescence signal and then measuring the paleodose. The resulting paleo-
dose should not be significantly higher than 0 Gy (Preusser et al., 2008). This test is 
known as thermal transfer test. 

The last test addresses the loss of luminescence signal with time. This occurrence of 
anomalous fading leads to an underestimation of the paleodose due to the instability 
of some electrons over time (Duller, 2004). Most of the electrons captured in a par-
ticular trap are stable. But some of them do not have the same lifetime and therefore 
are evicted over time without any additional stimulation energy. This leads to the 

 Results of a preheat test of the sample NWE18. The preheat test is conducted to Figure 4-7:
determine the ideal preheat temperature. The red dotted line reflects the so-called preheat 
plateau, representing the threshold value for a stable signal. In this example, a preheat tem-
perature of 270°C was chosen.
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underestimation of the paleodose since the laboratory-induced signal still contains 
a part of the unstable charge, even after preheating (Preusser et al., 2008). To derive 
the loss of the signal with time, the fading test was applied. Therefore, a regenerative 
dose, resulting from a β-source irradiation of 800 seconds, was induced to the same 
sample several times, but with different time intervals between preheating and mea-
surement. For the NW09 core, time intervals of 400, 580, 1000, 2200, 4000, 7600, 
400 and 580 seconds were applied. If this test reveals a significant fading rate, the 
so-called g-value, the derived luminescence ages are corrected after the dose rate 
correction equation of Lamothe et al. (2003).

To control the reliability and quality of the SAR cycles during the IRSL measure-
ments, two internal tests were carried out. The recuperation-test was used to check, 
whether preheating the sample generated an unwanted signal (recuperation). To 
control this, the ratio between the signal from an aliquot given zero regenerative 
dose and the test dose (L0/T0) should be close to zero and after Murray and Wintle 
(2000) not exceed 5% of the sensitivity-corrected natural dose (LN/TN) (Preusser 
et al., 2008). The recycling ratio test controls whether the sensitivity correction ap-
plied was appropriate. Therefore, a dose identical to the first regenerated dose was 
measured at the end of the SAR cycle. If the ratio between these two measurements 
(recycling ratio) was ≤10%, the sensitivity correction was appropriate (Preusser et 
al., 2008).

Irradiator

Photomultiplier tube

IR LEDsBlue LEDs

Sample carrousel

Sample Heater plate

90Sr/90Y

Beryllium window

Emission filter

Quartz window

Detection filterPMT

 Schematic sketch showing the basic features of the Risø TL/OSL reader. Further Figure 4-8:
technical information in Bøtter-Jensen et al. (2003). Redrawn after Risø (2010).
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IRSL measurement4.7.7	

Paleodose measurements are conducted on the most commonly used lumines-
cence reading device manufactured by the Risø National Laboratory, Denmark. As 
the paleodose determination consists of different consecutive steps, the lumines-
cence reader has to combine all these different devices in one single apparatus (Fig. 
4-8). The three main steps are irradiation, pre-heating and measurement of lumi-
nescence. During these steps, the samples were placed on a sample carousel in the 
measurement chamber. The sample carousel automatically positioned the aliquots 
stepwise below the irradiation unit and the stimulation and detection unit. As al-
ready mentioned, a 90Sr/90Y β-source was used for irradiation purpose to induce a 
latent luminescence signal to the mineral grains. This β-source accumulates a lumi-
nescence signal with a rate of 0.1066 Gy s-1 to the aliquots. The preheating was done 
using a sample-heating device. For measurement purpose, an infrared LED stimu-
lation source and a luminescence detection unit including a photomultiplier tube 
and optical filters are integrated. The LED light serves as stimulation energy leading 
to a de-trapping of electrons and thereby to luminescence emitting recombination 
(Preusser et al., 2008). 
The measurement protocol containing all measurement parameters was written as 
a sequence in the Risø Sequence Editor software, version 3.2.1, 2007. Moreover, the 
Sequence Editor is the interface between measurement protocol and the lumines-
cence reader. The analysis of the measurement results was carried out on the Risø 
Luminescence Analyst software, version 3.24, 2007. 

Dose rate determination4.7.8	

Referring to equation [1], the divisor, representing the dose rate, of the age equation 
is needed to calculate the luminescence age. The dose rate is the energy (J) per mass 
(in kg) and time (in ka), impacting on the sample in the form of naturally occurring 
ionising radiation (Aitken, 1998). This ionizing radiation is composed of the decay of 
radioactive elements within the minerals (internal dose rate) and the surrounding 
sediment (external dose rate), as well as of cosmic rays (cosmic dose rate). The natu-
rally occurring ionizing radiation in the sediment appears in the form of α-, β- and 
γ-radiation (Aitken, 1998; Preusser et al., 2008). All of these radiation types have 
different penetrating powers, but as for the NW09 core only fine grain IRSL mea-
surements were carried out with a grain-size range from 4-11 µm, they all penetrate 
the grains completely (Aitken, 1998). Most of the dose rate radiation originates from 
naturally occurring radionuclides in the sediment, whereas radiation from ionising 
cosmic rays contributes only to a minor amount to the dose rate and is dependent on 
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the latitude and burial depth of the sediment (Aitken, 1998). 
The dose rate is determined by measuring the radionuclide activity followed by the 
conversion with a conversion factor, based on nuclear data tables (cf. Adamiec and 
Aitken, 1998). Here, high-resolution gamma spectrometry was used to derive the 
radionuclide activity. This radionuclide activity originates from the decay of the un-
stable radionuclide 40K and from the 238U, 235U and 232Th decay series (Fig. 4-9). Such 
a nuclide aims for a stable state and therefore may need to decay several times until 
the stable state is reached (Geyh, 2005). The gamma spectrometry measurements 
were conducted at the Chemical Institute of the University of Bern by PD Dr. Soenke 
Szidat. To simplify the calculation, the following general assumptions concerning 
the material and the radionuclide concentrations are made: a homogeneous distri-
bution of the sources of ionising radiation, an indefinite expansion of the investi-
gated system and constant radionuclide concentrations over time (Preusser et al., 
2008). Despite these assumptions, there are a couple of potential nonconformities, 
which have to be taken into account. One is the water content of the sediment. The 
water in the sediment pores absorbs much more radiation than air does. Therefore, 
the dose rate for dry sediment is higher than for the same sediment in wet condi-
tions (Aitken, 1998). 

 Illustration of the Figure 4-9: 235U, 238U and 232Th decay series with the corresponding half-
life times. Source: Geyh (2005).

β-decay

α-decay
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A second problem is the occurrence of radioactive disequilibria. In a closed system, 
the decay series of thorium and uranium are in equilibrium. This means that the rate 
of decay of each daughter isotope is equal to the rate of decay of its parent (Aitken, 
1998). In an open system, due to removal or addition of daughter isotopes, some of 
the daughter decay rates are no longer equal to their parent’s activities. This state 
is referred to as radioactive disequilibrium (Aitken, 1998). To check the presence 
of this equilibrium, high-resolution gamma spectrometry is a suitable method. In 
contrast to other methods where just a small amount (<1 g) of sample material is 
used, the gamma spectrometry requires a much larger sample amount (Preusser et 
al., 2008). For the NW09 core, 350-450 g material from each sample was needed to 
fill the gamma spectrometry sample containers. 
For the final calculation of the dose rate, the results from radionuclide measurements 
are combined with the influence of cosmic radiation, deduced from latitude, longi-
tude, height above sea level, sediment cover and sediment density and additional 
sample specific information about grain-size and moisture content. These complex 
dose rate calculations are accomplished with the software called ADELE (Age Deter-
mination for Luminescence and ESR), version 1.06 (Kulig, 2005).

Age calculation and uncertainty estimation4.7.9	

The age calculation is the final step in the dating process. When paleodose and dose 
rate determination are derived, the age of a sample can be calculated following equa-
tion [1]. All these calculations are carried out using again the ADELE software. For 
an adequate uncertainty estimation of the IRSL ages, the arithmetic mean and the 
standard error of the equivalent doses from all aliquots measured from one sample 
are calculated and are as well entered into the age calculation software.
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This chapter describes and presents the results of the different methods used. The 
information about the lithology of the NW09 core is followed by explanations about 
its geochemical and geophysical properties. A compilation of these results can be 
found in the appendix. With the information gained from the core description, a sub-
division of the core into lithologic units will be possible. The results of luminescence 
dating, providing a detailed chronological classification, close the results from the 
NW09 core. A series of results from geochemical investigation on reference samples 
taken in the catchment area of the NW09 core will complete this chapter.

Lithology5.1	

The results of the sediment description are based on the analysis of the core from 
photographs, sketches and direct observations. The sediment core from Nieder-
weningen covers a total length of 93.6 m. As the thesis mainly focuses on the tran-
sition from MIS 6 into 5e, only the sequence that was assumed to represent this 
transition was sketched in detail. Based on a comparison of the NW09 core with the 
results from previous projects in the Wehntal (see chapter 3), a section from the 
bottom, of what is assumed to be the Eemian peat, at 9.36 m down to 18.83 m depth 
was identified as the MIS 6 to 5e transition. More than two meters were added below 
and above this sequence to assure an appropriate placement to the sedimentological 
context of the core. Hence, the core section presented here reaches from 21-7 m in 
depth (Fig. 5-1). 

Below the main sequence beginning at a depth of 18.83 m, a homogeneous succes-
sion of fine-grained sediment is present, reaching down to 44.50 m and consisting of 
grey clayey silts and silty clays. Further, a lamination of the sediment being attended 
by a change in colour from light- to dark-grey dominates this sequence (Fig. 5-1). 
The lamination frequently shows substantial deformation structures and therefore 
is only vaguely distinguishable. These deformations partially lead to a mottled sedi-
ment colour.

Above 18.83 m, a gradual change in sediment colour and grain-size can be noticed 
(Fig. 5-1). The colour changes from grey to light grey – brownish and even bluish 
layers (above 15 m). At the top of the transitional sequence from 10.50 to the begin-
ning of the peat sequence at 9.36 m, a slightly greenish colour occurs. The change 
in grain-size involves the occurrence of coarser grain-sizes such as lenses of sandy 
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silts or even fine or medium sand, e.g. at 16.28-
17.60 m. Further, two weakly consolidated sand-
stones were found in this band at 16.50 and 16.65 
m. From 12.80-14.25 m, a sequence of medium to 
coarse sand with irregularly occurring silt layers 
dominates. Nevertheless, the clayey silts and silty 
clays remain the prevailing grain-sizes, building 
up the background grain-size signal of the core 
sequence between 18.83 and 9.36 m. 

Besides these changes in colour and grain-size, 
there are three striking elements occurring in this 
transitional sequence: carbonate concretions, py-
rite formation and organic material. The first oc-
currence of a carbonate concretion is at 17.85 m 
depth. Such concretions with diameters of <1 cm 
up to 5 cm were found up to the bottom of the peat 
horizon at 9.36 m. From a depth of 16.25 m, black 
striations were recognised. Smear slide analyses, 
using polarisation filters, identified diagenetic 
pyrite as main source of the blackish colour ob-
served. Black striations and small grains (<1 mm) 
of pyrite are present up to 9.36 m. A first clear oc-
currence of organic material sets in at 14.78 m in 
form of small wood fragments. From 10.85 m up 
to the transition to the peat layer at 9.36 m, a con-
siderable increase in the amount and dimension 
of the wood fragments was observed. 

The peat horizon ranges from 9.36–7.55 m (Fig. 
5-1). The transition, however, is not abrupt but 
with an increasing humus content starting at 9.60 
m. A minor part of humous silts and clays remain 
in most parts of the peat. An almost pure peat was 
observed between 9.35-9.25 m and 8.25-8.00 m. 

 Core photograph from 7-21 m depth and lithology of the core sequence. The Figure 5-1:
lithology classification (CSSG) is clay, silt, sand and gravel.
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Above the peat horizon from 7.55-7.00 m, a rough lamination of green-brownish to 
grey sandy silts was observed. Some peat grains and wood fragments are still pres-
ent, but their amount decreases towards the top of the section. 

Based on this core description, nine major lithologic units divided into 18 differ-
ent sequences can be distinguished from 21-7 m, as shown in Fig. 5-2. Lithologic 
units are labelled in capital letters. The subscripted numbers explain slight differ-
ences within the same major unit or a repetition of the same unit higher above in 
the core.

Grain-size distribution5.2	

The results from grain-size measurements coincide with the results from sediment 
description (Fig. 5-3). The core part below 18.83 m (unit A) is fine grained with a 
median grain-size of 6-8 µm resulting in a dominance of the silt fraction (2-63 µm). 

For the sequence from 18.83-9.36 m, the grain-size distribution again shows a domi-
nance of the silt fraction (60-80%). In parts dominated by sand lenses, the silt con-
tent decreases to ~30%. The clay fraction (<2  µm) only varies between 10-20%, 
whereas the sand fraction (63-2000 µm) varies much more due to the occurrence 
of the sand lenses mentioned above. These sandy layers lead to an increase of the 
sand content from an average value of 1-5% to >55% (at 17.50 m, unit D1) or even 
>60% (at 16.80 and 13.80 m, unit D1 and D2). The median grain-size values above the 
transition at 18.83 m show a termination of the homogeneous grain-size conditions 
and follow the three sand fraction peaks in the units D1 and D2. The grain-size distri-
butions of the samples measured in these sand lenses all reveal a bimodal grain-size 
distribution pattern, showing two peaks in the distribution curves (Fig. 5-4). One 
peak reflects the sandy fraction in the samples with a grain-size around 200 µm, 
whereas the smaller second peak shows the fine-grained background signal of 6-10 
µm. In between and after these peaks, the median grain-size decreases to values 
from 6-10 µm and finally showing a slight, gradual increase throughout the peat 
layer ending up at values around 20 µm at 7 m depth.

Geochemistry5.3	

The results of geochemical investigations again show a clear change during the tran-
sitional sequence above 18.83 m depth. The homogeneous sequence between 44.50-
18.83 m does not reveal any remarkable variations in TOC, TIC and CaCO3 contents. 
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 Description of stratigraphic units deduced from sediment description.Figure 5-2:
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 Median grain-size and grain-size distribution curve from grain-size measure-Figure 5-3:
ment using the Malvern Mastersizer 2000 showing three sand peaks at 17.50, 16.80 and 
13.80 m.
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 Upper picture: Bimodality of grain-size distribution from the sample at 13.80 Figure 5-4:
m. The plateau around 6-10 µm reflects the fine-grained background signal, whereas the 
peak at ~200 µm shows the additional input of sandy material. A similar pattern can be no-
ticed at 17.50 and 16.80 m depth. Lower picture: Grain-size distribution from 18.50 m depth 
showing already a slightly increasing grain-size below the first sand peak at 17.50 m.
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The TOC shows stable results and very low values (mean = 0.37 ± 0.12 wt), whereas 
the carbonate content values are around 40-45 wt-% (mean = 43.95 ± 1.41 wt-%). 
As the CaCO3 values are directly deduced from TIC values, the TIC results contain 
exactly the same characteristics as the carbonate values and therefore are not pre-
sented separately. 

Contrary to the results revealed from sediment description, the geochemical inves-
tigations do not show a distinct change immediately after the transition at 18.83 m 
(Fig. 5-5). 

 Results from geochemical analysis. Left side: CaCOFigure 5-5: 3 curve showing a gradual 
decrease in carbonate content. The decrease is little delayed and does not start simultane-
ously with the changes in colour and grain size at 18.83 m. Right side: TOC curve showing 
no general changes after the transition at 18.83 m, but indicates the appearance of wood 
fragments at 14.78 m. Black line shows exaggerated values by a factor of 10.
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Despite a clearly visible decrease in the CaCO3 content in the course of the transi-
tional sequence from 18.83-9.36 m, the decreasing signal does not start synchro-
nously with the changes in colour mentioned above. The first measurement of this 
sequence shows a high carbonate value of 47.27 wt-% at 18.50 m, before the CaCO3 
content starts to decrease. The gradual decrease between 18.50-13.20 m is inter-
rupted by low carbonate values at 17.50 m (unit C), but then follows the previous 
decreasing pattern until 13.20 m, where the lowest CaCO3 value of the transitional 
sequence of 17.31 wt-% is reached. From 13.20-9.50 m, a carbonate plateau with 
values fluctuating around 30 wt-% occurs, before the peat horizon leads to very low 
values with a mean of 0.82 wt-% in units I1 and I2. 

The TOC content is in close relation with the presence of wood fragments in the core. 
Therefore, a first peak in TOC was observed synchronously with the first occurrence 
of wood pieces around 14.78 m. A second and much stronger increase in TOC was 
observed immediately before and during the peat sequence from 9.36-7.55 m. Due 
to the presence of a humous silt and clay layer within the peat sequence at 9.00-9
.25m (unit G3) , the TOC shows a change towards lower TOC values (Fig. 5-5).

Geophysical properties5.4	

In the homogeneous part below the transition at 18.83 m, bulk density, magnetic sus-
ceptibility and shear strength show only very little variation (Fig. 5-6). The density 
values fluctuate around 2.1±0.2 g cm-3, whereas the magnetic susceptibility values 
are very low ranging from 1.5-2.2. The fine-grained silty sequence leads to relatively 
high shear strength values of 1.0-1.2 N cm-2. 

The lowermost part of the transitional sequence immediately above 18.83 m (unit 
B1 and C) does not reveal any differences in bulk density and magnetic susceptibil-
ity, compared to the part below. The shear strength, in contrast, shows a decrease to 
0.65 N cm-2, coinciding with the slight increase in grain-size at 18.65 m. Up-core, the 
shear strength generally follows the grain-size variations, leading to very low shear 
strength values of 0.1-0.2 N cm-2 in parts dominated by sandy sequences.
The magnetic susceptibility remains very stable showing only one part with in-
creased values at 15.90-14.50 m (units E1 and E2). These elevated values of up to 
70.0 coincide with the appearance of diagenetic pyrites.
The bulk density curve shows almost a similar stability with the exception of low-
density values between 17.43-16.28 m (unit D1) and 13.95-13.42 m (unit D2). Disre-
garding these low-density peaks, a detailed observation of the curve reveals changes 
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in the mean density below and above the low values in unit D1 from 2.14 g cm-3 
(at 21.00-17.44 m) to 2.03 g cm-3 (at 16.26-13.96 m). The peat layers above 9.36 m 
(units I1 and I2) lead to decreasing shear strength, bulk density and magnetic suscep-
tibility values.

Palynology5.5	

Although the palynological investigations are done by Dr. Ruth Drescher-Schneider 
and are not completed yet, some intermediate results are shortly presented here, in 
order to support the interpretation of the NW09 core section. 

 Plots showing geophysical properties of the NW09 core from 21-7 m. Left Figure 5-6:
side: Magnetic susceptibility curve shows almost no variations except the peak between 
14.50-15.00 m probably resulting from the appearance of pyrite formation in the sediment. 
Black line shows exaggerated values by a factor of 10. Middle: Bulk density curve showing 
only very little variation, except from the decrease during the peat layers. Right side: Sear 
strength curve generally follows the variations in grain-size.
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The pollen analysis shows a conspicuous rise in the pollen concentration for the se-
quence from 18.83-9.36 m in comparison to the sequence below, accompanied by a 
gradual climate enhancement. A dominance of non-tree pollen can be noticed, with 
some sequences of pollen from Betula (birch) and Pinus (pine). At the beginning of 
the peat horizon in unit H1, an abrupt onset of Alnus (alder) vegetation can be no-
ticed (Drescher-Schneider, unpublished data). 

IRSL Dating5.6	

The results from IRSL dating include data from all the 24 samples taken, as all the 
samples were part of the measurement analysis process and due to better interpre-
tation possibilities. 

Test results5.6.1	

Prior to the analysis of the equivalent dose measurements, the results from the test-
ing procedure were analysed. The results from the dose recovery test show a ratio 
of the reovered/given dose between 0.97 and 1.13 (Table 5-1), whereas a value of 
1.00 would be ideal. The precision of the dose recovery test is highly dependent on 
the luminescence properties of the samples (Preusser et al., 2007). The mean rela-
tive standard deviation of 2.7% of the recovered doses indicates a good precision 
compared to values between 10-15% found for glacial deposits from Switzerland 
(Preusser et al., 2007). Further, two preheat tests were carried out on the sample 
NWE18, which revealed an ideal preheat temperature of 270°C (see Fig. 4-7). There-
fore, this preheat temperature was applied for all samples of the NW09 core (NWE1-
24). 

Preheat tem-
perature (°C)

Number of 
Aliquots

Recovered 
mean dose (Gy)

RSD      
(%)

Ratio recovered 
/ given dose

230 3 440.2 ± 5.4 0.8 1.03
250 3 473.6 ± 7.4 3.1 1.11
270 3 481.1 ± 9.6 0.6 1.13
290 3 437.6 ± 9.7 1.3 1.03
310 2 412.0 ± 13.6 7.4 0.97

 Results of combined dose-recovery and preheat test on sample NWE18. The lab-Table 5-1:
oratory dose induced was 426.4 Gy (=4000 s β-source irradiation). RSD is the Relative Stan-
dard Deviation. For an ideal procedure, the ratio of recovered/given dose is close to 1.00.
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The fading test was carried out, to check whether the IRSL signal is affected by anom-
alous fading or not. This test was again accomplished on the sample NWE18 and the 
results revealed a significant fading with a mean g-value (fading rate) of 2% per 
decade (Table 5-2). This value is within an expected fading rate of 4-6% per decade 
for polymineral fine-grain IRSL measurements of young samples (<40-50 ka)(Zink, 
2008). As all the samples measured are from the same sediment core, the fading rate 
was conferred to all other samples and the fading correction after Lamothe et al. 
(2003) had to be applied after the age calculation to unfade the calculated ages. 

Sample g-value
NWE18 a 0.015
NWE18 b 0.020
NWE18 c 0.015
NWE18 d 0.032

Mean : 0.02

Evaluation and selection of the D5.6.2	 e results

The Luminescence Analyst software automatically generates an exponential growth 
curve for each aliquot measured and calculates the resulting De values. As the signal 
intensity decreases over time, only a certain integral at the beginning of the detec-
tion time was taken into account. Equally, an integral at the end of the detection time 
was chosen as background signal and was subtracted from the signal measured dur-
ing the first integral (Fig. 5-7). To assure consistent measurements, the stimulation 
time, detection integral and background integral were chosen constant as shown in 
Table 5-3.

Sample Stimulation 
time Signal integral Background 

integral
NWE1-24 300 s 1-25 s 250-300 s

For reliable results, only the De values from the aliquots that passed the internal tests 
in the SAR protocol (recuperation- and recycling ratio) were included in the data 
analysis. Table 5-4 shows the results from all De measurements using IRSL. Recu-
peration and recycling ration were in an acceptable range for all aliquots, except one 
from NWE1 and one from NWE17.

 Results of the fading test applied on four different aliquots of the sample NWE18, Table 5-2:
revealing a mean fading rate (g-value) of 2% per decade.

 Table showing the evaluation parameters selected for all samples of the NW09 Table 5-3:
core.
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Dose rate results5.6.3	

The results of the dose rate determination are presented in Table 5-5. For the cal-
culation of the external dose rate, the water content of the sediment is needed. Al-
though the present water content was measured during the sample preparation, a 
uniform moisture content of 30±5 % was selected for all samples as an estimation 
of the primary conditions. For the calculation of the internal dose rate, the amount 
of potassium in the feldspars is needed. As in the laboratory, only a separation of 
potassium rich feldspars and not of pure potassic feldspars is possible, an empiri-
cally determined standard value of 12.5±0.5 % was taken, as proposed by Huntley 
and Baril (1997).

5.6.4 IRSL ages
The final results of the IRSL ages before and after the fading correction are shown in 
Table 5-6. Fig. 5-8 shows the unfaded ages in relation with the core depth. The IRSL 
ages from the NW09 core reach from ~300 ka at the bottom to ~50 ka in the upper 
part of the core. The age/depth model from Fig. 5-8 reveals a more or less continu-
ous increase of the ages with depth, however, with a few exceptions. 
The samples NWE9 and NWE10 are more than 100 ka older than the ones from 

 Result of the IRSL signal measured on sample NWE17. Blue lines show time in-Figure 5-7:
tegral considered for the De measurement (0-25 s) and green lines show time integral taken 
for the evaluation of the background signal (250-300 s).
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the over- and underlying samples. Furthermore, there is a gap in the chronology 
between the samples NWE17 and NWE18, which is exactly at the beginning of the 
transitional sequence at 18.83 m depth. The samples of the transitional sequence 
from 18.83-9.36 m (NWE18-NWE22) revealed very similar ages and are hardly dis-
tinguishable within their error bars. 

Sample
Aliquots 
selected/
measured 

Mean 
recycling 

ratio

Mean 
recuperation 

(%)

Mean De 
(Gy)

Standard er-
ror (Gy)

NWE1 2/3 0.93 <5 812.0 55.8
NWE2 3/3 0.99 <5 586.2 13.3
NWE3 3/3 0.99 <5 515.3 5.8
NWE4 3/3 0.97 <5 536.4 8.5
NWE5 3/3 0.99 <5 542.6 7.7
NWE6 3/3 0.95 <5 601.5 3.7
NWE7 3/3 0.98 <5 507.8 16.3
NWE8 3/3 1.02 <5 487.8 13.3
NWE9 3/3 0.94 <5 646.6 23.0

NWE10 5/5 0.95 <5 535.8 27.5
NWE11 5/5 1.01 <5 486.4 19.8
NWE12 3/3 0.99 <5 507.6 4.1
NWE13 5/5 0.98 <5 463.0 22.2
NWE14 5/5 0.98 <5 551.8 21.6
NWE15 5/5 0.99 <5 455.3 27.8
NWE16 5/5 1.00 <5 449.3 25.2
NWE17 4/5 0.98 <5 429.3 14.1
NWE18 3/3 0.97 <5 349.0 3.0
NWE19 3/3 0.96 <5 358.4 4.1
NWE20 3/3 0.93 <5 301.7 2.9
NWE21 3/3 0.92 <5 351.7 3.0
NWE22 3/3 0.99 <5 292.5 1.3
NWE23 3/3 0.97 <5 132.3 2.6
NWE24 3/3 0.99 <5 130.3 2.8

 Results of all equivalent dose (DTable 5-4: e) measurements, including results from recu-
peration and recycling ratio test. For reliable data, the recycling ratio has to be in the range 
of 0.9-1.1 and a recuperation value of <5% has to be reached, which is the case for all sam-
ples.
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 Results from dose rate determination. U, Th and K values were converted after Table 5-5:
the gamma spectrometry using conversion factors a Adamiec and Aitken (1998). M is the 
moisture content measured in the laboratory during sample preparation and W is the esti-
mated primary water content used for the dose rate calculation.
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Sample Age              
(ka)

Age unfaded 
(ka)

NWE1 217.3 ± 23.7 259.60 ± 28.34
NWE2 258.0 ± 26.3 308.77 ± 31.51
NWE3 230.0 ± 23.6 274.93 ± 28.24
NWE4 253.3 ± 26.0 303.09 ± 31.14
NWE5 239.5 ± 24.4 286.41 ± 29.21
NWE6 278.8 ± 28.3 333.93 ± 33.93
NWE7 222.5 ± 23.0 265.87 ± 27.51
NWE8 210.9 ± 21.5 251.87 ± 25.71
NWE9 312.3 ± 33.7 374.50 ± 40.45

NWE10 299.3 ± 32.5 358.75 ± 38.99
NWE11 199.2 ± 21.7 237.76 ± 25.93
NWE12 211.5 ± 20.9 252.60 ± 24.99
NWE13 193.3 ± 21.4 230.64 ± 25.56
NWE14 227.9 ± 24.2 272.39 ± 28.95
NWE15 192.5 ± 22.5 229.68 ± 26.87
NWE16 179.6 ± 20.4 214.13 ± 24.34
NWE17 178.2 ± 18.3 212.45 ± 21.84
NWE18 114.7 ± 11.1 136.12 ± 13.19
NWE19 99.7 ± 9.9 118.15 ± 11.75
NWE20 105.8 ± 10.0 125.46 ± 11.87
NWE21 120.4 ± 11.3 142.96 ± 13.43
NWE22 102.8 ± 9.6 121.86 ± 11.40
NWE23 43.7 ± 4.3 51.35 ± 5.06
NWE24 41.7 ± 4.2 48.98 ± 4.94

 Results of the calculated IRSL ages before and after Table 5-6:
fading correction.
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 Results of IRSL dating plotted versus depth. Age/depth model showing the fad-Figure 5-8:
ing corrected ages of all NW09 samples.
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Reference samples5.7	

After the measurements and a first observation of the samples from the NW09 core, 
the idea came up to take recent reference samples from the catchment area in or-
der to have additional information for the placement and interpretation of the core 
samples. Therefore, a series of fine-grained samples from the river Glatt, one sample 
from the river Surb and several samples from Lake Zurich were taken for a carbon-
ate analysis. The samples from Lake Zurich originate from cores taken for a past 
project of the ETH Zurich and are of late-glacial age (Strasser and Anselmetti, 2008). 
Detailed information about their position, age and geophysical properties can be 
found in Strasser and Anselmetti (2008). The carbonate measurements were con-
ducted at the EAWAG in Dübendorf.

The results of the carbonate measurements and the detailed sampling locations of 
the Glatt and Surb samples are presented in Table 5-7. The Lake Zurich samples re-
vealed a mean CaCO3 content of 31.8 wt-%, whereas the samples from the River Glatt 
showed a much higher mean carbonate content of 43.4 wt-%. As only one sample 
from the river Surb was taken, the result is not representative, but at least revealed 
an approximation value of 33.7 wt-%.

Sample Location                        
(WGS84 coordinates)

CaCO3 
(wt-%) Mean Standard 

deviation
Glatt1 47.322 N / 8.708 E 41.8

44.6 6.7
Glatt2 47.379 N / 8.646 E 56.7
Glatt3 47.515 N / 8.519 E 41.4
Glatt4 47.524 N / 8.519 E 37.1
Glatt5 47.573 N / 8.477 E 45.9
Surb 47.501 N / 8.340 E 33.7 33.7

ZHK04-4 0.4m 47.151 N / 8.899 E 22.2

31.8 6.8

ZHK04-4 0.8m 47.151 N / 8.899 E 24.4
ZHK04-5 0.4m 47.130 N / 8.452 E 39.7
ZHK04-5 0.8m 47.130 N / 8.452 E 39.5
ZHK04-6 0.4m 47.146 N / 8.406 E 39.9
ZHK04-6 0.8m 47.146 N / 8.406 E 26.5
ZHK04-7 0.4m 47.163 N / 8.363 E 33.0
ZHK04-7 0.8m 47.163 N / 8.363 E 29.0

 Results of the reference samples from the rivers Glatt and Surb and from the Table 5-7:
Lake Zurich.
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In the following chapter, the results presented above are interpreted and discussed 
with the focus on two main issues. The first one deals with the paleo-environmental 
evolution based on the IRSL ages in combination with the sedimentation history. 
The second main issue covers the interpretation of the geophysical and geochemical 
results concerning the depositional environment of the different units.

Paleo-environmental history6.1	

This chapter includes the interpretation and the discussion of the dating results 
from the whole NW09 core. Based on the IRSL ages, sedimentological observations 
of the whole core (done by Hans Axel Kemmna) and a placement of the samples in 
the context of the isotopic event stack after Bassinot et al. (1994), a paleo-environ-
mental chronology of the NW09 core was generated (Fig. 6-1). Therefore, the core 
was divided into the following sequences: a sequence of Molasse and lodgement till 
is followed by a long sequence of lacustrine clay, containing dropstones and a second 
section of lacustrine clay without dropstones. Further up-core, the lacustrine sedi-
ments (units A-G), analysed in detail in this thesis, the peat of units H1 and H2 and 
finally, post Eemian lacustrine sediments and the mammoth peat follow. The present 
chapter tries to reconstruct the climatic conditions and changes leading to the differ-
ent sequences from Fig. 6-1. 

The lowermost luminescence sample NWE1 was taken in the Molasse sequence and 
showed a mean age of 260 ka, which is slightly younger than the age from the sam-
ples above, but still within their error range. Concerning the project’s research ques-
tion about the time of the valley formation, this age would propose a glacial erosion 
down to the Molasse during MIS 8. Whether this glacier advance during MIS 8 was 
responsible for the overdeepening of the Wehntal or the valley formation already 
took place during an earlier ice age remains uncertain. The hypothesis of an over-
deepening during MIS 8, however, would support the general assumption of a glacial 
overdeepening during a Mid-Pleistocene ice age (Hantke and Wagner, 2004). Penck 
and Brückner (1909) suggested a formation of the Alpine valleys during the early 
Riss glacial stage, which probably corresponds to MIS 6 (Ehlers and Gibbard, 2007; 
Dehnert et al., 2010). Schlüchter (1987), however, suggested an age of at least one 
glacial cycle earlier than the Riss glacial (Hantke and Wagner, 2004), which would be 
MIS 8 or older and hence, in the age range of NWE1. A final conclusion concerning 
the age of the formation of the Wehntal, however, is not possible.
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 Combination of the fading corrected IRSL ages and sedimentological observa-Figure 6-1:
tions of the whole NW09 core. The red arrow marks a possible gap during MIS 6.
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6 Interpretation and Discussion

During the phase of the first lacustrine clay, the IRSL ages of the samples NWE2–
NWE7 revealed mean ages from 334-266 ka, which correspond to the MIS 8 glacial.  
The presence of dropstones in this sequence supports the findings of a deposition 
during the MIS 8 glacial and is a clear evidence for stating the lake in the Wehntal as 
a proglacial lake. Consequently, the position of the glacier must have been close to 
the valley, causing calving icebergs and the deposition of dropstones at the drilling 
location.

For the second sequence of lacustrine clay, the IRSL ages of the sample NWE8-NWE17 
show mean ages of 272-212 ka and therefore can be placed in the MIS  7 interglacial 
or slightly beyond. The lack of dropstones in this sequence is an indicator for a re-
treat of the glacier. The facts that glaciers are very sensitive to temperature changes 
(Ehlers, 1996) and that the sequence was dated as MIS  7 support the option of a 
retreating glacier. Except for the samples NWE9 and NWE10, the IRSL ages show a 
constant gradient within their error ranges. This can be interpreted as an indicator 
for a continuous sedimentation and an undisturbed sediment sequence. The ages of 
NWE9 and NWE10 are far beyond all the other ages measured and seem to be over-
estimated. A possible explanation for the overestimation may be the fact that both 
samples were taken from sandy layers. These units may originate from events with 
high transport-energies, leading to a short exposure-time to daylight, a high suspen-
sion load in the water and hence, to incomplete bleaching of the minerals before and 
during the deposition. 

For the following section of lacustrine clays from units A-G2, the IRSL measurements 
of the samples NWE18-NWE22 show an age range of 143-118 ka. Taking into ac-
count the uncertainty of the ages (see Table 5-6) of approximately 10%, they are 
representing the transition from MIS  6 into MIS  5e (Eemian interglaical). Compar-
ing these ages with the ones from the sequence below, a hiatus of approximately 
70 ka, including most of the MIS  6, can be observed between the samples NWE17 
and NWE18, within only 3.35 m. As a change in colour and grain-size can be ob-
served at 18.83 m (between unit A and B1), perhaps representing an unconformity, a 
possible explanation for the hiatus would be a glacier advance during MIS  6 into the 
Wehntal, eroding the material deposited during this 70 ka and leading to this lack of 
sediment. That would be a possible option, if there were any marks of an advancing 
glacier in the dataset. The investigations, however, did not reveal any signs for glacial 
erosion in the dataset, except a slight increase in shear strength from 19.80-19.20 m 
(see Fig. 5-6). Another option for the observed discontinuity could be a glacier that 
was frozen on the lake bed and hence did hardly leave any other marks than the 
increasing shear strength (Ehlers, 1996). For such a glacial advance, however, the 
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unconformity seems far too unarticulated. An alternative hypothesis leading to a 
less articulated unconformity would be a swimming glacier, isolating the lake from 
any additional input and thus leading to a lack of sediment. This would be possible, 
if the sub- and supraglacial material was deposited elsewhere in the lake after the 
melting of the swimming glacial ice and icebergs. Besides the options assuming a 
glacier advance during MIS  6, there is also the possibility of cold conditions but no 
advance of the glacier into the Wehntal, causing a lack in the sediment. This lack of 
sediment would then be explained by minimal input from the catchment area of the 
lake leading to very low sedimentation rates. This hypothesis of ice free conditions 
in the Wehntal during MIS 6 is supported by Wyssling (2008), who suggested that 
the Glatt valley to the east of Niederweningen was probably not covered with ice, as 
the glacier did not get over the ridge at Hombrechtikon. This proposition, however, 
differs considerably from the statement of Buxtorf (1957),  suggesting a massive gla-
ciation during the Riss glaciation, which probably corresponds to the MIS 6, as men-
tioned above. Although the moraines of this glaciation are missing, the extent of the 
glaciation can be reconstructed by the occurrence of basal lodgement till and erratic 
boulders (Buxtorf, 1957). Based on these reconstructions, the MIS 6 glaciation may 
have reached the northern border of Switzerland at Schaffhausen and Konstanz and 
even further to the north (Buxtorf, 1957). Moreover, the dating of the penultimate 
glaciation erratic boulder by Graf et al. (2007), mentioned in chapter 3.2 is another 
evidence for a massive glaciation during MIS 6. These facts rather support the exis-
tence of a glacier in the Wehntal during MIS 6 and hence, an explanation of the hiatus 
based on a glacial impact. 

Another possibility to explain the time lag could be caused by problems in the age 
determination. The most probable error in this case, again, would be incomplete 
bleaching of the samples below the hiatus (NWE7-NWE17), due to the turbid melt 
water of the proglacial lake. 
For the age interpretation of the entire section above the discontinuity from units B1-
G2, the results from Fig. 6-1 show that the IRSL ages of the samples NWE18-NWE22 
are all very similar and hence, there is not much time included in this whole transi-
tional sequence. This leads to the interpretation of a quite fast transition from MIS 6 
into MIS 5e, despite the lack of a detailed chronology. For a more detailed inter-
pretation of the transition, a higher IRSL sample density would be needed. Another 
fact complicating the temporal reconstruction of the transition is represented by the 
abrupt onset of Alnus pollen to ~25% at the beginning of the peat unit H1, represent-
ing a hiatus between the units G2 and H1 (Drescher-Schneider, unpublished data). As 
there are hardly any investigations concerning the velocity of the MIS 6-5e transition 
for Switzerland, the isotopic event stack of Bassinot et al. (1994) was taken into ac-
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count. The dataset as well shows a quite fast transition from MIS 6-5e of ~6 ka and 
hence, supports the hypothesis deduced from the IRSL ages of the NW09 core. 
The uppermost two IRSL samples (NWE23 and NWE24) originate from a sequence 
of lacustrine sediments between the Eemian peat and the mammoth peat and re-
vealed mean ages of 51-49 ka. These ages coincide with results from previous proj-
ects in Niederweningen, which dated the mammoth peat to ~45 14C ka BP (Hajdas 
et al., 2007) and hence, represent an independent age controll for the luminescence 
ages. The occurrence of lacustrine sediments probably reflects a period of re-flood-
ing (Kemmna et al., unpublished data; Dehnert et al., unpublished data).

One important issue concerning the interpretation of the IRSL ages is their reliabil-
ity. As already mentioned, the fact that the calculated ages show a quite consistent 
increase with depth is an evidence for a reliable age determination. Moreover, the 
justification for the outlying values NWE9 and NWE10 and the accordance of the 
ages from NWE18-NWE22 compared to palynological analysis for the pre-Eemian 
period (Drescher-Schneider, unpublished data) confirm the reliability of the ages. 
Nevertheless, there are still possible sources of errors, which could argue against 
the reliability of the IRSL ages. One issue concerning the samples from this core is 
the anomalous fading and the associated fading correction. As the testing procedure 
for the detection of anomalous fading was carried out only on one sample, the fad-
ing rate had to be adopted by all other samples. Although the samples are all from 
the same location, the different samples could hold different fading rates. To dimin-
ish this source of error, every sample should be tested on anomalous fading, which 
would be quite time-consuming. Another possible source of error has already been 
discussed above and concerns the phenomenon of incomplete bleaching during the 
transport and sedimentation process. Besides the sandy layers possibly originating 
from high transport-energy events (e.g. NWE9 and NWE10), also sediments depos-
ited during a glacial period, characterised by a high amount of suspension load in 
the melting water leading to a shielding from light, could be affected by incomplete 
bleaching. The samples NWE2-NWE7 may show this effect, as the occurrence of 
dropstones is an evidence for the proximity of the glacier and an associated higher 
impact of turbid melt water. Nevertheless, a comparison with the samples above 
(NWE11-NWE17) shows a gradual progression of the IRSL ages and hence, probably 
do not reveal an overestimation due to incomplete bleaching. 
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Environmental conditions during deposition at the MIS 6-5e transition6.2	

In order to merge all the information from the different datasests and for an inter-
pretation of the depositional environment of the sediment, the core sequence from 
21-7 m was subdivided into ‘depositional units’, less detailed than the lithologic units 
from Figure 5-2 (Fig. 6-2). This less detailed subdivision is based on observations 
showing that the lithologic units from sediment description show more detailed 
characteristics than the data from geophysical and geochemical investigations. For 
a reconstruction of the depositional environment, however, these datasets are the 
main source of information and therefore, this less detailed subdivision seems fea-
sible. Nevertheless, the lithologic units are still included in the discussion. 
The following interpretation is mainly focused on two variables, namely the grain-
size and carbonate content values, as most of the variations in one of the other vari-
ables can be deduced or at least be apparent in one of these two datasets. To assure 
that grain-size and carbonate values are independent from each other and hence 
contain different information, a correlation analysis was carried out. Thereby, the 
carbonate values were plotted separately against various grain-size fractions (clay, 
silt, fine-sand and sand) and against the median grain-size values. None of the sam-
ples showed significant correlation as can be deduced from the determination coef-
ficients in Table 6-1. Therefore, the carbonate values seem not to be coupled to the 
grain-size signal, reflecting mainly the system’s transport energy.

Variables Determination coefficient (R2)
CaCO3 vs. Clay (<2 µm) content 0.16

CaCO3 vs. Silt (2-63 µm) content 0.21
CaCO3 vs. Sand (63-2000 µm) content 0.22

CaCO3 vs. Fine-sand (63-250 µm) content 0.17
CaCO3 content vs. Median grain-size 0.16

 Correlation analysis between CaCO3 content and different grain-size fractions. Table 6-1:
The determination coefficients shwo all values far below a significant correlation.

The first one of these depositional units (Dep-1) reaches from the bottom of the 
core sequence at 21.00 up to 17.60 m (units A, B1 and C), where the CaCO3 content 
starts to decrease. The reason for choosing the threshold according to the changing 
carbonate values and not to the shifting grain-size and sediment colour at 18.83 m is 
based on statistical tests. Thereby, the Welch Two Sample t-test was applied to deduce 
significant changes in the means before and after the transition. As the conditions 
below 21.00 m stay very stable for both, grain-size and carbonate, the datasets for 
the testing procedure were expanded with the values down to 44.50 m. The results 
only revealed a significant difference in the means for the carbonate values, albeit on 
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 Illustration of the four depositional units. The formation of these units is mainly Figure 6-2:
based on the course of the carbonate and grain-size values.
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a very low significance level (Table 6-2). Hence, the choice for drawing the limit at 
17.60 m seems feasible. The second depositional unit (Dep-2) ranges from 17.60 up 
to the end of the decreasing carbonate values at 12.94 m (units D1-D2) and the third 
one (Dep-3) ends with the beginning of the peat horizon and the related decrease of 
the carbonate values down to <1% at 9.36 m (units F1-G2). The peat horizon repre-
sents the fourth depositional unit (Dep-4) reaching from 9.36-7.55 m (H1-H2).

Samples Mean t-value 95% confidence 
interval p-value

Grain-size 44.50-18.83 m 12.4 µm
-1.51 -52.29 to 8.57 0.15

Grain-size 18.83-12.94 m 34.3 µm
Carbonate 44.50-17.60 m 44.10 wt-%

7.5 11.17 to 20.18 3.83E-06
Carbonate 17.60-12.94 m 28.43 wt-%

 Results from Welch Two Sample t-test. A 95% confidence level was chosen to de-Table 6-2:
duce significant variation between two groups. If the t-value is within the 95% confidence 
interval, there is no significant difference between the means of the two samples, which is 
not the case for the carbonate samples. The p-value represets the significance level of the 
test result. In this case, neither of the two values shows a highly significant level.

The lowermost unit (Dep-1) is characterised by very low TOC contents and the ab-
sence of any plant or wood fragments. Additionally, the silty lacustrine sediments 
show a high CaCO3 content. These high carbonate values of ~45  wt-% combined 
with the dominant silt fraction are indicators for detritic material originating from 
glacial erosion of carbonate-rich rock in the catchment area of the glacier. The fact, 
that the carbonate and grain-size values of unit Dep-1 are very homogeneous and do 
not change remarkably down to 44.50 m leads to the interpretation of steady depo-
sitional conditions in the proglacial lake during quite stable climatic conditions. This 
interpretation, however, is contradictory to the findings from the Meikirch pollen 
record in the Swiss Midlands (Preusser et al., 2005). A combination of  luminescence 
dating and palyonological analysis revealed quite unstable climatic conditions for 
the Meikirch record during MIS 7, implying three intervals with interglacial charac-
ter (Preusser et al., 2005). 

The depositional unit Dep-2 is characterised by the peaks of increased grain sizes 
with a sand content >60%, the decreasing carbonate content from ~45 wt-% (unit 
C) down to 17 wt-% (unit D2) and inhomogeneous values in almost all other data-
sets. The three sandy peaks in units D1 and D2 with their bimodal grain-size distri-
bution are an indicator for different transport modes (Kovacs, 2008), which may 
possibly be caused by a change in the catchment or additional input from sources 
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outside of the glacier’s catchment area. As the silty background signal, which can be 
interpreted as the ‘glacial’ signal, remains present during the whole unit, the sandy 
input could possibly originate from lateral input of the valley slopes. An argument 
supporting this theory is the climatic amelioration during this period, founded by 
the occurrence of higher TOC values in unit E2, which may have led to a destabilisa-
tion of the valley slopes and to gravitational mass movements. 
In contrast to the interpretation of the grain-size values, the results of the decreasing 
carbonate values from unit D1-D2 may support the hypothesis of a changing catch-
ment during the unit Dep-2 and an associated glacial erosion of weathered, car-
bonate depleted rocks from the catchment area. An alternative hypothesis possibly 
leading to such low carbonate contents of <20 wt-% may be explained by post-sedi-
mentary processes. If a percolation of acidic water originating from the peat horizon 
above reached down to this depth, an in-situ decomposition of the carbonate-rich 
sediment can show such an effect. The presence of the two sandy layers (D1 and D2) 
might support the percolation process due to their high porosity. The fact that most 
of the sediment below the peat is very fine-grained, that the distance to the peat ho-
rizon is four to seven meters and that the carbonate content in unit Dep-3 increases 
again, however, diminishes the probability of this process. 
In the course of unit Dep-2, the extent of the proglacial lake in the Wehntal and with 
it the distance of the borehole to the lakeside possibly could have undergone small 
changes. The increased median grain-sizes in the units C and D compared to the unit 
A may be indicators for a less distal lakeside and a slowl silting up during the transi-
tion into the Eemian interglacial. 

The depositional unit Dep-3 reveals much less variation than the unit below. The 
most conspicuous elements are the slowly increasing amount of organic material 
towards the peat horizon in unit G2 and the increased and stable carbonate values at 
a level of ~30 wt-% in the course of the units F1-G2. Concerning the position of this 
unit immediately below the peat, the increasing organic fragments are an obvious 
effect of increasing temperatures during the transition into the Eemian interglacial 
(MIS  5e). In contrast, the interpretation of the carbonate values is more complex 
and may have different possible causes. One possibility could be an increasing in-
fluence of the local signal (e.g. from the Lägern limestone, the cover gravel or the 
upper freshwater molasse). A comparison with the recent reference sample from 
the river Surb, which shows a value of 33.7 wt-% (see Table 5-7) may support this 
possibility, although this value is not representative by the reason mentioned above. 
A fact contradicting this theory are the carbonate values measured near the surface 
of the NW09 core, just above the mammoth peat. This section is assumed to repre-
sent probable reference values for the local signal, as it was not influenced anymore 
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by the glacier and its proglacial lake. Hence, the main influence during this time pe-
riod younger than the mammoth peat originated from fluvial and alluvial activities 
(Anselmetti et al., in press) and revealed a carbonate content of ~10 wt-% (see ap-
pendix).
Another possible explanation for the increasing carbonate values may be caused by 
biogenic decalcification of Calcium in the water column. This process is induced by 
a high amount of photosynthetically active plants extracting CO2 out of the Calcium 
bicarbonates dissolved in the water and hence, leading to the precipitation of CaCO3 
(Vymazal, 1995). Although the increasing temperatures could induce a growth of 
algae and thus leading to an increased photosynthesis activity, this reasoning seems 
to be quite implausible due to the very low TOC values in the units F1-B4. 
A third possibility could again be a change in the catchment area, similar to the one 
discussed for the change from Dep-1 into Dep-2. The unit Dep-1 showed a stable 
carbonate plateau at ~45 wt-% and so does Dep-3, but on a lower level at ~30 wt-%. 
These stable values during Dep-3 may represent stable conditions after a change 
in the catchment area during Dep-2. Based on this assumption, the unit Dep-2 may 
reflect an intermediated unit where the ongoing change in the catchment area of the 
glacier and a lateral input interfere with each other. This could be an explanation 
for the strongly varying values in this unit. Another theory supporting the option 
of a changing catchment area is a possible Younger Dryas-type cooling event (e.g. 
Sarnthein and Tiedemann, 1990) leading to a re-advance of the glacier and an asso-
ciated integration of carbonate-rich areas in the glacier’s catchment. The plausibil-
ity of such an event during a glacial-interglacial transition was already discussed in 
chapter 1.2.2. The increasing amount of wood fragments at the top of this sequence 
in units G1 and G2, however, does not support this theory.
Concerning the extent of the proglacial lake in the Wehntal, the unit Dep-3 does not 
show indicators for a possible change of the lake level towards the Eemian, such as 
observed in unit Dep-2. Only the occurrence of wood fragments and the increasing 
organic material of the units G1 and G2 could be indicators for a decreasing distance 
from the borehole to the lakeside. 

The unit Dep-4 is characterised by its black and dark brown colour, the strongly in-
creasing TOC values, the high amount of wood and plant particles and the very low 
carbonate content. Based on this high amount of organic carbon, the results from 
palynological analysis (Drescher-Schneider, upublished data), the IRSL ages from 
immediately below the peat (NWE18-NWE22) and also the knowledge from previ-
ous projects (Welten, 1988; Anselmetti et al., in press), this unit can clearly be de-
fined as the Eemian interglacial (MIS 5e). The formation of the Eemian peat reflects 
a vast retreat of the glacier, due to a strong warming at the beginning of MIS 5e (Kühl 
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and Litt, 2003). Palynological analysis from Müller (2001) based on profiles from 
southern Germany support these findings. The Füramoos profile revealed mean an-
nual temperatures of 2-3 °C for late MIS 6 followed by an increase of mean annual 
temperatures to >8 °C for early MIS 5e (Müller, 2001). The Eemian peat of the units 
H1-H2 reflects a disappearance of the proglacial lake at the position of the borehole 
and the formation of a swampy landscape. The lowering of the lake level seems to 
have happened quite fast, as the transition from unit G2 into H1 is fairly pronounced. 
Such a fast lowering of the lake level before the Eemian peat has already been ob-
served in the Niederweningen core from 2007 (Anselmetti et al., in press). Basically, 
there are two possibilities leading to such a fast lowering of the lake level, a change 
in the system’s influx or in its runoff. A change in the influx would be possible, if the 
melting glacier retreated beyond a topographic barrier, leading to the breakdown of 
meltwater intput into the lake. Such a topographic barrier could possibly represent 
the ridge at Hombrechtikon (see Fig. 2-3). The other possibility of a change in the 
runoff, however, seems more feasible for a fast lowering of the lake level. A breaking 
dam could possibly lead to such a fast runoff. The results from pollen analysis sup-
port this possibility, as the palynological analysis revealed a hiatus below the Eemian 
peat due to abrupt onset of Alnus pollen (Drescher-Schneider, unpublished data). A 
runoff flood caused by a breaking dam could perhaps have enough erosional power 
to result in such a hiatus (Anselmetti et al, in press). Nevertheless, the core observa-
tions have not found a clear evidence for a hiatus at this depth and a verification of 
the hiatus based on IRSL measurements was not possible, as luminescece dating is 
not suitable for dating peat.
A further observation, concerning the changing lake levels, was made during the 
light-gray unit G3 in between the peat horizons of units H1 and H2. The occurrence of 
silty sediment with a decreased TOC content and increased shear strength and den-
sity values very similar to the ones in unit G2 and G1 could be a possible indicator for 
a temporary re-flooding of the borehole location. Such an event would theoretically 
match to a Younger Dryas-type cooling event (e.g. Seidenkrantz, 1993) causing a re-
advance of the glacier and a re-flooding of the Wehntal. In reality, however, the time 
of only ~3 ka as proposed by Sarnthein and Tiedemann (1990) seems far too short 
to cause such an enormous glacier advance causing a re-flooding and a deposition 
of 25 cm of lacustrine sediment (unit G3), after the formation of an almost pure peat 
horizon (unit H1). More possible would be an event flushing sediment of the unit G2, 
deposited on a higher level near the former lakeside of the proglacial lake, down to 
the borehole location. 
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A combination of the most important and most probable findings from dating, en-
vironmental and climatic interpretations is presented in this chapter. On the basis 
of these findings, an attempt to answer the research questions proposed in chapter 
1.2 is made. As many uncertainties are still remaining and the Niederweningen proj-
ect is still going on, an outlook on possible upcoming research work will close this 
chapter.

Conclusions7.1	

The sediment from the Niederweningen core NW09 reaches back to around 300 ka 
at its bottom. After a period with extensive glaciation during MIS 8, a retreat of the 
glacier, associated with a disappearance of dropstones in the sediment, during MIS 7 
took place. The reconstruction of the extent of the glacier during MIS 6 was not pos-
sible, as IRSL dating revealed a gap between MIS 7 and the transition from late MIS 6 
to 5e. The reason for this time gap is either an erosion of the lake sediments deposit-
ed during MIS 6, a very low sedimentation rate or unreliable IRSL ages. The findings 
from IRSL dating, however, were supported by the observation of an unconformity 
in grain-size and sediment colour within the core at 18.83 m depth. Above this un-
conformity, a gradual change in the composition of the lake sediment was detected, 
leading to the conclusion of a slow enhancement of the climatic conditions towards 
the Eemian interglacial. These observations are supported by the palynological inves-
tigations. The variability in the different datasets, however, does not reveal a gradual 
temperature increase, but an interaction of different climate-related processes. Such 
processes may lead to changes in the catchment area of the proglacial lake and the 
glacier or to an increasing influence of the local geological environment. After this 
turbulent sediment succession, the onset of the Eemian peat is clearly visible and 
data from geophysical, geochemical and palynological analysis showed an overall 
consistency. Just the quite abrupt onset of the Eemian peat leads to difficulties in 
the interpretation, as results from pollen analysis revealed a possible hiatus at the 
beginning of the Eemian peat, originating from a rapid lowering of the lake level. 

Based on these findings and on the interpretation from chapter six, an attempt to 
provide different possible answers to the main research questions follows:
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-	 The thesis’ goal concerning the reconstruction of the ice extent in the Wehn-
tal during MIS 6 failed, as the IRSL ages revealed a time gap exactly for the 
period of most of the MIS 6. Whether the presence of a glacier, extremely low 
sedimentation rates or unreliable IRSL ages are the reason for this time gap is 
hard to reconstruct. A tendency towards the presence of a glacier during MIS 6, 
however, is dominant, as several sites in the Swiss Midlands propose a major 
glaciation during MIS 6. Nevertheless, the NW09 core can most probably not 
contribute to the discussion of the extent of Alpine glaciers and their advance 
into the Swiss Midland during MIS 6.

-	 In contrast to the IRSL ages from MIS 6, the transition from late MIS 6 into 
MIS 5e revealed quite consistent results. The luminescence samples measured 
in the section from unit A to G2 (NWE18-NWE22) showed an age range of 143-
118 ka and therefore are all situated around the transition into the Eemian in-
terglacial, taking into account the uncertainty of ~10%. Bassinot et al. (1994) 
placed the transition between MIS 6 and MIS 5e at 127 ka, which coincides 
with the ages from the NW09 core. The velocity of the transition from glacial 
into full interglacial conditions is difficult to reconstruct, as there are two pos-
sible locations for a hiatus in the core: one at 18.83 m and another one imme-
diately below the Eemian peat. Nevertheless, the fact that all the samples show 
ages, which are very close to each other leads to the interpretation of a quite 
fast transition. 

-	 The detection of a Younger Dryas-type cooling event during the transition from 
MIS 6 into MIS 5e was not that obvious as presented in literature or in the iso-
topic event stack from Figure 3-2. The interpretation of the results revealed 
two possible periods, in which such a cooling event could have happened. The 
first one is a cooling event in the course of the depositional unit Dep-3 and the 
second one a cooling event in between the two peat sequences H1 and H2. Both 
possibilities, however, do not seem very accurate, as there are too many con-
tradicting arguments.

-	 For an interpretation of the results, reliable IRSL ages are essential. The reli-
ability, however, is not the same for all the samples measured, as the sediment 
composition and the conditions during deposition vary day by day. For the 
youngest samples NWE23 and NWE24, the ages seem quite reliable, as they 
coincide with the results from previous Niederweningen projects (Hajdas et 
al., 2007). The fact that the samples immediately below the Eemian interglacial 
(NWE18-NWE22) are all situated very close to each other and that the ages 
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match the results from palynological analysis (Drescher-Schneider, unpub-
lished data) confirms their reliability. For the samples (NWE1-NWE17), the 
chance of getting reliable ages decreases. The most probable processes lead-
ing to unreliable IRSL ages are age underestimation due to anomalous fading 
and age overestimation due to incomplete bleaching. The fact that the ages 
measured show a gradual increase with depth and the outlying values can be 
justified, however, are positive arguments concerning the reliability of the IRSL 
ages measured from the NW09 core.

Outlook7.2	

Niederweningen provides an interesting archive for Quaternary research and there 
is still a lot of yet undiscovered potential and knowledge in the Wehntal and also in 
the cores already taken. As the Niederweningen project is continuing and there are 
still a lot of uncertainties remaining, some suggestions for further research work or 
methodological improvements, deduced from experiences during the work on this 
project, are presented in this chapter.

-	 For the reconstruction of the MIS 6 glaciation in Switzerland, further projects, 
not only in the Wehntal, but also in other glacial valleys in the Swiss Midland, 
are required. Another drilling in the Wehntal including the MIS 6 would be 
interesting for a comparison of the results and especially to see, whether the 
possible unconformity is just a local phenomena or can be found across the 
entire valley. 

-	 In order to obtain representative measurements from reference samples, the 
number of samples of the Surb should be increased. This would allow a signifi-
cant comparison of the present and the past conditions of the local catchment 
area of the Wehntal.

-	 As mentioned above, a reliable age determination is essential for good results. 
The two main problems, anomalous fading and incomplete bleaching, have 
to be minimised as far as possible. One option to obtain more reliable results 
could be the application of other OSL methods on the same samples. A pos-
sibility to obtain a better fading correction would be an increasing number 
of fading tests and an individual calculation of the fading rate for every single 
sample. 
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A	 Compilation of measurement results

A-1: Compilation of all results from the NW09 core for 21-7 m depth. Black lines show exag-
gerated values by a factor of 10.
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B-1: Measurement sequence for the combined preheat and dose-recovery test.
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B-2: Standard SAR sequence as used for all measurements of the NW09 core.
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10 Appendix

C-1: Geochemical and geophysical results of the entire NW09 core. Black lines show exag-
gerated values by a factor of 10.

C	 Results from the enire NW09 core
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