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Summary

Aeolian sedimentssuch as loess and lake sedimearts representing one of the most
detailed terrestrial archives of climate and environment change. One of the challenges in
Quaternary research is to make these archives accessible by obtaining reliable cheotmlogie
get further insightinto past climate and environmental processes which are leading
subsequently to a better understanding of the future climate and helping to improve the
accuracy of climate change predictions.

Luminescence dating is one of the momaportant and most commonly used tools for
determining thaleposition age of Quaternary sedime@sartz andeldspar, which are used
as dosimeters to date aeolian depobitsyever, botrexhibit disadvantages quartz saturates
at comparatively low doseand feldspar suffefrom anomalous fadingesulting in an upper
dating limit of 100150 ka and age underestimation, respectiveherefore previous studies
presented age estimates only up to about 10®&dar itwas difficult to provide reliable
chronologies for the Middle Pleistocene deposiging to the upper dating limitThis
doctoralresearch aisito elaborate the potential of quartz and feldspar as dosimeter for dating
Middle Pleistocene aeolian deposits. New approaches in luminescencevaatintested to
establish a more reliable geochronological frame foegtodian sediments.

Loess and maar lake sedimemtsm the Vojvodina region/Serbia (Stari Slankamen),
Middle Rhine area/Germargnd the southern foreland of the Taunus Mountains/Ggrman
(Weilbach) are investigated in this thesis. The loess sections in the Middle Rhine area
including the sections afénchesberg, Kéarlich, Ariendorf, Wannenkopigachsbusch and
Jungfernweiheprovided independent age control by intercalated tephra lag@rs)at the
reliability of the new techniques could be tested. This study revealed that optically stimulated
luminescencgOSL) from quartz could beised to obtain age estimates top~70 ka. The
thermally transferred OS{TT-OSL), which uses #&ransfer ofcharge from a trap where the
signal saturates at dosa®ore thanlO times higher than thenormal OSL signal hasthe
potential for dating older sedimentdowever, the TIOSL signalwas not present imost of
theloess samples from the Middle Rhine ar@#oughthe presencef this signal could be
used to distinguish between different sources of loess. The results of this thesis showed that
the postIR infrared stimulated luminescend®EL) signal from feldspar measured at 290°C
(pIRIR290) as well as pised postIiR IRSL signal measured at 150°@GIRIR:50) signal from

feldspar havehe potential to date Middle Pleistocence deposits. The pdgdignal could be
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used to calculate age estimates up to ~300 ka, while the pulsed pi&tfRal provided age
edimates up to ~200 ka. Anomalous fading could not be deteThetlagesobtained inthe
previous dating studies generally underestedtiie newluminescence ages this thesis. For
the Jungfernweiher itwas shown that the dry maar lake was effectiveljedi up with
sedimentsat ~250 ka, and there either been very little deposition since then, or younger
sediments have been striped by erosion. There is a discrepancy between these results and the
established stratigraphy, which could not be dissolved glthis thesis.

It can be concluded that the results of this thesis peavithore reliable geochronological
framework for thdoess/palaeosol sequences of the Vojvodina regieMiddle Rhine area
and the southern foreland of the Taunus Mountasswell as for the dry maar lake
JungfernweiherThis infomation is required to access shaensitive terrestrial archives for
getting a better understanding of local and regional environmental processes and conditions

for the Middle and Late Pleistocene perindEurope.
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Zusammenfassung

Aolische Sedimentavie Losse und Seesedimergéhlen zu den am meisten gegliederten
terrestrischen Klimaund Umweltarchiven. Eine der Herausforderungen der Quartarforschung
ist es, diese Archive zuganglich zu machen, inddimch eine verlassliche Chronologie
weitere Kenntnis Uber Klimaund Umweltprozesse erlangt werden kann. Dies fuhrt zu einem
besseren Verstandnis des zukinftigen Klimas und ermdglicht, die Genauigkeit von
Klimaprognosen zu verbessern. Die Lumineszenzim der wichtigsten und am meisten
verbreiteten Methoden fur die Datierung von quartaren Ablagerungen.

Quarz und Feldspat, die als Dosimeter fur dolische Sedimentendetverden, besitzen
beide Nachteil&é Quarz sattigt schon bei vergleichsweise nieghi@osenwahrendFeldspat
das Ph2nomen des zelyiawaozmaineoobesen Datieduingsggeize vor 100
150 ka und einer Altersunterbestimmung fihrt. Bislang war es daher nicht mdglich, eine
verlassliche Chronologie fur mittelpleistozane Ablageen zu etablieren. Diese Dissertation
hat zum Ziel, das Potential von Quarz und Feldspat als Dosimeter fur die Datierung
mittelpleistozaner aolischer Ablagerungen herauszustellen. Neue Methoden der Lumineszenz
wurden getestet, um einen verlasslicherencgenologischen Rahmen fir die aolischen
Sedimente zu etablieren.

Loss und Maarsedimente aus der Vojvodina Region/Serbien (Stari Slankaman), de
Mittelrheingebiet/Deutschland (Jungfernweiher) und dem sudlichen
Taunusvorland/Deutschland (Weilbach) wurden dieser Dissertation untersucht. Die
Lossaufschlisse im Mittelrheingebieidhchesberg, Karlich, AriendoriVannenkdpfe und
Dachsbuschbesitzen unabhangige Alterskontrolle durch zwischengeschaltete Tephralagen,
so dass die Verlasslichkeit der neuen Me#n getestet werden konnte.

Diese Studie stellte heraus, dass &olische Sedimente mit der optisch stimulierten
Lumineszenz von Quarz verlasslich bis Zu0 kadatiert werden konnen. Das thermisch
transferierte OSL Signal von Quarz, das bei bis zu 10 ofaren Dosen séattigt als die OSL
und dadurch das Potential hat, altere Sedimente zu datieren, war bei den meisten Lossproben
aus dem Mittelrheingebiet nicht vorhanden. Das Signal konnte jedoch genutzt werden, um
zwischen verschiedenen LdssherkunftsgebietanunterscheidenDie Ergebnisse dieser
Doktorarbeit zeigen, dass sowohl das gBstRSL Signalgemessen b&90°C (pIRIRg) als
auch dasgepulstepostiR IRSL Signalgemessen bel50°C (pIRIRsg von Feldspat das

Potential haben mittelpleistozane &ctise Sedimente zu datieren. Mit dgnRIR2go Signal
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konnten Alter bis~300 ka bestimmt werden, mit dem gepulstptRIR150 Signal Alter bis
~200 ka AAnomal ous fadingfAi konnte nicht nachge
Studien unterbestimmen die Lumgzenzalter dieser Dissertation im Allgemeinen.

Fur das Trockenmaar Jungfernweiher konnte nachgewiesen werden, dass es vor ca. 250
ka schon mit Sedimente zugeschittet war. Seither gab es entweder nur sehr wenig
Ablagerung, oder die Sedimente wurden wieelediert. Zwischen diesen Ergebnissen und
der etablierten Stratigraphie bleibt eine Diskrepanz, die wahrend dieser Dissertation nicht
geldst werden konnte.

Zusammenfassend kann festgestellt werden, dass die Ergebnisse dieser Doktorarbeit
einen verlassliclren geochronologischen Rahmen sowohl fur die {Smsguenzen der
Vojvodina Region, des Mittelrheingebietes und des sudlichen Taunusvorlandes als auch fir
das Trockenmaar Jungfernweiher bereitstellen. Diese Information wird benétigt, um diese
sensiblen terrischen Archive fir ein besseres Verstandnis der lokalen und regionalen
Umweltprozesse undkonditionen wahrend des Mittelund Spéatpleistozan in Europa

aufzuschlieRen.
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Chapter 1

Introduction

1.1 Background

Loess is a widespread terrestrial sedimesich covers approximately 10% of the
worl dés surface (P®csi, 1968). The roorslt |1 mpoc
in northern China (Loess Plateau), northwestern and central Europe, Sibiria, central Asia and
northern and southern Americ&here are other loess areas in Alaska, New Zealand and
southern Britain. This silty, yellowish sediment was deposited as-bowin dust during the
glacial periods of the Quaternary and consists mainly of quartz and feldspar. Loess deposits
are in genelaintercalated by differently developed il whi ch refl ect Awar
and interglacial climate. In some regions like the Middle Rhine area (Germany) aeolian dust
comprises often a very large part of the sediment inventory of volcanic depressibasater
fills such as maar lakes or scoria cones which form excellent sediment traps. Therefore
loesspalaeosol sequences agmblian derivedake sediments are sensitive terrestrial archives
of climate and environmental change and provide importémtriration on local and regional
environmental processes and conditions for the Middle and Late Pleistocene period in Europe.
For our knowledge about future climate and environmental change it is important to
understand the processof the past. Dust accurtation and loess formation in Europe range
from the maritime areas in NW France and Belgium via Central Europe to the Ukraine and
the Russian Plains witimcreasingcontinental climatdrom W to E (Frechen et al.2003).

This thesis concentrates on loégposits in the Vojvodina region (Serbia),loass/palaeosol
sequenceand maar lake sediments of the Middle Rhine area and the foreland of the Taunus
Mountains, both latter areas situated within the Rhenish massif (Germany). The Vojvodina
region is locatd in the soutleastern part of the Carpathian baamlis covered by loess and
loesslike sediments reaching a thickness up to 55 m. The loess sequences in the Vojvodina
are regarded as a key for understanding and reconstructing the palaeocntatic
environmental conditions in SoutBastern Europe and they can be seen as an important link
between the Central European loess sites and the Central Asian and Chinese loessl (Markovi

et al.,, 2008, 2009). The Middle Rhine area provides many impoltess/palaeosol
16



sequencg among them the Karlich section which is regarded as one of the key sections for
the Middle Pleistocene stratigraphy of northwestern Europe (Boenigk and Fredigd,
The loess successions of the Middle Rhine area cfteerthe Rhine terraces or represent
crater fillings of volcanoesn the East Eifel volcanic field. Many loess deposits are
intercalated by volcanic layers originating from the Eifel volcaniBhe southern foreland of
the TaunusMountains consists mainly of Pleistocene terraces of the river Main covered by
thick loess/palaeosol sequences. Tdess/palaeosol sequesca the Vojvodina region and
the Middle Rhine area have been intensively ingagtd in many studies during the last
century. However, eliable numeric age estimates are still lacking for many of the loess
successions, especially for the Middle Pleistocene depdsits. makesit still difficult to
interpretthe terrestrial climatarchives as well a® correlatethe loess/palaeosol sequences
with other European loess records. Therefore a dating technique is required which is
applicable for a broad time range to provide a reliable chronology. Luminescence dating
enables to determirtbe depositional age of various sediments over an age range from a few
decades of years to several hundred thousand years and has been used in many studies to date
loess deposits. Quartz afeldspar, which are used in most cases as dosimeters are present
all loess deposits and make this kind of sediment suitable for luminescence dating (Roberts,
2008). Unfortunately most of the previous luminescence studies provided apparently reliable
thermoluminescence (TL) and infrared stimulated luminescence (I&§is) up to about 100
ka. These age estimates were often underestimauest likely due to anomalous fading.
During the past ten years significant improvements were made in luminescence ldating.
many studies the potential of new methdaslsnvestigatedo extend the age rangéhe best
way to testthe reliability of a method is to apply it t@ediment successiorfer which
independent age control availablelike in the Middle Rhine area. In this thesis crater fillings
of scoria scones andess/palacos®equencesvith intercalated tephra layers from this area
are investigated. They form excellent sites for testing the applicability of new methods.

This thesis aimsot apply andto test new luminescence dating techniques, for both
minerals, quartz and lfispar The aeolian sedimenta the Vojvodina region, the Middle
Rhine area and the foreland of the Taull@mintainsare investigated by luminescence dating

to provide a more reliable chronological frame fardleposits in these regions.
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1.2.Luminescence dating
1.2.1.Principles

Luminescence dating is a radiation dosimetric method and is based on tuepemslent
accumulation of radiation damage in minerélss used to date the time that has passed since
the last exposure of the minerals talgght (Aitken, 1998) which means the depositibage
of the sediments. Graird quartz or feldspar (the most common minerals) are used as natural
dosimeter. They are able to store energy within their crystal structure, which is coming mainly
from an omipresent ionising wiation ¢**U, %*Th with daughters°K and ®’Rb) in the
sedimentary environment and cosmic raiation The electrons can be trapped and
subsequently storedt structural defects or impurities in the crystal lattice for long periods
(Aitken, 1985). When the sediments are transported again, they are exposed to light and the
trapped electrons wil|l be r el eatszm. Afientde t he 7
sediments havbeen buried again the clock starts from new and the ksuéance signal will
build up and grow the more time passes by. At some point a sample is collectgaplydgg
luminescence methods tliene passedsince the last sunlight exposucan be determined
Thisis equivalent tdhetime passed since thestdepositonof the sediment.

Sampling

Luminescence signal
N

Transport, Accumulation, Transport, Accumulation,
Exposure Burial Exposure Burial

Burial tolight to light

A H_Y A Y_H A

|

Time

Figure 1.1: Principle of luminescence dating

The most important requirement is that the sediments are well blegmiwdto
deposition. For loess it is expected that any residual trapped charge has been removed during

the aetan transport. In the laboratory the grains are first heated, and then stimulaté@& with
18



or blue LEDsto release the electrons from their traps. Subsequentlyétensetheir stored
energy asemission of light (photonduring recombination. This lights known as the
optically (or infrared) stimulatetbminescenceA photomultiplier tube counts the emitted
photons which are released. Then the aliquots are irradiated with different aftseby a

beta source in the lakatory and they are subsequentigasured. These induced signals are
used to build up a growth curve. Interpolation of the natural sign#his curveallows
estimating the dose of radiation (palaeodose or equivalent dgsshidhis equivalento the

energy thathe crystal has abdmed since the last exposurestaiight. Equivalent doses (P

are determined using a single aliquot protocol (SAR) where all measurements can be made on
one aliquot with the advantage that thevalues are more precise. The SAR protocol has
been developk for quartz measurements (Murray and Wintle, 20@0).aliquot is first
preheated and the natural signal is measured before giving a test doed,algeat and
measued the test dose signal to correct the natural signal for sensitivity changes. Fekthe n
cycle a regenerative dose is given and then the aliquot is preheated and subsequently the
induced OSL is measured. The same test def@ the first cycle is administered. This cycle

is then repeated several times with different given doses. Tdf s sensitivity change
correctionis accurately measured one of the formerly given regenerative dose is repeated. The
ratio of the two obtainetlminescencesignals (recycling ratio) should be unity. The dose
response curvégrowth curve)for the aliqud is obtained by plotting the sensitivity corrected
OSL as a function of the given regenerative doses. Equivalent dogesiCbe calculated by
interpolating the sensitivity corrected natural sigmal the growth curve. To test for
recuperation (signahduced by heating after the OSL measurement) a zero regenerative dose
is given. The ratio of the sensitivity corrected signal of this measurement and the natural OSL
should then be lower than 5% (Murray and Olley, 2002). Tddeshe reliability of thedose
measurement, laboratory experiments like thermal transfer, preheat plateau and dose recovery
ratio have to be don@o check for thermal transfer (Wintle and Murray, 2006) some aliquots
are bleached and subsequently measured with increasing temgeranging e.g. in steps of
20°Cfrom 200°C to 300°C. After bleachingcBstimates should be close to zero; significant

De value with increasing preheat temperatiumeicate thermal transfer of charge from
thermallyshallow optically insensitive traps the deeper OSL trap. To confirm the signal
stability the dependence of equivalent dosg (D preheat temperature has to be investigated
applying Db preheat plateau tests (equivalent dose measurements using different preheat
temperatures). To test the tagility of the SAR protocol, the dose recovery ratio (Murray and

Wintle, 2003) has to be determindah do this,some aliquots have first to be bleached before
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giving a dose approximately equal to the natural dose. This dose is then measured as if it were
a natural dose. The ratio of the measured dose to the given dose should be close to unity.

To determine the dose rate to which the sample was exposed during its burial
radionuclide concentrations are obtained for example by high resolution gamma spegtrome
on sediment collected from the immediate surrounding of the samples. The concentrations of
uranium, thorium and potassium are converted into infimiédrix dose rates using the
conversion factors of Adamiec and Aitken (1998) and wedatent attenuain factors
(Aitken, 1985). As cosmic daation is also contributing the cosmiay dose rate has to be
calculated from knowledge of burial depth, altitude, matrix density, latitude and longitude for
each sample (Prescott and Stephan, 1982; Prescott dtwoh HL994). For the age calculation
the equivalent dose, s divided by the dose rate:

D Gy

age (ka) = —
Dy G}’f
ka

This age represents the time of the last exposuserl@ht, will say the deposition
age of the sediment.

1.2.2. Quartz

The optically stimulated luminescen@@SL) of quartz has been widely used to estimate
the deposition age of sediments and is usually regarded as an accurate and precise dating
method (e.g. Murray and Olley, 2002). To obtain quartz grains from loess the polymineral
fraction is treated with 34 fluorosilicic acid (HSiFs) for 6 days, preferentially dissolving
feldspar grains, and leaving behind a quadh extract. The purity of the quartz extract is
checked using the IR depletion ratio during the SAR cycle (Duller, 28@3pnliquot is give
a dose which is measured with blue stimulatitien he same dose is administered and the
aliquot is stimulated first with infrared diodes before the blue stimulation. As the quartz is not
depleting with IR stimulation the second SAR measurement cyeleé & lower sensitivity
corrected signal in case of feldspar contamination. Quartzdtilonellated OSLis detected
through 7.5 mm of Hoya 41340 filter (passing 260 to 390 nm, i.e. UV). The OSL from quartz
decays very fast, the fast component of quartzoeadepleted in only a few minutes exposure

to daylight (GodfreySmith et al., 1988¥-ig. 1.2 shows a typical decay curve from quartz.
20
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Figure 1.2: Decay curve from quartz

Optically stimulated luminescence (OSL) from figeain quartz is applied in this thesis
on samples from the Stari Slankamen section (Vojvodina) and from various sections in the
Eifel area. A different approach to measure the OSL from quartz without treating the
polymineral finegrains with fluorosilicicacid (HSiF;) was proposed by Banerjee et al.
(2001). In this protocol the Dvalues are calculated using a modified SAR protocol for
polymineral finegrains, the so called Double SAR protocol based on the safigleot
regenerativalose (SAR) protocol foquartz (Murray and Wintle, 2000). This modified
protocol involves a stimulation with tRiodes to reduce the feldspar signal and then the
aliquots are stimulated with blue LEDs (p#Rt OSL signal). Two estimates of.[are
obtained; the IRSL from feldspand the postR OSL which is supposed to be dominated by
quartz (Roberts and Duller, 2004). This approach is applied in this thesis using polymineral
fine grains from the Stari Slankamdoess/palaeosol sequenae the Vojvodina region.
Unfortunately thefast component of the quartz OSL (the component normally used for
dating) saturates following doses of 2000 Gy (Wintle and Murray, 2006). This signifies an
upper age limit of ~500 ka for loess deposits as the typical dose rate lies between 3 and 4
Gylka (e.g. Frechen, 1991, Roberts, 2008, Schmidt et al.,, 2010, in préss)nally
transferred OSI(TT-OSL; Wang, et al. 2006, 2007; Tsukamabal, 2008) overcomes this
problem by using ghermallytransferredsignalto the OSL trap whickaturates atasesmore
thanl10timeshigher than the OSL. Thidose dependeipiart of the thermally transferred OSL
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from quartz, which can be measured after depleting the OSL, giving a thermal treatment and
then measured the signal. This signal is less light sengiteve the fast component from
quartz (Tsukamotet al, 2008 Porat, et al., 2009). As loess is supposed to be well bleached
due to its aeolian transport it is hence a suitable sediment for ush@SLTPorat et al.
(2009) proposed a simplified single al@ TT-OSL protocol. Variations of this approach are
tested to optinge the signal intensity (Schmidt et &009.

1.2.3.Feldspar

The uminescence sigrnafrom feldspas grow to much higher doses than those from
quartz, which offers the possibilityf significantly extendng back the age range.
Luminescence dating focused for a long time on quartz due to the stability of the signal. In
contrast, the electrons from traps in feldspars are less stable; the minerals suffer from a
spontaneous loss of si@nwhich leads consequently to anderestimation of the age. This
phenomenon is called anomalous fading (Wintle, 1973) whicinast likely caused by
guantummechanical tunnelling (Visocekas, 1985). Many studies show that the IRSL ages
consistently undestimated the quartz OSL ages most likely due to anomalous fading (e.qg.
Schmidt et al., 2010). Hence the fading ratedtue) (Aitken, 1985) has to be determined and
the ages are corrected. Several methods of age corrections have been proposed @yg. Huntl
and Lamothe, 2001; Lamothe et al., 2003) and many studies show corrected IRSL ages which
are in good agreement with quartz OSL age®eatween the uncertainty. But there is no
general consensus which correction method should be used and furthermooeréhton
method is onlyalidfort he o611 i n e aose lesponsedve (dldntley dné Lamothe,

2001) Luminescence dating of loess is oftearried out on polymineral fingrains (with a
diameter of 4. 1 & m)-grain HL daéing was first proposed by Zimmerman (1971).
Polymineral finegrains consist normally of quartz, feldspars, mica, different kind of clay
minerals (mainly illite, kaolinite montmorillonite), and other minerals (Krbetschek et al.,
1997). The luminescence characteristics of such polymineral fractions are very complex and
therefore luminescence dating on figains has been criticised (Krbetschek et al., 1997).
However polymineral finegrain dating has often been successfully applied e.g. to establish
loess chronologies. Roberts (2008) gives an overview about the development and application
of luminescence dating techniques to loess deposits. In this study the polymireigafm

fraction of theaeolian sediments was used to determine the equivalent doge$-¢Ispar
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IRSL signals are detected through Schott-B#and Corning -B9 filters (passindgetween
320and460 nm; i.e. blue)rig. 1.3 shows a decay curve from felds
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Figure 1.3: Decay curve from feldspar

Feldspar dating is normally carried out using a SAR protocol with 50° C IR
stimulation with detection in the blueviolet) spectrum; sometimes with an extra cleanout
step to redue the recuperation. Previous studies presented reliable age estimates for loess up
to ~100 ka (i.g. Frechen, 1991). Recently new dating protocols were developed with the aim
of extending the age range. Thomsen et al. (2008) found out, that stimulatimvaieaed
temperatures significantly reduces the fading rate. Based on this study Buylaert et al. (2009)
tested a SAR protocol, with detection in the blue (380 nm), this involves a stimulation
with IR for 100s at 50°QIRsp) prior to an elevated tempeua¢ stimulation with IR for 100s
at 225°C(pIRIR225), a so called posR IRSL measurement sequence. They have shown that
the obgrved fading rates for the paf IRSL signal are significantly lower than from the
conventionallRsp and that the signal iddéachablen nature. Thiel et al. (20)Extended the
postIR IRSL protocolusing a preheat of 320°@nd a stimulation temperature of 290°C for
the postiR IRSL (pIRIR2g90 from polymineral finegrains. They found natural signals from a
sample below the Brimes/Matuyama boundary in saturation on a laboratory growth curve
and they concluded that they were unable to detect fading in this field sample. A different
approach was presented by Tsukamoto et al. (2006) who reported that tHegetong
luminescencecomponent, observed from feldspars when the stimulation light source is
pulsed, is significantly more stable than shorter lifetime components. ThéRptREL and
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pulsing approach were combined to use thepefiod pulsed podR IRSL from polymineral
fine-grains for dating purpose. Pulsed stimulation is carried out by a LEg@ulsit with an
included photorcount gating circuit described by Denby et al. (2006). This provides a
counting window within the ofperiod of each pulse cycle. The pulsed meawents are
conducted wusing 50 e€s on, and 150 e&s of f,
during the offperiods, when the stimulation LEDs have completely turned off from the PM.
The D values are obtained using a pulsed post IFSLURneasuremensequence with
stimulation with IR for 100 s at 50°C prior to a pulsed elevated temperature stimulation with
IR for 400 s at 150°C.

1.3.Study sites
The loess/palaeosol sequescm the Vojvodina regioriFig. 1.4) are among the oldest

and most completéess records in Europe covering a long time period (Makkevial.,
2009).
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Figure 1.4 Map of loess distribution in the Vojvodina and adjacent regions showing locations of the
investigated section and other mai n | o&eysl Isoess es ( mo

plateau; 2. Sandy area; 3. Mountain; 4. Investigated exposures.
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The Vojvodina region is situated in the scetistern part of the Pannonian basin in the
area of the confluence of the rivers Danube, Sava and. Nk#a than 60% of thisowland
areais coveredvy loess and loedike sedimentsip to 55 mthicknesgMarkovil et al., 2004,
2006, 2007). The loess stratigraphy of the Vojvodina is quite uniform because of the pleateau
character of this region (Markdviet al., 2006). The loess records provide important
information for the comparison of the European stratigraptiidarkovi et al., 2006) and
furthermore they can be seen as an important link between Central European loess sites and
the Central Asian and Chinese loess provinces (Marletval., 2009)The Stari Slankamen
section, e profileunder studyis locatedn the northeastern part of the Srem Loess Plateau
and exposesnaabout40 m thick series of loess intercalateddiyeastmine pedocomplexes.
Optically stimulated luminescence (OSL) is carried out for the first time at this section to
establisha morereliable chronostratigraphical frameworkhe other focus of this thesis lies
on loess/palaeosol sequenaesd maar lake sediments of thdel regionMiddle Rhine area
and the foreland of the Taunus Mountains, both areas located within the Rhenish massif.

TSCHECHIEN

SCHWEIZ

Figure 1.5: Map showing the locations of theEifel region and the southern foreland of the Taunus

mountains (modified after www.mygeo.info/landkarten_ deutschland.htmj
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The Middle Rhine area provides many loess sectiomsss/palaeosol sequenegsoften
overlain the Rhine terraces or represent crater fillings of volcanoes of the East Eifel volcanic
field. Many loess deposits are intercalated by volcanic layers originating from the Eifel
volcanism. The volcanism of the East Eifel Volcanic Field eri@any was according to
Boenigk and Frechen (2001) reactivated between 500 and 600 kalo83$s#palaeosol
sequencesf late Middle Pleistocene scoria cones in the East Eifel Volcanic field are
generally well preserved (Boenigk and Frechen, 2001). The agdl controlled sites
Tonchesberg, Dachsbusch and Wannenkopfe are investigated using tHR pBSL
approach. At the Toénchesberg scoria ¢cdoess sediments with tercalated weak soils,
which cover the volcanic debyiare exposedThe penultimate glaal loess is intercalated by
tephra layers and weak tundra gles red-brown forest soil is superimposed this loess.

Above thislast Interglacial(Eemiar) soil there are about 11 m of loess and ldik&s
sediments exposeadcluding weak soils, pellesands, reworked pedosediments, two marker
loess and the pumice layer from the Laacher See eruption. The Dachsbusch scoria cone is
located in the central part of the Neuwied basin. There are volcanic deposits (with fragments
of the HUttenberg tephra) expdsand an about 1m thick loess solifluction layer is overlain by
pumice of the Glees tephra. The Wannenkopfe scoria complex is located in the East Eifel
Volcanic Field. A thick succession of aeolian sediments seems to have been preserved
especially for thesarly penultimate glaciatiofiFrechen, 1995)The loess/pakosol sequence

is intercalated by tephra and weak soil horizons. The Kéarlich section which is regarded as one
of the key sections for the Middle Pleistocene stratigraphy of northwestern EuragegiBo

and Frechen, 2001) provides an excellent archiveliofate and environmental change.
Pleistocene fluvial deposits as well as loess and loess derivatives exposed, intercalated by
tephra horizonareexposedAt the Ariendorf sectiogravels from theRhine Middle Terrasse

are covered by loess deposits intercalated by tephra layers and palaeosols.

The West Eifel volcanic field contains dry maar lakes, maar lakes, scoria cones and small
stratovolcanoes. Volcanism in the West Eifel Area started ca. Z0@gk producing 250
eruptive centers with more than 50 maars, of wieigitare filled with water (Buichel, 1984,
Negendank and Zolitschka, 1993). In this thesis the sediments of the Jungfernweiher, a dry
maar lake were investigated by luminescence daiivigh a diameter of 1500 m it is the
largest maar of the Eifel area (Schaber and Sirocko, 2005). Sediment cores have been drilled
by the ELSA project (Eifel Laminated Sediment Archive) in Eifel dry maar lakes to
reconstruct the palaeoclimatic and palaegemvnental conditions as well as the history of

the volcanism in the Eifel/Central Europe during the last glacial cycles. Another
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loess/palaeosol sequence at the gravel quarry Gaul in Weilbach belonging to the southern
foreland of the Taunus Mountains wasestigated in this thesis. The record consists mainly

of Pleistocene terraces of the river Main covered by thick loess/palaeosol sequences.

1.4.0utline of the thesis

This thesis is composed of eight chapters. Chapters 2, 3, 4, 5, 6 and 7 havatbaeasvr
articles to peereviewed journals. Two of them, chapters 2 and 4 are published in Quaternary
Geochronolgy and Quaternary International, respectivélapter6 and 7are publishedn
Quaternary Science Journal (Eiszeitalter und Gegenvi@mgper 3and 8 aresubmited to
QuaternaryGeochronolgy and Quaternary International, respectivéhapter8 provides a

conclusionof all the obtained results.

CHAPTER 2: LUMINESCENCE CHRONOL@Y OF THE UPPER PARDF THE STARI SLANKAMEN
LOESS SEQUENCKV OJVODINA, SERBIA) (SCHMIDT ET AL. 2010)

This chapter represents a study about the upper part of the Middle and Late Pleistocene
loess/palaeosol sequencexposed at the Stari Slankamen section in the Vojvodina
region/SerbiaTen samples werdatedby luminesence methods using a modified single
aliquot regenerative dose (SAR) protocol for polymineral-firens and for quartz extracts
from the upper part of the Stari Slankamen loess sequence. The different luminescence age
estimates are compared and the issudre tried to fit in the Vojvodinan loess

chronostratigraphy.

CHAPTER 3: ELEVATED TEMPERATURE IRSL DATING OF THE LOWERPART OF THE STARI
SLANKAMEN LOESS SEQUENCE (VOJVODINA, SERBIA) T INVESTIGATING THE SATURATION
BEHAVIOUR OF THE HRIR 299 SIGNAL (SCHMIDT ET AL. SUBMITTED).

This work is the continuation of the study presented in chapter 2. In this chapter the lower
part of the Stari Slankamen sectionngestigatedwith the aim ofstudyingthe behaviour of
both the IRy and the pIRIRgy signals in mateal close to or in saturation with a focus on the
relationship between field and laboratory saturation. Furthegntloeebleachability of the
signalfor young samples is tested. The results are discussed and interpreted in the context of

establishing a moneeliable chronostratigraphical framework for the loyart of this section.
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CHAPTER4: LUMINESCENCE CHRONOL@Y OF THE LOESS RECRD FROM THETONCHESBERG
SECTION A COMPARISON OF USINGQUARTZ AND FELDSPARAS DOSIMETER TO EXTEID THE AGE
RANGE BEYOND THEEEMIAN (SCHMIDT ET AL. 2017).

In this chapter théoess/palaeosol sequenaasthe Tonchesberg section is investigated
using optically stimulated luminescence (OSL), a modified thermally transferred optically
stimulated luminescence (¥OSL) protocol and aew approach for dating feldspar: the
pulsed postR IRSL. The results are compared concerning the applicability of luminescence

dating on loess sediments which were accumulated beyond the Eemian.

CHAPTER 5: ELEVATED TEMPERATURE IRSL DATING OF LOESS SECIONS IN THE EIFEL
REGION OFGERMANY (SCHMIDT ET AL. SUBMITTED).

In this chapter a geochronological framework for the loess sections Karlich and Ariendorf
is presented. The ais to test the reliability othe postiR IRSL approachon polymineral
fine grans from the Eifel area based on the well age controlled sections Wannenkopfe and
Dachbusch.Samples from these sites give plRJiRages consistent with age control,
supporting the apparent reliability of the protocol and in particular the absence atargnif
fading Furthermore the saturation behaviour of Rheinish loess is compared with the results

from the Danube loess (chapter 3).

CHAPTER 6: IRSL SIGNALS FROM MAAR LAKE SEDIMENTS STIMULATED AT VARIOUS
TEMPERATURES(SCHMIDT ET AL. 2011).

In this chaptethe applicability of luminescence dating using maar lake sediments from
the dry maar lake Jungfernweiher (West Eifel area/Germarigiyestigatedo determine the
accumulation rate and temporal succession of dust stofimes. results show thathe
Jungfenweiher was effectively filled up with sediments ~250 ka ago, and there either been

very little deposition since then, or younger sediments have been striped by erosion.

CHAPTER 7: LUMINESCENCE DATING GF THE LOES$PALAEOSOL SEQUENCE A THE GRAVEL
QUARRY GAUL/WEILBACH, SOUTHERNHESSE(GERMANY) (SCHMIDT ET AL. 2011J).

This chapter presents the firgptically stimulated luminescence (OSdating results
from the loess/palaeosol sequence at the gravel quarry Gaul located east of Weilbach based
the postiR IRSL measurement sequence to set up a more reliable chronological framework

for this loess/palaeosol sequence.
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Abstract

A thick Middle and Late Pleistocene logsaslaeosol sequence is exposed at ttegi S
Slankamen sectioim the Vojvodina region situated in the sowihstern part of the Pannonian
basin, Serbia. The profilexposes an about 45 m thick series of loess intercalated by at least
eight pedocomplexes. Ten samplesre dated by luminescenceesthods using a modified
single aliquot regenerative dose (SAR) protofool polymineral fine grains and for quartz
extracts from the upper part of the Stari Slankamen Isegsence. The infrared stimulated
luminescence (IRSL) and pelR optically stimuléed luminescencéOSL) signals from all
polymineral samples showed anomalous fading, suggesting that tHRESL signal is still
dominated by feldspar OSL. The ages ranging from 4.6 to 193 ka were obtained after fading
correction. These ages indicatat the loess unit A 1L1, the weakly developed soil complex
V-L1S1 andthe loess unit M.1L2 were deposited during marine isotope stage (MIS) 2, 3,
and 4, respectively, and alsalicate that the loess unith?2 is of the penultimate glacial age.
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2.1 Introduction

Loesspalaeosol sequences record palaeoclimatic conditionsreprdsent a potential
archive to understand glacimiterglacial variability. The sediment successions at Stari
Slakamen in th&ojvodina, Serbia are among the oldest and most completedegasnces
in Europe and provide important information of loeald regional environmental processes
and conditions during thiliddle and Late Rlistocene (Markovic™ et al., 2003, 2006, 2009).
A detailed description of the Stari Slankamen loess sectiomaastdatigraphic correlation
between other loess profiles in Euraged in Asia was made by Bronger (1976, 2003). The
current chronostratigraphimodel of the Serbian loess was introducedMarkovic”™ et al.
(2004a,b, 2005, 2006, 2007, 2008, 2009) udithglogic and pedogenic criteria, magnetic
susceptibility (MS)variations, aminecid racemization (AAR) and luminescendating.
However, reliak® numeric age estimates are still lacking faost of the loess successions.
This makes it still difficult to interprethe terrestrial climate archives as well as to correlate
the loesgpalaeosobkequences with other European loess recdiis. study preents the first
optically stimulated luminescenc@SL) dating results from the Stari Slankamen loess
section an@ims to establish a reliable chronology for the upper part girtbfde. The results
will be discussed by correlating to other sectiohthe Vojvodina.

2.2. Geological setting
The Vojvodina region (Northern Serbia) is situated in the seatftern part of the

Pannonian basifFig. 1)andis covered by loess and loddse sediments reaching a thickness

up to 55 m.
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Figure 2.1: Map of loess distribution in the Vojvodina and adjacent regions showing locations of the
investigated section and other main | alosessplatcast2s ( mod

Sandy area; 3. Mountain; 4. Investigatedexposures.

The loess sequences in the Vojvodina are regarded as a key for understanding and
reconstructing the palaeoclimatic arehvironmental conditions in Souffastern Europe
(Markovil et al., 2008). After the current chronostratigraphic model o tBerbian loess
(Markovil e ©2004a) 2004b; 2005; 2006; 2007; 2008; 208@)Vojvodinian loess (L) and
(S) palaeosol units are numberedtle order of increasing age. To refer to the standard
Pleistocene loess stratigraphy in the Vojvodina regiopthee f i x i TheloesssvL2u s e d .
is correlated withmarine isotope stag@/(S) 6. The first strongly developed soil,-S1is
correlated withthe Last Interglacial in MIS 5. Above this pabsol the loess unit-{1 was
accumulated. The lower part of shioess unit is representeas V-L1L2. The weakly
developed soil complex A£1S1)is correlated witithe Middle Pleniglacial. Above this zone
of incipient soil formationthe youngest loess layerML1 accumulategoresumablyduring
the Late Pleniglacialgriod.

The Stari Slankamen section is located in the Vojvodina region in the-ewstarn part
of the Srem Loess Plateau. The altitude is 140 m above sea level and the coordinates of the
profile under study are 45°07'33,86" N and 20°15'57,15" E. Tdfédepexposes an about 45
m thick series of loess intercalated by at least eight pedocomplexbss study, we focus on
the upper part of the sectiomhich comprises about4lm. Figure 2 shows the stratigraphy of

the loesgpalaeosol sequencand the pasons of the samples fduminescencelating
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Figure 2.2: Lithology and luminescence ages of the Stari Slankamen loess site. Ah horizons; 2. Lighter

Ah horizons; 3. A horizon; 4. weak humic horizons; 5. krotovinas; 6. ydromorphic features; 7. carbonate

concretions; 8. many snail shells; 9. position of the luminescence samples; 10. former froot chanels with

humic infiltrations

The loess in this part is intercalated by a weakly developed hirhipedocomplex and

two brown palaeosols. Thieess unit VL2 is affected by hydromorphic featuregluding a

fluvial erosion layer with small gravels at the basis. Above this loess thgereddisHbrown

pedocomplex VS1 is developed. The loess unitlXY consists of WL1L2 and V-L1L1

separated by the weakly developed huntgb chernozenlike pedocomplex. The Holocene

soil (V-SO0) is slightlymelanisecchernozem. During the fieldwork samples between the V
S0 and the first weakly developed pedocomplex51 (SSK 12, 34), 3samples above the

first strongly developeghalaeosolV-S1 (SSK 5 6,7) and 3 samples from loess unitL2
(SSK 8 9,10) were collected.

2.3. Experimental details

The samples were extracted under subdued red light and were pretreated with 10%

hydrochlaic acid to remove the carbonates, with sodium oxalate to dissolve the aggregates

and with 30% hydrogen peroxide to remove organic material. The samples were then refined

to a fine silt (411 € m)

fracti

on.

The

f

ne

grain

fract

parts. A polymineral fraction which was used for polymineral infrared stimulated
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luminescence (IRSL) and pet OSL measurement, and the other for the extraction of
quartz grains. Théne-grained quartz was obtained either by treating the polymineral fraction

with 20 % hydrofluoric aciqHF) for 20 minutes Mauz and Lang, 2004)r with fluorosilicic

acid (H:SiFs) for 6 days The purity of the etched samplegaschecked byiR depletionratio

(Duller, 2003).The discs for the measurements were prepared by settling the polymineral and

the quartz fine gtins (411 € m) i n acetone. Al | measur eme
automated Risd@L/OSL-DA15 equipped with @°Srf°Y beta source (Bgttetensen et al.,

2000). All measurements were carried out for 100s at 125°C and the luminescence signals
were detectethrough 75 mm of Hoya U340 filter.

The D, values were calculated using a modifi@dgle aliquot regenerative dosBAR)
protocol (Banerjee et al., 200Roberts and Wintle, 2001) for polymineral figeains, the so
called double SARprotocol This modfied SAR protocol involves stimulations with IR
diodes tobleachthe luminescence fronfeldspar and then stimulate with blue LEDs (pibst
OSL) to measure the OSL signal which is more dominated by OSL from q@avtzsetsof
D values can bebtained; tie IRSL signal from feldspar and the ptRtOSL signal which is
supposed to be dominated the signal fromquartz (Roberts and Duller, 2004)he double
SAR protocol was also applied for the figeined quartz

TheDe values for polymineral IRSL and peR OSL were calculatedsingtheinitial 2 s
of thestimulation curvesubtractedy thelast 10 s as a backgrourtebr finegrainedquartz
theinitial 0.8 s of the signakas used aftesubtractedy the last4 s of the stimulation curves
All dose regonsecurves were fitted using saturatingexponential functionTwelve aliquots
per sample were used for the easurements fgolymineralfine grains, an@-10 aliquots
were measured fajquartz fine grainsThe arithmetic mean was used to calculBtgvalues,
the uncertainty of the Pvalues was given by a standard errbiq.e).The degree of inter
aliquot satterfor the Qo is very low(5.7% for polymineral IRSL, 1% for polymineral post
IR OSL and 77% for quartz OSL)

Fading tests were carried awging the samaliquotsof polymineral samplesvhich were
previouslyused for the D measurementRepeated YT, measurements, with a given dose
close to the Pvaluefollowed bya 260°C preheafor 60s,were made with various delays
after the irradiatin (Auclair et al., 2003).The fading rateqgg-values) were calculated
according taHuntley and Lamothe (2001) using the same integrals as fordhaldulation
and the gvalueswereused to correct the ages. The results are summariZedbie 2. All
polymineral IRSL and all polymineral pe#R OSL signals show anomalous fading. Mean

fading rates of 3.246 for polymineral IRSL and 1.386 for polymineral posiR OSL were
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observed, indicating that the pdB OSL signal shows on average ~60% less fadiag the
IRSL signal.

Radionuclide concentrations for all samples were obtained by high resojsioma

spectrometry on

sediment

collected

from

the

immediate

surrounding  of

the

samples.According to field observatiorss,water content of 12.5 = 2.5 ¥%as assmed.
According to Reegones (1995)mean avalues of 0.08+ 0.02 and0.04 £ 0.02 for
polymineral IRSLandquartz OSL were usedespectively For polymineral postR OSL, an

avalue of 0.06 #.02 was usedasthe signal igshought to be a mixture of guia and feldspar

but the fraction of the feldspar contribution cannot be clearly defined. The uranium, thorium,

potassium contents and the dose rate of the samples are shbatneri.

The concentrations of uranium, thorium and potassium were convetteeffiective dose

rate using the dos&te conversion factors of Adamiec and Aitken (1998) and veatetent

attenuation factors (Aitken, 1985). Estimation of the cosmacdose rate is based on Prescott
and Stephan (1982) and Prescott and Hutton (1984)y depth, altitude, density, latitude and

longitude for each sample.

post IR-OSL
Uranium Thorium Potassium | IRSL dose rate dose rate OSL dose rate

Sample (ppm) (ppm) (%) (Gy/ka) (Gy/ka) (Gy/ka)
SSK1 | 296+0.06 966+020 | 1.32+0.03 352+0.18 330+0.18 3.09+018
SSK2 | 308+007 | 1025+021 | 1.35+0.03 367+0.18 345+0.18 322+018
SSK3 | 342+007 | 1127+027 | 1.59+0.03 412+0.20 387+020 362+020
SSK4 | 342+007 | 1205+025 | 1.57+0.03 419+0.20 393+0.20 3.67+020
SSK5 | 330+007 | 11.38+024 | 1.48+0.03 3.99+0.20 374+020 350+020
SSK6 | 337+008 | 1156+024 | 1.58+0.03 412+0.20 3.87+0.20 362+020
SSK7 | 355+007 | 1258+026 | 1.70+0.04 441 +0.21 414 +0.21 3.87+0.21
SSK8 | 3.16+007 | 1248+026 | 1.63+0.03 418 +0.20 393+0.20
SSK9 | 308+007 | 1101+023 | 145+0.03 384+019 360+019
SSK10| 2.55+£0.05 9.19+£0.19 | 1.08+0.02 3.11+£0.15 292+0.15

Table 21: Dose rate data from potassium, uranium and thorium content, as measured by gamma

spectrometry. Moisture was estimated to 12.5 + 2.5% for all sapies.

24. Performance tests for luminescence dating

To find an appropriate heating condition for ttheuble SAR protocol for polymineral

samples, dose recovery tests at different preheat temperatures (Murray and Wintle, 2003)
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were carried out for SSK @8nd SSK 5. The aliquots were bleached twice with 1000s IR
stimulation at 125°C and 1000s blue stimulation at 125°C separated by a 5000s pause before
giving a dose of 92 Gy (SSK 3) ord Gy (SSK 5) approximately equal to the natural dose.
This dose washen measured in the same manner as if measuring the equivalent dose to
provide confirmation that the protocol is able to recover a known dose successfully. The
identical heat treatment was given both before OSL and test dose OSL measu{Blaier@s
al., 2005) Figure 3(a, c)shows theresults of thedose recoveryestfor the samples SSK 3
and SSK 5. The recovered dose/given dose is close to unity at prei€af ef260°C for
10s. At temperatures higher than 260°C, the recovered doses overestimaiverthdose for
IRSL signals and underestimated for the gBSOSL signals A preheat plateau test using
natural aliquots of the same samples were also cond(Eigd3b and §l The I values
increased withincreasingpreheat temperature between 180 a66°C. Between 26%C and
300°C, the [ values are relatively stable but the same tendency (slight increase in IRSL D
and decrease in pel® OSL D.) can be seen as the dose recovery te#. preheat a260°C
for 10s wasselectedor all the D. measurerantsfor polymineral samples, as it recovers the
given dose and the temperature is within the plateau region

To check the fility of the SAR protocol for gartz a dose recovery test at different
preheat temperatures was also carried out for sample SBi€ 2ecovered dose/given dose is
close to unity ah preheat of 260°C for 1q4.00+ 0.01) A preheat temperature of 260°C for
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Figure 2.3: Results of dose recovery and preheat plateau test for sample SSK 3 (a,b) and Sk, 8).

10sand a cut heat at 200 were adopted for alligartz measurements except for sample SSK

1 and SSK 4 which were measured with a preheat temperature of 240°C.

2.5. Chronology ofthe Stari Slankamenloess sequence

The equivalent dose @ recyling ratio, dose recovematio, fadingrate (g-value) and
corrected age (obtained byrrectionfor the observed fading) are summarized able 2. All
polymineral IRSL and podR OSL signals showed laboratory fadifidne shape of the decay
curve of posIR OSL signal is also clearly different from quartz OSL (Fig.Terefore we
conclude that thélouble SAR protocol was not capable of isolatinguartz signabndalso
suffer from an underestimatiopwhen no fading correction is appliethe fading corrected

polyminerallR andpostIR OSL and the quartz OSL agegreed within the error rander
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Figure 2.4: Decay curves of quartz OSL, polymineral IRSL and postR OSL for SSK 4.

most of the samplesvhich proves thathe fading correction was applied successfully for
these samplesThe quartz OSL and the polymineral ptiet OSL ages are irexcellent
agreement and are regardednagre reliable age estimates. Only the quartz OSL age for
SSK1 seems to be underestimatetijclv can be related to the slight underestimation of the
dose recovery test.On the other hand, the IRSL ages after fading correction tend to
overestimate podR OSL and quartz OSL age$his might be due to thermal transfer of
charge as there was slighwerestimation of dose recovery ratio using the preheat &C260
(Davids et al., in presgJig. 3). However, he fading correction may not be appropriate for
the three oldest samples (SSK 8, 9, 10), bectheseorrection method is onixalid for the
ohear p a ddsé respohseutvé (Bluntley and Lamothe, 2001Therefore the ages
should be regarded as minimum agese dose response curves for the IRSL and-post

OSL signals for SSI8 are shown in Fig. 5.
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It should be noted that the pd& OSL signal is very close to the saturation level for
these old saples. The characteristic saturation dosg (@ 203 Gy obtained for the pekt
OSL signals suggests that the upper dose limit for this signal is about 400 Gy.

Figure 2 shows the luminescence agkmg withthe lithology of the Stari Slankamen
loesssequence. The corrected polymineral IRSL and-[R€DSL ages as well as the quartz
OSL ages are increasing with depths except SSK 6, bugaihiplesvas collecteanly 30 cm
above SSK ‘andthereforethe ageshouldbe very closeThe calculated agesmrge from 4.6
+ 0.3 ka in the very upper part of the section to B&&bove the fluvial erosion laye3ince
we consider the quartz OSL ages and the polyminerallRo§ISL ages are more reliable
than the IRSL ages, the chronologytioé Stari Slankamen égs sequends discussed based
on the OSL and the peBR OSL agesSSK 1 indicate that V-SO represents thélolocene
soil, taken into account a potential bioturbation at this stratigraphic poskan the
uppermost loess layer-M1L1 yielded agedetwesn 23-30 ka, which suggestthatthe loess
was accumulated during MIS2. Theges about 34ka were obtained from the weakly
developed pedocompleidicatingthatthe soil is correlated with MIS3. The lower unit\6f
L1 was dated between Zd64 ka, corresponding to MIS4The ages betweeh00 and B3

ka were obtained for the lowermost part of the loe4V
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2.6. Discussionand conclusions

Our study preseathe first optically stimulated luminescence (OSL) age estimadieg
a SAR protocolfor the Sari Slankamen loegsalaeosol sequenc®ur results are in good
agreement with the geologicatuation and support the chrorcigraphic model proposed
by Markovi e t2004al 2004l§, 2005, 2006, 2007, 2008, 2009). The luminescence ages for
the last glacial loess unit-V1 (23-64 kg obtained in this study are generally similar to
previous results of Butrym et al. (1991) and consistent with recent studies éorladiss
palaeosol sequences in the Vojvodina region. IRSL ages are provided foiLthérdn the
Irig loess section (182 ka; Markovi et al., 20G) and Titel loess exposure (B9 ka;
Markovil et al., 2008; Bokhorst et al., 2009). Fuchs et al. (2088)ighed more detailed IRSL
ages from the Surduk loess section,366ka from AL1L1, 3240 ka from \VL1S1, 5383 ka
from V-L1L2. These IRSL ages are generally in agreement with our results for the upper part
of the Stari Slankamen section. Singhvi et H809) presented thermoluminescence ages from
63-85 ka for thepalaeosolF2 (this palaeosolcorresponds to the pedocomplexSX in the
current stratigraphic model of Markévet al., 2008) at the Stari Slankamen section. These
age estimates are similar to the results of Butrym et al. (1991). Following these results
Bronger (2003) correlatefalacosolF2 with MIS 5a. However, Markovi e t 20044d, . (
2004b, 2006, 2005 2007, 2802009) correlated the equivalent pedocomple® with the
complete MIS 5 periodThe proposed stratigraphic model is also in agreement with recent
results of amino acid racemization (AARhronologiesfor different loess sections in the
Vojvodina region(Markovil et al., 2004a, 2004b, 2005, 2006, 2006, 2007, 2008, 20U08).
stratigrapic interpretation is supported llyerecenty publishedRSL age of 120.% 12.7 ka
for the uppermost part of the penultimate loesk2vat the Surduk section, located on the
right bank of the Danube River 10 km upstream to Stari Slankamen (Fuchs et al., 2008). Our
luminescence dating results for the loesk2/(samples SSK-80), although we regard them
as minimum ages, suppdte cironostratigraphic model proposed Myarkovil t a. (2004a,
2004b, 2005, 2006, 2007, 2008, 20@dd provides a much older age estimation than the
results of Butrym et al. (1991)ho indicatedan age around 90 ka aboWe erosion layer for
the penultimate loess unit tite Stari Slankamen seoh. However, forthe penultimate loess
unit, further studies applying new approaches for examBSL measurements at elevated
temperaturesvhich is considered tshow lesgading (Buylaert et al., in press) arequired to
verify the age estimation and to geore insights into the deposits of the Middle Pleistocene.
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Abstract

An elevated temperature pd& IR proto®l (blue [320460 nm] detectionusing a
second IR stimulation temperature of 290°C was applied to eleven polymineral fine grain (4
11 em) sampl es fr om tdkaner leespalacospsaquancevithfthet h e

aim of investigating the behaviour of both ti, and thepIRIR2go Signals in material close
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to or in saturation. Both signals of the lower 8 samples were found to be in saturation. The
average ratio of the sensitivitprrected naturasignal to the laboratory saturation level for

the pIRIR,g is 1.00 £ 0.03 (n=8); indicating that field saturation is equal to laboratory
saturation for the signal. Minimum equivalent dose estimates were calculated from 2D
values, giving minimum age estates of ~2390 ka. This result indicates an upper limit for
dating these loess deposits of ~300 ka. The age estimate of the younger sample SSK2 is in
good agreement with the quartz OSL age showing thaplfRER,9o Signal is bleachable in
nature and cabe used to date material of ~20 ka. Our data suggest that the loessLznit V
accumulated duringnarine isotope stag®|(S) 6 and that an erosional event marked out by

an unconformity and gravel layer has a minimum age of ~170 ka. Pedocomfi&xcah be
correlated with the complete MIS 5 period. Furthermore we suggest minimum ages of ~230
390 ka for the formation of palaeosolsS3, V-S4 and VS5; considerably older than
proposed by many previous studies.

This manuscript is submitted toQuaternary Geochronology and will be online available

at

http://www.sciencedirect.com/science/journal/18711014

after the successful reviewing process.
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Luminescence chronology of the loess record
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Abstract

The loesgpalaeosol sequences of the Tonchesberg section, locate@ iBadt Eifel
Volcanic field (Germany) provide an excellent climate archive of the late Middle and the
Upper Pleistocene in the Middle Rhine area. Loess deposits from the last Glacial
(Weichselian) and the penultimate Glacial (Saalian) are up to 12 m amu ff&ck,

respectively, and intercalated by palaeosols. Optically stimulated luminescence (OSL),
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thermally transferred optically stimulated luminescence-QSL) and infrared stimulated
luminescence (IRSL) measurements were carried out on 14 samplesh&ohorichesberg
section to determine the deposition age and to set up a more reliable chronological framework
for the penultimate and last interglaegacial cycle. The fingrained quartz OSL and
polymineral IRSL ages are in good agreement with eachr atigealso with the geologically
estimated age, but the quartz-DSL ages are overestimated. The OSL and IRSL ages range
from 16.8 £ 1.2 to 189 £ 16 ka indicating that the youngest loess and the weakly developed
soils were deposited during marine isotgpmge (MIS) 2 and 3 and that the two marker loess
were most likely accumulated in the transition MIS 4/5. Loess and reworked loess postdating
the Eemian soil yield ages of 1105 ka indicating that these deposits very likely correlate to
MIS 5d. Loess dagsits taken below the Eemian soil are attributed to the transition MIS 6/7.

A weakly developed soil above the Ténchesberg scoria yield an age of 189 + 16 ka indicating
an interstadial soil formation during MIS 7. This is in good agreement with preliminary
“OAr/*°Ar-ages for the Tonchesberg scoria and the intercalated tephra layers. Reliable age
estimates up to ~70 ka could be obtained using quartz OSL and up to ~190 ka using the
pulsed postR IR signal from feldspar. Hence the infrared stimulated lumimesc@RSL) is

considered as the best approach to date the loess from the Middle Rhine area > 70 ka.

4 .1.Introduction

Loess records are sensitive archives of climate and environment change and provide
important information on local and regional enviremtal processes and conditions for the
Middle and Late Pleistocene period in Europe. Volcanic depressions and crater such as those
of the Ténchesberg form excellent sediment traps, and so record the climate and environment
changes of the past. The logskaeosol sequences of late Middle Pleistocene scoria cones in
the East Eifel Volcanic field are generally well preserved (Boenigk and Frechen, 2001). At
the Tonchesberg section, loess and reworked Hddessediments as well as intercalated
palaeosols oftte last glacialnterglacial cycle and the penultimate glaciation are well exposed
and provide an accessible higésolution archive. Independent age control is provided by
“OAr/*°Ar dating of (a) the widely distributed Lacher See pumice layer, (b) tvescaiated
air-fall tephra from the nearby Korretsberg and Plaidter Hummerich volcano and (c) the
Tonchesberg scoria. A reversed magnetization, interpreted as the Blake event (~ 117 ka) has

also been identified in the Tonchesberg deposits (Becker et &, R8ders and Hambach,
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1995). According to Becker et al. (1989) the Tonchesberg loess deposits were first
investigated by Windheuser (1977) and have been described in detail by Becker et al. (1989)
and Hentzsch (1990). Thermoluminescence (TL) age estmfar the deposits of the
Tonchesberg have been presented by Zdller et al. (1991) and Frechen (1991, 1994), and
infrared stimulated luminescence (IRSL) ages by Boenigk and Frechen (1999). These
previous studies provided apparently reliable TL and IRSIs ageto about 100 ka. Because
of this, the loess and loess derivates of the Ténchesberg seem to be appropriate sediment on
which to test the accuracy of new approaches to luminescence dating.

Recently new methods to extertie age range of luminescencidg using both quartz
and feldspamineralshave been propose@ihe luminescence sigmnafrom feldspas continue
to grow at much higher doses than those from quartz; this offers the possibility of dating
significantly older materialHowever luminescencedating of feldspars fsaa tendencyto
underestimate the age, because of anomalous fading (Wintle, 1973). Based on the work of
Thomsen et al (2008a), Buylaert et al. (2009) proposed a new SAR IRSL protocol, with
detection in the blue (32060 nm). This prtmcol involves elevated temperature stimulation
with IR for 100 s at 225°C (following stimulation with IR for 100 s at 50°C)-aalted post
IR IR measurement sequence. They have shown that the observed fading rates forlfhe post
IR signal are significatly lower than those from the conventionaBIRat 50°C, and that this
signal is bleachable in nature. A different approach to deal with fading problems was
presented by Tsukamoto et al. (2006). They reported that thelifietime luminescence
componentpbserved from feldspars when the stimulation light source is pulsed (stimulation
is delivered by discrete light pulses) is significantly more stable than shorter lifetime
components. A study carried out by Thomsen et al. (2008b) also revealed thatrihedtel
of the pulsed signal is ~60% of the value of continuous wave (CW) stimulation. In our study,
we combined these two suggestions, by included pulBedtimulationin a postiR IR
protocol

The optically stimulated luminescence (OSL) of quartz &las been widely used to
estimate the deposition age of sediments and is usually regarded as an accurate and precise
dating method (e.g. Murray and Olley, 2000). However, the fast component of the quartz OSL
signal (the component normally used for datisgjurates following doses of 2d00 Gy
(Wintle and Murray, 2006)Thermally transferred OS{TT-OSL;, Wang, et al. 2006, 2007;
Tsukamotoet al, 2008) attempts to overcome this problem by using a different signal, one
that saturates at dosesore thanlO times higher than the standard OSL signal. T@SL

signal ismeasured after optically removing the standard OSL and heating the sample to some
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temperature around 28D. This study tests the use of the-DBL signal from Ténchesberg
sediments, using a pratol based on the work of Porat et al. (2009), but with modifications
intended to maximise the FOSL signal strength.

The aim of our study is to determine luminescence ages for the loess from Ténchesberg
using optically stimulated luminescence (OSL), thalty transferred optically stimulated
luminescence (TFOSL) and infrared stimulated luminescence (IRSL), in order (i) to compare
the different methods, (ii) to test the suitability and reliability of luminescence dating over the
last 200 ka and (iii) tostablish a reliable chronostratigraphical framework for the penultimate

and last interglaciaglacial sediments from the Ténchesberg section.

4.2.Geological setting

The Tonchesberg is located in the East Eifel Volcanic Field in Germany and consists of
complex of scoria cones (Fig. 1). This volcanism appears to have been reactivated between
500 and 600 ka (oxygen isotope stage 15). Loess and loess derivates have accumulated in the
study area since the Middle Pleistocene, as evidenced by thepllemssol sequences at the
Karlich clay pit (Boenigk and Frechen, 1998). The site is 243 m above sea level and the
coordinates of the profile under study &r® A 22 Nj 4nj N. and 7A 21Nj 41nj
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Figure 4.1: Map showing the location ofthe Ténchesberg section in the East Eifel area.
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The Tonchesberg scoria complex belongs to a group of volcanoes erupted after the
catacl ysmic eruption of t he A We hr phonol it
(Boenigk and Frechen, 2001). A phreatgmatic eruption with initial madike deposits was
followed by Strombolian volcanism which built up most of the scoria cdfeg**Ar-laser
single grain dating of the basanitic Tonchesberg scoria (Bogaard and Schmincke, 1990)
yielded a preliminary agefd88-216 ka (MIS 7). Volcanic debris accumulated at the crater
base, followed by two afiall tephra from the nearby Korretsberg (prelimin&Pr/>°Ar-
lasersingle grain dating gave an eruption age of 243 + 65 ka; van den Boogard and
Schmincke, 1990) an@laidter Hummerich volcand'®ar/**Ar-lasersingle grain dating of
238 + 20 ka, but this age estimate is overestimated according to Bogaard and Schmincke (in
Kroger, 1995)). According to Boenigk and Frechen (1999) the eruption of the Ténchesberg
volcanopstd at ed t he eruption of the AH¢ttenberg
Schmincke, 1990) as indicated by the presence of the Huttenberg tephra below the initial
maarlike deposits at the base of several scoria complexes in the vicinity of Bimche
volcano. However this marker horizon has not yet been found below the pyroclastic deposits
of Ténchesberg. A rather cold climatic environment during the eruption is assumed because
of reworked sediments showing solifluction (Boenigk and Frechen,)20@kss with
intercalated weak soils and reworked loess cover the volcanic debris. The craters and the
depression between the different scoria cones at the Tdnchesberg scoria complex make
excellent sediment traps hence a relatively continuous successainaeolian sediments
seems to have been preserved. The penultimate glacial loess beneath the Eemian soil is
intercalated by tephra layers from the Korretsberg and Plaidter Hummerich volcanoes as well
as by a fAtephritic t ephordrastgeys havendevelopednntireg e .
loess, typical of the upper part of the Saalian loess in Middle Europe (Bibus, 1974}. A red
brown forest soil (Aparabraunerdeo, clay ric
glacial loess. Above the Eemian Isthere are about 11 m of loess and reworked loess
exposed. The lower Weichselian is represented by interstadial humic soils, pellet sands,
reworked pedosediments and two marker loess. The deposits of the Middle Weichselian are
reworked loess with two webBkdeveloped brown interstadial soils. The Upper Weichselian
sediments consist of loess with an intercalated weak gleyed horizon and strogogark
soil (Allerad soil), which is covered by the pumice horizon of the eruption of the Laacher See
volcano. here are several profiles exposed at the Toénchesberg section due to exploitation of

the scoria. Fig. 2 shows the lithology of the profiles.
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4.2.1.Profile A and B

Profile A is located at the edge of a depression on the crater rim and Profile B shows the
succession at the center of this depression. Both profiles were described in detail by Becker et
al. (1989). At the top of the profile there is about 30 cm of thick strongldamkn soll
(Apararendzi naod) edimterstadidicaveredroyyumiceof theh_aacharlSeee r
eruption (°Ar/*°Ar dated to 12.9 ka; Schmincke et al., 2000). Beneath this soil ~100 cm
homogenous loess was deposited. Two samples (Toel and Toe2) were taken from the
homogeneous loess utiglow this loessandone sample (T&) was taken in the reworked
loess between the two weakly developed brown soils. Sample Toe4 was collected from the
reworked loess below the lower part of the weak soil. Reworked kirhicediments with
intercalated weak humic soils and pellet sands wepasited underneath this reworked loess.
The reworked humicich sediments differ from the intercalated weak soils in their carbonate
content, structure and colour. The humic rich sediments contain only carbonate concretions,
they exhibit stratificatiolave no real structure and are of brown colour; in contrast the weak
soils are calareous, have a prismatic structure and are of greyish brown colour (Becker et al.,
1989). On the top of the pellet sands and below the htaficsediments there is a thing
cm thick) band of loess. Below these pellet sands, ~20 cm of loess with mangissil v
indicating deep seasonal frost conditions. The two loess bands have a different grain size
distribution compared to the homogeneous loess of the upper part ofofile: ghe clay
concentration is much higher while the silt fraction is significantly lower. The marker loess
were only found in profile B. Sample Toe7 and Toe8 were taken from these bands. Sample
Toe5 came from the reworked humic rich sediments underetiierked loess deposits. In
profile A the truncated humidch A horizon developed directly underneath the reworked
humicrich sediment, and loess and reworked loess were deposited on top of the last
interglacial soil. Samples Toe 12 and Toe 6 were tal@n this reworked loess. In total nine
samples for luminescence dating were collected from profiles A and B (Fig. 2).
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Figure 4.2a: Lithology and luminescence ages of the Toénchesberg section (Weichsel, Profile A and B).

4.22.Profile C

Profile C is situated in the northwestern part of the pit. It consists of a succession of about
14 m of penultimate glacial loess superimposed by the last interglacial (Eemian) soil and
intercalated by tephra layers. The succession begisroeath the Eemian soil with about 6
m of reworked | ayered | oess. Bel ow these sec
some parts of this profile it is separated by about 2.5 m of reworked loess. It is not clear
whether the upper and/or lowpart of this tephra is reworked. Sample Toel5 was collected
from the reworked | oess deposits between the
Atephritic tephrao | ayer there is ~1.5 m of

Undernedt this loess, the Tonchesberg volcano scoria is exposed.
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Figure 4.2b: Lithology and luminescence ages of the Ténchesberg section (Saale, Profile C, D and E).

4.2.3.Profile D

Profile D is located in the western part of the pit and consists of assimeef about 14

m of penultimate glacial loess superimposed by the last interglacial (Eemian) soil. These

mostly-layered reworked loess sediments are intercalated by severalglegakl horizons

(ANassb°deno),

whi

ch

ar e

ronh the youngee part o©ft thec

of

penultimate glaciation in Central Europe. The laminated facies can hint at either reworking of

loess by water,

niveeolian processes or

purely aeolian processes.

geomorphological position, it is most likely the result

runni

ng

From

water.

the
The

is intercalated in this loess. The tephra ranges in thickness from ~1 m to ~5 m. A weak soll

has formed at around 10.50 m below surface. It is regardedsits; it developed in a local

depression and is taken aguivalent to the development of recent gley formations. At the

base of the profile the Tonchesberg scoria is exposed. Sample Toe9 was collected above the

weak palaeosol.

4.2.4 Profile E

Profile E is located in the northwestern part of the sectiothdrupper part of profile E

oess

covers

t he

Atephritic

tephrao.

Under ne

was collected from this loess unit. Underneath the loess, tephra from the Plaitder Hummerich
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and Korretsberg volcanoes were depositatercalded by soil formation. Charcoakas
collected (sample Toe9a) from this palaeosol. Below the tephra of the Korrelsberg volcano
about 90 cm of reworked loess were deposited, now containing a weakly developed soil with
charcoal. Sample Toel4 and otwal (sample Toel4a) were collected from here. At the base

of the profile the Ténchesberg volcano scoria is exposed.

4.3.Experimental details

The samples were extracted under subdued red light and pretreated with 10%
hydrochloric acid to remove carbates, sodium oxalate to seperate aggregates and 30%
hydrogen peroxide to remove organic matter. THe¥# e m si |t fraction we
using Stokes Law, with settling in a water column. This fine grain fraction was divided into
two parts: (i) an uneated fraction used for polymineral infrared stimulated luminescence
(IRSL) measurements, and (ii) a fraction from which quartz grains were extracted. The latter
polymineral fraction was treatedwith 34% fluorosilicic acid (HSiFs) for 6 days,
preferentidly dissolving feldspar grains, and leaving behind a qercte extract Finally,
samples were prepared for measurement by settling either the polymineral or the quartz grains
411 em) from acet one junty da theaglatzextradivasoneckded s ¢ s .
using thelR depletion ratio (Duller, 2003)All OSL/IRSL measurements we performed
using an automated Ri§4/OSL-DA20 equipped with 8°Sr°Y beta source (Bgttelensen
et al., 2000). Quartz blegtimulated OSL was measured for 40 s at 125°C and the signals
were detected through.5 mm of Hoya U340 filter (passing 260 t890 nm, i.e. UV).
Feldspar IRSL signal was detected through Schott3BGnd Corning -B9 filters (passing
320 to 460 nm; i.e. blue). For calculation of the equivalent dogeofyuartz finegrains a
conventional SAR protocol (Murray and Wintle, 2000svegpliedThe signal was integrated
over theinitial 1 s of stimulation, and a background based on the last 5 s of simulation
subtracted. Alldose responseurves were fitted using an exponential functibg.estimates
from quartz finegrains from five saples were also calculated using the thermal transferred
optically stimulated luminescence (AASL) signal (Wang et al., 2006). The equivalent doses
were obtained by integrating tim@tial 0.8 s of the OSL decay curadter subtracting the last
4 s of thedecaycurves An exponential growth curve was fitted to determine the equivalent
dose D estimates from polymineral fingrains were determined using a pulsed elevated

temperature IRSISAR) protocol This SAR protocol employs pulsed IR stimulation fadGt
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s with the sample held at at 150°C, precededtimyulation with IR for 100 s at 50°C; this is
referred to here as a pulsed pii$tIR measurement sequenddeinitial 1.6 s of thepulsed
postIR IR signal is used for calculating the alues, with éackgroundased on the signal
observed in thdast 10 sof the decay curveAll dose responseurves were fitted using an
exponential function

Radionuclide concentrations for all samples were obtained using high resolution gamma
spectrometry of sedimenbltected from the immediate surrounding of the samples. Present
day water contents of 108% were measured directly on several samples; an average value of
15 + 5 %was used for all samples down to the depth of 12 m. For samples taken below 12 m
(i.e. belav the former estimated surface) a water content of 20 + 5 % was used for age
calculation. Meara-values of 0.04t 0.02for quartz OSL and of 0.08 & 02for polymineral
IRSL were used to derive the effective alpha dose rate {Reess, 1995). The uranium,
thorium, potassium contents and the dose rate of the samples are summarasd I The
concentrations of uranium, thorium and potassium were converted into imiaitex dose
rates using the conversion factors of Adamiec and Aitken (1998) and -cuatent
attenuation factors (Aitken, 1985). Estimation of the cogemcdose rate was based on
Prescott and Stephan (1982) and Prescott and Hutton (1994) from a knowledge of burial
depth, altitude, matrix density, latitude and longitude for each sample.

Sample Uranium (Bg/kg) |Thorium (Bg/kg) |Potassium (Bg/kg) |OSL dose rate (Gy/ka) |[IRSL dose rate (Gy/ka)
Toe1 3421+0.12 4023 +£0.12 460.41 +3.09 2.72+017 299+02
Toe2 3446 +0.12 4214 + 024 460.41 +3.09 282+0.18 3.09+0.21
Toe3 39.40+0.12 48.07 £0.16 482.04 +3.09 297+0.19 3.29+0.19
Toe4 31.74+0.12 44.09 £0.12 463.50 + 3.09 271017 298+0.2
Toeb 32.60+0.12 43.81+£0.20 45114 £ 3.09 2712017 299+0.2
Toeb 36.43+0.12 4454 +0.24 441.87 +3.09 2.76+0.17 3.11+£0.21
Toe7 3260+0.12 50.38 £ 0.16 45114 +3.09 273+0.16 3.17+0.21
Toe8 3347 +0.12 49.78 £ 0.08 41715+ 3.09 262+0.16 3.05+0.21
Toe9 3248 +0.12 4596 + 024 528.39 + 3.09 283+0.17 3.26+0.21
Toe12 3791+0.12 43.89 + 024 448.05 + 3.09 268+0.17 312+022
Toe13 35.82+0.49 50.71 £ 045 605.64 +9.27 3.18+0.19 366+024
Toel4 18.65+0.25 3544 +0.20 444 96 + 3.09 216+0.14 246+017
Toel15 35.07+0.25 4588 £0.24 460.41 £ 3.09 269017 3.13+0.21
Toe16 27.54 £ 0.49 58.50 £ 0.49 618.00 £ 9.27 3.19%0.18 3.66+0.23

Table 41: Dose rate data from potassium, uranium and thorium content, as measured by gamma

spectrometry.
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4.4 Performance tests

To test the reliability of the OSL and IRSL dose measurement protocols adopted, various
laboraory parameters such as recycling ratio, recuperation and dose recovery ratio were
investigated. Any laboratory bleaching was carried out in a Honle SOL2 solar simulator.

4.4.1.0SL

Thermal transfer

To check for thermal transfer (Wintle and Murray, 200& aliquots were bleached twice
at 125°C with 1000s blue stimulation separated by a 5000s pause. The aliquots were
measured with increasing temperatures ranging from 200°C to 300°C in steps of 20°C. After
bleaching, Q@ estimates should be close to zaaaignificant R value with increasing preheat
temperature indicates thermal transfer of charge from therstadijow optically insensitive
traps to the deeper OSL trap. The results of this experiment for samples Toel and Toe5 are
shown in Fig. 3. Equivant doses are close to zero for preheats up to ~240°C, from 240°C up
the values increase indicating the presence of detectable thermal transfer. From these data, it

appears that the preheat temperature should be kept below 240°C.
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Figure 4.3: Thermal transfer test for Sample Toel and Toe5.
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Dose recovery

To test the suitability of the SAR protocol to these samples, and to confirm the most
appropriate preheat temperature, the dose recovery ratio (Murray and Wintle, 2003) was
determined for different preheat temperatures, using samples Toel and Toe5.
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0.5 1
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200 220 240 260 280 300

Preheat Temperature (°C)

Figure 4.4: Dose recovery test with different preheat temperatures for Sample Toel and Toe5.

In addition, dose recovery ratios were measured forsathples using a preheat
temperature of 240°C for 10 s following all natural and regeneration doses, and 200°C for 1 s
following all test doses. All aliquots were first bleached twice with 1000s blue stimulation at
room temperature separated by a 5000s@an allow the decay of any charge transferred to
the 110°C TL trap, before giving a dose approximately equal to the natural dose. This dose
was then measured as if it were a natural dose. Fig. 4 shows the ratio of the measured dose to
the known (given) dse as a function of preheat temperature for sample Toel and Toe5 (using
a fixed thermal treatment following the test dose of 200°C for 1 s). The measured dose/given
dose ratio is close to unity between 200° and 260°C preheat temperature. At preheat
tempeatures higher than 260°C, the measured dose is systematically greater than the given
dose; this is most likely caused by thermal transfer (e.g. Fig. 3). Fig. 5 shows the dose
recovery ratio for all aliquots of all samples as a histogram, for a fixed prehnsaerature of
240°C for 10s; the mean ratio of measured to given dose is 0.994 + n0%13Q),
demonstrating that we are able to accurately measure a known dose given in the laboratory

prior to any heating of the sample.
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Figure 45: Ratio of the measured to given dose for the routine dose recovery test for the OSL SAR

protocol for all samples.

4.42.TT-OSL

Dose recovery / Residuals

To test the applicability of the FOSL SAR protocol, the dose recovery ratio was
measued for sample Toe8. In our experiment three aliquots were bleached for four hours in a
Honle SOL2 solar simulator. The aliquots were then given a dose of 240 Gy. This dose was
then measured as if it were a natural dose. The same procedure was carnsith@ut
additional bleached but undosed aliquots, to measure the residual dose remaining after
bleaching. The mean value of the measured dose for the dosed aliquots is 424 ©1 ¥43py (
and 180 = 19 Gyn(= 3) for the undosed aliquots. After subtractihg tesidual doses from
the doses measured from the dosed aliquots, the mean ratio of the measured to given dose is
1.08 £ 0.061G = 3).

4.4.3.Pulsed posiR IR luminescence signal

Preheat plateau
To confirm the thermal stability of the pulsed pt8tIR signal, the dependence of
equivalent dose () on preheat temperature was investigated using the same thermal
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treatment following the natural/regeneration doses and the test doses (Blair et al., 2005). Fig.

6 shows the results of this experiment for skniwe8.

200 - e %%
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150 200 250 300 350 400
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Figure 4.6: De preheat plateau test for sample Toe8.

A stable signal is reached at a preheat temperature of 220°C and above, at temperatures
lower than 200°C the Destimates decrease rapidly. These results ardasito those
presented by Schmidt, et al. (2010) for polymineral-fir@ned loess from Serbia. It seems
that the blue IRSL signal from polymineral loess grains has a component which is
significantly thermally unstable, in contrast to the IRSL signammfreand sized grains of

separated Keldspar (e.g. Murray et al., 2009).

Residuals

To confirm that this pulsed peHR IR signal is bleachable by natural daylight we
exposed three aliquots per sample ffmur hours to a Honle SOL2 solar simulator and then
measured the apparent dose in the usual manner; this residual dose ranged from 3.04 £ 0.3 Gy
to 8.11 £ 0.096 Gy, with a mean of 5.4 + 0.2 Gy (39).

Dose recovery

Dose recovery ratios were measured for all samples using the pulsd® pBsSAR
protocd. Aliquots were first bleached for 4h in a Honle SOL2 solar simulator, and then given
a dose approximately equal to the natural désg. 7 shows the individual dose recovery
ratios for all aliquots as a histogram; the mean ratio of the measured talgsesis 0.9701 +
0.007,n=42.
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Figure 4.7: Ratio of the measured to given dose for the routine dose recovery test for the pulsed pbst

IR protocol for all samples.

Laboratory fading

Previous studies have shown that tRSIL signals from polymineral grains can suffer
from anomalous fading, an unwanted loss of signal, resulting in age underestimation (Wintle,
1973). To test for anomalous fading, those aliquots which had been usedrieafurement,
were then used to testrffading, by dosing and preheating the aliquots and then storing for
various periods of time up to ~16 hours before measurement. This sequence was repeated
several times on each aliquot. The fading rates are expressd in terms of the percentage
decrease ahtensity per decade of time-(@lue; Aitken, 1985; Auclair et al., 2003), referred
to the period of irradiation. The-walues range from1.95 + 0.83%/decade to 0.58 *
0.15%/decade, with an average-0f52 + 0.39%/decad& = 28 (Fig. 8) indicating thawe
can not detect significant fading. Fig. 9 shows the results of fading tests for sample Toe7 and
Toe8.
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Figure 4.8: G-values for all samples.
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Figure 49: Fading test for sample Toe7 and Toe8.

4.5.Results & Discussion
4.5.1.Dosimetry, Equivalent doses and Luminescence ages

The uranium, thorium, potassium content and total dose rates are shown in Table 1. The
mean dose rate is 2.77 £ 0.07 Gy/ka for quartz and 3.14 + 0.08 Gy/ka for pobiminer
feldspar, similar to those obtained earlier for the Ténchesberg site (Frechen, 1991; Zéller et
al., 1991).

Table 2 summarises the equivalent doses, recycling ratios, dose recovery results and the

resulting luminescence ages for all samples.
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The results of the dose recovery tests prove that our SAR protocols are able to measure
equivalent doses in our samples accurately. OSL dose response curves using the SAR
protocol for one aliquot each from sample Toe7 and Toe8 are shown in Fig.10 (c,d). The
curves are fitted with a saturating exponential function including a linear term. The equivalent
doses from quartz OSL range from 49.2.5 Gy to 248 + 9 Gy. The Prvalues for all
samples are about 1AB0 Gy, except for sample Toe6 where thevBlue is aboul50 Gy.

These values are very similar to those reported by Wintle and Murray (2006) suggesting that
it should be possible to measure doses up to about 250 Gy for this material, and perhaps
somewhat higher for Toe6. For this sample the observed dos@ 3y24nd the growth curve

does not yet saturate in this dose range. Buylaert et al. (2007) made similar observation for
Chinese loess but concluded that equivalent doses larger therl®D Gy) were not very
reliable. The quartz OSL ages range from #6182 to 86.1 + 5.9 ka. All quartz OSL ages are

in stratigraphic order.
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Figure 4.10: OSL and TT-OSL dose response curves for representative aliquots of sample Toe7 and Toe8.
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Using the TFOSL signal @ values could only be termined for samples Toe5, Toe7,
Toe8, Toe9 and ToelB for all other samples the signal was too weak to be useful.
Equivalent doses range from 229 + 15 Gy to 987 + 125 Gy, giving ages ranging from 80 * 6
ka to 291 + 40 ka. In our study we compared the Gighal to the recuperated OSL signal.

The dose response curve for quartz OSL has a characteristic dose leyell@0R30 Gy, so
laboratory saturation is ~250 Gy. The -OSL grows to much higher doses with predicted
saturation >1000 Gy. Comparing ¥OSL signals between samples, we found significant
differences in characteristics. Samples Toe7 and Toe8 yield much lower residuals and emit a
much brighter signal than the other samples (Fiy. 1

PROFILE B

w2
o0

[T

L AT

Figure 4.11: Profile B.

The a@uivalent doses Dobtained using the pulsed pdBt IR signal from feldspar range
from 52.2+ 1.2 Gy to 645 + 63 Gy, giving ages between 17.1 £ 1.1 and 189 + 16 ka. For all
samples the IRSL Dvalues and ages increase with depths. The OSL ages obtainetirfe
grain quartz are in good agreement back to ~70 ka with the ages obtained from polymineral
fine-grains using a pulsed pel® IR measurement sequence. Sample Toe6 and Toel?2 yield
significantly lower R (~250 Gy) for the quartz OSL signal than foe thulsed posiR IR
signal (~326340 Gy), most likely owing to the lower saturation level of quartz. Many studies
report systematically younger ages using the IRSL from feldspar (presumably because of

anomalous fading). As discussed above, we cannot datiog in these samples using the
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pulsed postR IR signal from polymineral fingrains. All TT-OSL ages are significantly

larger than the OSL and IRSL ages, as well as the expected age. For sample Toe7 and Toe8
the difference between the methods is molasge as for the other samplethe TT-OSL age
overestimates the OSL and IRSL age by about 20% whereas sample Toeb, Toe9 and Toel3
overestimate by almost twice the amount obtained from OSL/IRSL. This overestimation may
be caused by significant residuassing from insufficient bleaching during transport. The

OSL and IRSL ages are in good agreement with each other, and are consistent with the

stratigraphyi we regard these results as reliable age estimates.

4.5.2.Weichselian deposits

The loesgalaesol sequence at the Tonchesberg section provides a relatively detailed
terrestrial record of climate and environmental change for the penultimate and last glacial
cycle. Previous studies presented detailed sedimentological, pedological, archeological,
paleeomagnetic, mineralogical and chronological investigations on the loess deposits from
this section (Becker et. al., 1989, Bogaard and Schmincke, 1990, Conard, 1992, Frechen
1991, 1994, Reinders and Hambach, 1995, Boenigk and Frechen, 1999, 2001). The
geochionological framework has been based on paleomagnetic measurements, preliminary
“OAr/*°Ar-laseksingle grain dating (of the basanitic Ténchesberg scoria and tfalla&phra
from the nearby Korretsberg and Plaidter Hummerich volcano), and thermoluerioesc
(TL) and infrared stimulated luminescence (IRSL) dating. Our study presents the first
optically stimulated luminescence (OSL) dating results from -diraned quartz and
thermally transferred optically stimulated luminescence-QO9L); it also presestages based
on a new infrared stimulated luminescence (IRSL) signal which has been shown to fade at a
very much lower rate than the conventional IRSL signal. In all cases, tH@SLTages
overestimate the OSL and IRSL ages; the latter are in good agtekavénto ~70 ka and
since OSL ages from quartz are generally regarded as precise and accurate, our interpretation
is based on the latter two methods.

A strong brown soil was developed above the Upper Weichselian iloeskcating a
rather warm climate ding the Allerad interstadial (age deduced from the presence of the
pumice of the Laacher See eruptidfiar/*°Ar age estimated as 12.9 ka; Bogaard and
Schmincke, 1985). The luminescence ages from the homogenous loess deposits of the Upper

Weichselian arall about 17 to 18 ka, indicating deposition durimgrine isotope stage
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(MIS) and suggesting that this loess unit is not complete; an erosion event at ~17 ka is
implied, as the ages do not increase with dépahcording to Boenigk and Frechen (2001) a
major erosion interval around 17 ka is typical for many loess sections in the Middle Rhine
area. Frechen (1994) and Boenigk and Frechen (1999) provide IRSL estimates of ~13 ka and
TL age estimates of ~188 ka. Their IRSL ages underestimate both their gesaand our

OSL and IRSL ages, most likely as a result of anomalous fading. Below the Upper
Weichselian loess unit, reworked loess sediments with two intercalated weakly developed
brown soils are observed. The loess between the soils yield age estim2®e8 6f2.1 and

30.3 £ 2.8 ka,; the loess unit below the lower soil gave age estimates of 53.8 + 4.2 and 53.3 =
3.6 ka indicating that the lower soil is younger than ~53 ka and that these soils represent
warm intervals during MIS 3. This soil is correlatedthe Lohne soil (Lohner Boden), which
corresponds to the StillfrieB complex in Austria. The early Middle glacial exhibits a
number of warm intervals during MIS 3 in the newiest European pollen record (Behre,
1989), at La Grande Pile (Woillard & MopKl982) and Moershoft in the Netherlands
(Zagwijn, 1996). Frechen (1991, 1994); Boenigk and Frechen (1999) provide IRSL and TL
ages ranging from 50 to 33 ka for these deposits and correlated the two palaeosols with the
Hengelo (3936 ka) and Denekamp (&8 ka) interstadials of the Middle Weichselian (Ran

and van Huisteden, 1990).

Reworked humigich sediments with intercalated weak humic soils and pellet sands are
deposited underneath the reworked loess. Above the pellet sands and below thechumic
sedments a thin loess band of about 5 cm gives luminescence ages ranging from 57.5 + 4.1 to
63.7 + 4.5 ka. Below this reworked hunmich sediment, there is ~20 cm of loess with many
soil veins. Luminescence ages of 69.7 + 4.7 and 71.5 + 4.8 ka indicatesitidepduring the
end of MIS 5a / beginning of MIS 4. TOSL ages are similar to these OSL and IRSL ages,
this agreement was only observed for the loess of the two marker horizons (sample Toe 7 and
Toe 8). These samples show different luminescence chestics compared to the other
samples which could suggest that the loess originated from different sources. While the loess
deposits from the nearby Rhine area showed a weakST signal combined with high
residuals suggesting insufficient bleaching dgrithe short transport, the loess from the
marker horizons (samples Toe7 and 8) yields a signal up to 10 times stronger with much
smaller residuals, suggesting well bleached mineral grains after a long transport)Hig. 1
a distal source, differentdm the other loess horizons. These loess bands were designated as
marker loess by Becker et al. (1989); they correlated them with the Czech loess stratigraphy.

Kukla and Koci (1972) described these marker loess layers in Bohemia and Moravia where
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they wee found as thin bands of silt separating humcis steppe soils from pellet sands
(pedocomplex PKII- Kukla and Koci, 1972). These markers were thought to have been
deposited around 72 ka at the MIS 5/4 boundary (consistent with our chronology). Kukla and
Koci (1972) interpreted them as deposits from fdiggance dust storms indicating the abrupt
end of the interstadial and the first strong cold event of this glacial cycle. Rousseau et al.
(1998) also described a thin loess band in Achenheim (Francesandhed that this marker
loess originated from a dust storm of a continestale which was deposited at the time of
strong dust peaks observed in the GRIRcioee at around 72 ka. A marker loess has also
been described from the loess section at KobMatternich (Middle Rhine valley) (Boenigk

and Frechen, 2001). Our results support the assumption that these deposits origin from a
European wide duststorm with a long distance transport and hence more complete bleaching
of the TT-OSL signal. The luminescea ages are in good agreement with the TL age
estimates of 600 ka of Boenigk and Frechen (2001) for this horizon. A truncated huchic

A horizon is present underneath the reworked humlt sediment. A reverse magnetisation,
correlated with the Blakevent (~117 ka) was recognized in this pedosediment (Becker et al..
1989, Reinders and Hambach, 1995) indicating the twwrzons formed during MIS 5c.

This A horizon is underlain by reworked loess and loess. This layer of reworked loess
(Schwemmloess)si deposited on top of the last interglacial soil and yields age estimates
ranging from 83.7 £ 5.7 to 115 £ 9. The OSL age estimates tend to underestimate-tRe post
IRSL ages, probably because quartz OSL is very close to, or in, saturdterce we base

our interpretation only on the IRSL ages ranging from 110 + 8 to 115 + 9 indicating
accumulation during MIS 5d. The ages do not increase with depth. This most likely suggests
that the loess accumulated in a relatively short period which cannot be redolved
luminescence dating. Frechen (1994) made the same observatienpresents TL age
estimates of ~10Q12 ka; in good agreement with our IRSL ages and also with the TL age
estimate of 114 + 9 ka given by Zoller et al. (1991).

4.5.3.Saalian deposits

The volcanic debris at the Tonchesberg section is covered by more than 15 m of
penultimate glacial loess and reworked loess. This penultimate glacial loess beneath the
Eemian soil is intercalated by tephra layers from the nearby Korretsberg and Plaidter

Hummer i ch vol canoes, as wel |l as by a ndAtephri
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intercalated in the loess; these are typical of the upper part of the Saalian loess in Middle
Europe. So far no reliable numeric dating has been undertaken on thenpateulgiacial

deposits. The TL ages of Frechen (1991) for the Upper Saalian loess deposits range from 118

+ 9 and 104 + 11 ka, but do not increase with depth. Frechen (1994) assumed an accumulation
during the Upper Saalian for the loess deposits undertigatBemian soil but his TL ages

do not support this. Zoller et al. (1991) provides TL ages ranging from 129 +£ 12 and 121 + 11

ka. The ages of both studies are probably underestimatexs$t likely because of anomalous

fading. Underneath the Eemian sdikte is about 6 m of reworked layered loess sediments.

Bel ow these sediments the Atephritic tephrao
in the profile under study. These | oess depc
ageestmate f 146 N 10 ka indicating deposition du
tephraodo in a vol cano-15ta. &Sdmple ToeOpmasetdkenadireotly n d ~
below the tephra from the loess and reworked loess and give an age of 160 + 15 ka.
Approximately 5 m below the tephra, a weakly developed palaeosol is intercalséeaple

Toel6 was taken directly above the soil from the loess deposits and yields an IRSL age of 168

+ 12 ka pointing also to accumulation during MIS 6. As the age estimatdef® loess and

reworked loess sediments do not increase with depth, it is assumed that accumulation
occurred over a relatively short period which cannot be resolved by luminescence dating.
Underneath this loess the tephras from the Plaitder Hummeriatanml (preliminary
“OAr/*°Ar-lasersingle grain dating of 238 + 20 ka, but this age estimate is overestimated
according to van den Bogaard and Schmincke, in Kroger (1995) and Korretsberg volcano
(preliminary *°Ar/*°Ar-lasesingle grain dating of 243+65 k&an den Boogard and
Schmincke, 1990)) were deposited intercalated by a soil formdfign 12); charcoal was

found in this palaeosol. Below the tephra of the Korretsberg volcano, ~90 cm thickikeess

layer was superimposed by weak soil formation veitlarcoal; sample Toel4 and charcoal

was collected from this palaeosol.
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Figure 4.12 Profile E.

An IRSL age of 189 + 16 ka was determined for these deposits indicating soil formation
in the late phase of MIS 7. Charcoal collected from the two weaegsbls developed in
Saalian loess, profile E (Figs. 2, 12, 13 and 14), were dendrologically analysed and identified.
From the soil between the tephras of the Plaidter Hummerich and Korretsberg (Toe9, IRSL:
160 + 15 ka) larger and well preserved piecesoup cm diameter could be picked out. The
annual growth rings showed only a slight bend (Fig. 14, a) which gives evidence that the

pieces are from a larger tree.
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Figure 4.13 Idealized profile of the Tonchesberg section.

The simple structure without ssels (only tracheids) are characteristic for coniferous
wood. Vertical and radial rasin canals (Fig. 14, a and c) excluddbie§ and numerous
small pits in the radial rays (Fig. 14, b) pifer{ug. The sharp transition to the latewood (Fig.
14, a) ad the regularly present twowed bordered pits within the tracheids (Fig. 14, b)
allow the distinction from sprucé{ceg and identification as larchLérix). Larch is today a
typical tree at the alpine and northern treeline and can be found duristetbreterstadials
and sometimes at the end or beginning of interglacials (e.g. Behre, 1989, Bittmann, 1992;
Welten, 1982, 1988, rimterpreted in Preusser et al. 2005). Small, badly preserved and fragile
charcoal pieces from the soil below the Korretskiepira (Toel4, IRSL: 189 + 16 ka) could
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be also identified as coniferous wood and are from weug sp., P. sylvestrigype). The
identifications imply that both palesols were formed at least under interstadial conditions

which allowed the growing ofées (if not brought to the site by Palaeolithic people).

Figure 4.14: Charcoal of larch (Larix), ai cross section with vertical rasin canals, sharp transition to the
latewood and the boundary of an annual growth ring, i radial section showing twer owed bordered pits,

¢ tangential section with a radial rasin canal within a ray.

Whether this taxa could survive stadial conditions at sheltered places (like the crater) is a
matter for debate, although soil formation processes also speak in faveyoro¥ed climatic

conditions. It remains uncertain to which interstadials the palaeosols correlate and if these

100



were formed before the first ice advance of the Saalian glacial or between the Saalian ice
advances (Drenthe/Warthe stages). Currently therecaferested interstadials proven for the
latter in northern and middle Europe. In Profile C these weak soil formations are not exposed.
Sample Toel3 was taken from the loklss sediments above the Ténchesberg scoria and
yields an IRSL age estimate of 18622 ka. At the base of the profile, scoria of the
Tonchesberg volcano (preliminafjAr/*°Ar-lasersingle grain age of 202 + 14 ka) are
exposed. This age is in good agreement with our IRSL age estimates for the deposits directly
above the scoria. Accomtj to Frechen (1994) thi¥Ar/*°Ar age may be overestimated,
because there is no obvious evidence for interglacial or interstadial conditions directly above
the Tonchesberg scoria. He assumed an eruption during a cold period. The first sediments we
found above the scoria (Profile E) were loessic sediments, also indicating that glacial

conditions prevailed during the eruption.

4.6.Conclusion

In our study we have applied optically stimulated luminescence (OSL), thermally
transferred optically stimulatddminescence (TFOSL) and infrared stimulated luminescence
(IRSL) (i) to test the suitability and reliability of different luminescence dating methods on
loess and loess derivatives of the past 200 ka and (i) to establish a reliable
chronostratigraphicdramework for the penultimate and last interglagklcial cycle of the
sediment succession at the Tonchesberg section. Performance tests such aplatetieat
dose recovery and residual checks were carried out to confirm the suitability of our SAR
protocols. The finggrained quartz OSL and polymineral pdéiRt IRSL ages are in good
agreement with each other, and with the geologically expected ages, back to ~70 ka. In
contrast, the TIOSL ages are overestimated. The-OSL luminescence characteristics of
the samples are different; the loess deposits from the nearby Rhine area gave a weak signal
with large residuals, the loess from the marker horizons yield a signal up to 10 times stronger,
with much smaller residuals, indicating that the loess from timeR@sberg section originates
from different sources. OSL and pdBt IRSL ages ranged from 16.8 £ 1.2 to 189 * 16 ka.
These ages indicate that the youngest loess and the weakly developed soils were deposited
during marine isotope stage (MIS) 2 and 3, resipely, and that the two marker loess most
likely accumulated in the transition of MIS 4/5. This reworked loess yields ages of11510

ka correlating to MIS 5d. The weakly developed soil intercalated in the penultimate glacial
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loess deposits is attributdo the transition MIS 6/7. The weakly developed soil above the
Tonchesberg scoria yields an age of 189 + 16 ka indicating an interstadial soil formation
during MIS 7. This is in good agreement with the preliminatr/*°Ar-age for the
Tonchesberg scoriaDur results show that reliable age estimates up to ~70 ka could be
obtained using quartz OSL and up to ~200 ka using the pulsedRodBt signal from
feldspar.
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Abstract

Several studies showed thiie infrared stimulated luminescence signals measured at
elevated temperature after an IR stimulatiorb@tC (postIR IRSL) are significantlymore
stablethan the conventional IR at 50°C(IRsg). In this study gostIR IRSL proto®l using
a second IR stimulation temperature of 29Qp0RIR290) Was applied td.7 polymineral fine
grain (411 & m) s awvapouseoess Bections in thdfel region with independent age
control to test the reliabilityof ages using th@lRIR2go signal The laboratorymeasured
fading rates are below 1%/decade on average for pigIBoth IRso and pIRIRgo Signals of
9 samples were found to be field saturatio. The average ratio of the sensitivayrrected
natural signal to the laboratory saturation level forgh®iR2g0is 0.98 + 0.02 (n=R showing
that field saturation is equal to laboratory saturation for the plrBynal from polymineral
fine grainsfrom the Eifel region Minimum equivalent dose estimates were calculated from
the characteristic saturation dose of the dose response,cgiiag minimum age estimates

of ~230420 ka suggesting that the pIRbzsignal can be used to date loess back3@0ka.
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The age estimates of the samples from the Wannenkopfe and Dachsbusch sites are in good
agreement with independent age control showing thalRBé& dating usingIRIR290 Signal

without fading correctionis apparently reliableOur data suggest ththe loess units E, F, G

and the lower part of H at the Karlich site were accumulated beéft@ekaand that the

pal aeosol of t he modhkelydéveldped IdurihgeviSg9l o eariieihe 0 |
palaeosol on the top of Loess bed Il at the Atahsection can be correlated with a warm
event of MIS 7.

This manuscript is submitted toQuaternary International and will be online available at
http://www.sciencedirect.com/scien ce/journal/10406182

after the successful reviewing process.
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Abstract

Optically stimulated luminescence (OSL) and infrared stimulated luminescence (IRSL)
have been measured frosevenfine-grained samples froncore JW3 from the dry maarf
Jungfernweiher (West Eifel /Germany). Two different elevated temperaturdRpdRISL
protocds in the blue detectionwere applied to polymineral fine grains-141 & m) . Thes
protocols involve stimulation with IR for up to 200s at 50°C prior to elevated temperature
stimulation with IR for 100s at 225°C or 200s at 290QDartz OSL saturates at doses of
260-300 Gy and tle D. values obtained usingRSL at50°C (IRsp) do not increase with depth
indicaing that this signal is also in field saturation at ~500 Gy. HoweverpdselR IRSL
signals at225°C (pIRIR225) and 290°C (pIRIR2g) increase with depth from ~800 Gy to
~1400 Gy, suggesting a minimuiffiading uncorrectedpge of ~200 ka for thgoungest
sediments. Mean laboratory fading rates are 4.09 + 0.02%/ddoad&so and 2.55 +
0.14%/decadéor polymineralplRIR2s. For sample JWS1 anlue of 0.52t 1.12%/decade

for the pIRIR2g0 Was obtained. Botfading corrected pIRIRs and uncorrected pIRIRo De
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values from the youngest sample (~16 m below modern s)rfiadicate an age estimate of
~290 kafor the uppermost sample increasing up to ~K&@€r the oldest sampdetaken ~94

m below modern surface

Key words: luminescence datinglRSL, OSL, fading, fine grainmaar lake,
Jungfernweiher, ELSA

6.1.Introduction

Maarsare volcanic craters caused plgreatomagmatic eruptienVolcanic depressions
and crates suchas those of maar lakes form excellent sediment teapbso can record past
climatic and environmer changes. Sediments accumulatingnaar lakesre often thought
to have undergone continuous deposition since the eruption of the maar volcanoeacand he
may contain unique continuous local records of climate change. Aeolian dust @asss)
make up a large part of the sediment inventory, because the catchment surrounding the lake
often only extends to the rim of the crater. Because of its more ocdesisiuous supply
during cold periods, loess is one of the most detailed andspisad terrestrial archives of
climate and mvironment change. As a result often provides information on local and
regional environmental processes and conditions foiMiuglle and Late Pleistocendhe
West Eifel volcanic field (Fig.1xontains dry maar maar lakes, scoria cones and small

stratovolcanoes.
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Figure 6.1: Map showing coring locations of the dry maar of Jungfernweiher, West Eifél/olcanic Field.

The Jungfernwéier is one of about 60 dry maamwith a diameter of 1500 m it is the
biggest maar in the Eifel areBlowadays there is a pond in the dry maar lg&ehaber &
Sirocko, 2005) Sediment cores have been drilledhin the framevork of the ELSA project
(Eifel Laminated Sediment Archive) in Eifel dry maar lakK&rocko et al. 2005) and
samples for luminescence dating were taken from core AN@ JW2 from the
Jungfernweiher.

Luminescence dating is used to date the time that &ssed since the last exposure of
minerals (quartz or feldspar) to daylighiitken, 1998). Such mineralgre able to store
energy (as trapped electrons) within their crystal structure; this ermigyatesfrom
ionising radiation (alpha, beta and gamnieym environmental radioactivity, and from
cosmic rag. The trapped electrons can &tered for long periodat lattice defectsn the
crystal lattice. In the laboratory the grains are stimulated with light and the trapped electrons
arereleased. During oembination theyeleaseheir stored energy as light (luminescence). A
measurement of this luminescence allows an estimation of the radiation dose (palaeodose or
equivalent dose, pthat the crystal has absorbed since the last exposure to daylightoshe m

important requirement is that the sediments are well bleached or zeroed at the time of
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depositiondue to asufficient exposure to daylighFor loess it is expected that any residual
trapped charge has been completely removed during the long aeatiapdrt. The optically
stimulated luminescence (OSL) of quartz has been widely used to estimate the deposition age
of sediments and is usually regarded as an accurate and precise dating metioa rgy/gk

Olley, 2003. However, the fast component of tipgartz OSL signal (the component normally

used for dating) saturates at doses 0f200 Gy WINTLE & MURRAY, 2006). This implies a

quartz upper age limit of ~500 ka for loess deits for a typical dose rate bétween 3 and

4 Gylka (e.gFrechen, 1992Roberts, 2008, Schmidt al.,2011).

In contrast, the infrared stimulated luminescence (IRSL) signals from feldspars grow to
much higher doses than those from quartz, and this offers the possibility of significantly
extending the age range. Severaldsta report the application of luminescence to limnic
sediments (e.ddegering & Krbetschek2007b), but infrared stimulated luminescence (IRSL)
on maar sediments has only been used in a few studiesLéng.& Zolitschka 2001,
Degering & Krbetschek?2007a). Lang & Zolitschka(2001) obtained reliable IRSL ages only
for clasticrich horizons; IRSL ages of sediments with high concentrations of biogenic
material were inaccurat®egering & Krbetschek2007a) provided two IRSL ages(ltiple

aliquot additivedose protocolMAAD) from the Jungfernweiher.

Luminescence dating of feldspars tends to underestimate the age, because of anomalous
fading Wintle, 1973) caused by quantumechanical tunnellingMisocekas 1985). Feldpar
dating is normally carried out ig) a 50° C IR stimulation with detection in the bluédlet)
spectrum. Many studies have shown that the IRSL wghsut fading correctioronsistently
underestimate quartz OSL adesg.Schmidtet al., 2010) due to anomalous fading. Hence the
fading rate (gvalue; Aitken, 1985) has to be determined in the laboratory and the ages
corrected for this effect. Several methods of age corrections have been proposéuntiey.
& Lamothe, 2001; Lamothet al., 2003 and many studies give corrected IRSL agésch
are in good agreement with quartz OSL ages. However, there is no general consensus as to
which correction method should be used and the most commonly adopted method is only
valid for the &1l i near Iuatley&lanothe 200h)eCledrlyg,sfe r e s |
the fading rate could be reduced, feldspar dating would be more relilddmsenet al.
(2008) found out that stimulation at elevated temperatures significantly reduces the fading
rate. Based on this studuylaertet al. (2009) tested 8AR protocol with detection in the
blue (320460 nm); this involves a stimulation with IR for 100s at 50°C prior to an elevated

temperature stimulation with IR for 100s at 225°C, a stedgbostlR IRSL measurement
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sequence. They have shown that the nleskfading rates for thpostIR IRSL signal are
significantly lower than those from the conventiotR5L at 50°C and that the signal is
bleachable in natur@ hiel et al. (2011)extended this investigation following the observation
of Murray et al. (20@) that the IR dosimetry trap lies above 320°C, and hence preheat
temperatures up to this temperature can be used. In their study they chose a preheat of 320°C
(60s) and a stimulation temperature of 290°C (200s) for thelBokR signal. They found
naturd signals from a sample below the Brunhes/Matuyama boundary in saturation on a
laboratory growth curve and they concluded that they were unable to detect fading in this field
sample.

The aim of this study is to investigate the applicability of luminescedatieg using maar
sediments, and ultimately to determine the accumulatiorofatediments within the archive
and temporal succession of dust storms. The different IRSL signals are compared and
discussed in regard to their performance in SAR; the egumvdbses (E) the fading rates are
then etermined and ages calculated. The IRSL signal measured@uh@ the subsequent
postIR IRSL signals measured at 225°C and 290°C are hereafter referred tg, atRR 25
and pIRIRg respectively.The resultsare discussed in ternté continuity of sedimentation

and sedimentation rates.

6.2.Geological setting

The West Eifel volcanic field/Germanwith an aerial extension @00 knf is aligned
NW-SE from Ormont to Bad Bertrich in the RhineldPalatinate,.e. west of theriver Rhine
Volcanism in the West Eifel Area started ca. 700 ka ago producing 250 eruptive centers with
more than 50 maars, of which 8 astll filled with water Blchel, 1984, Negendank &
Zolitschka, 1993).

Sediment cores have been lgdl by the ELSA project (Eifel Laminated Sediment
Archive) in Eifel dry maar lakes to reconstruct the palaeoclimatic and palaeoenvironmental
conditions as well as the history of the volcanism in the Eifel/Central Europe during the last
glacial cycles. Twarillings (JW2 and JW3) have been carried out at the Jungfernweiher.
JW3 was drilled close to centef the maar and exhibis more undisturbed sedimentation
and a bettercore quality than core JW2 which is located closer to the edge of the maar
(Schaber& Sirocko, 2005). Seven samples for luminescence dating were taken from core

JW3. According toSchaber & Sirock@2005)coversand and loess layers were accumulated
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during highglacial conditions and during cold phasagthmic stratificationof clay and gt

was dominatingAll samples were taken from a glacial cycle with mainly silt lamination.
Additionally, ocne sample was taken from the drill core JWRe sampled materiabnsists of
loessic gyttja withintercalated small bands aoarser silty tosandy material, which is
supposed to origate from dust storms. Some independent age control is provided by 16
radiocarbon age estimates. Howethke uncalibrated ages ranfyem 35 + 2 ka to 56 + 4 ka
and do not increase witdepth A study carried out byLenaz et al. (2010) presents
mineralogical data from core JW&iggestinghat the tephra layer at a depth of 107.39 m
could be correlated with the Rocourt Tephra which megge range between 90.3 and 74 ka
(Poucletet al., 2008). Luminescence dating wasriedr out by Degering & Krbetschek
(2007a) on two samples with a depth of 104.5 m and 122.5 m from core JW2. They applied a
multiple aliquot additive dose (MAB) protocol on the polymineralrfe-grain fraction and
could notdetect anomalous fading for theslmples. They obtained equivalent doseg (D

441 + 49 Gy and 517 £ 62 Gy and calculated ages of 98 + 15 ka and 117 * 18 ka.

6.3.Experimental details

Samples were extracted under subdued red light and pretreated with 10% hydrochloric
acid to removearbonates, sodium oxalate to dissolve aggregates and 30% hydrogen peroxide
to remove organic matter. Theldl e m s i | tseparatedoddivided intovtacsparts:

() an untreated fraction used for polymineral infrared stimulated luminescence)(IRSL
measurements, and (i) a fraction from which quartz grains were extracted. The latter
polymineral fraction was treated with 34% fluorosilicic acid ,$HFs) for 6 days,
preferentially dissolving feldspar grains, and leaving behind a guentzextract. kally,
samples were prepared for measurement by settling either the polymineral or the quartz grains
411 em) from acetone onto aluminium discs.
using the IR depletion ratiadD(ller, 2003. All OSL/IRSL measurements were performed
using an automateRlise TL/OSL-DA20 equipped with &°Srf% beta sourceQuartz blue
stimulated OSL was measured for 40 s at 125°C and the signals were detected through 7.5
mm of Hoya U340 filter (passingrom 260 to 390 nm, i.e. UV). Feldspar IRSL was detected
through Schott B&9 and Corning -b9 filters (passingrom 320 to 460nm; i.e. blue). For
measurement of the equivalent dose) (@f quartz finegrains a conventional SAR protocol

(Murray & Wintle, 2000 was applied. The signal was integrated over the initial 1 s of
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stimulation, and a background based on the last 5 s oflationu subtracted. Destimates
from polymineral finegrains were determined usingrastIR elevateekemperature IRGAR
protocol.

Radionuclide concentrations for all samples were obtained usingdsglution gamma
spectrometry of sediment collectedrfrdghe immediate surrounding of the samples. A water
content of 20 + 5 % was estimated for all samples. To derive the effective alpha dose rate,
mean avalues of 0.04 + 0.02 for quartz OSL and of 0.08 = 0.02 for polymineral IRSL were
assumedKeesJones 195). The uranium, thorium, potassium contents and the dose rate of
the samples are summarised in Table 1. The concentrations of uranium, thorium and
potassium were converted into infiriteatrix dose rates using the conversion factors of
Adamiec & Aitken(1998) and watecontent attenuation factoréitken, 1985). Estimation of
the cosmieray dose rate was calculated accordin@tescott & Stepha(l982) andPrescott
& Hutton (1994) from a knowledge of burial depth, altitude, matrix density, latitude and
longitude for each sample. The uranium, thorium, potassium content and total dose rates are
shown in Table 1. The mean dose rate is 3.61 £ 0.15 Gy/ka for quartz and 4.01 + 0.15 Gy/ka

for polymineralsamples

Uranium Thorium Potassium| IRSL dose rate | OSL dose rate

Sample (Ppm) (ppm) (%) (Gylka) (Gy/ka)

JWS1 2.78+0.04 13.33+0.10 |2.49+0.02 4.25 +0.21 3.85+0.21
JWT3 2.90 £0.04 1422 £0.12 |2.59 £ 0.03 4.44 +0.21 4.02+£0.22
JWT9 2.85+0.04 1456 £+ 0.04 |2.76 £ 0.03 4.60+0.23 4.18+0.23
JWT5S 3.03£0.04 11.85+£0.09 | 1.91£0.02 3.70£0.19 3.31£0.19
JWT7 267 £0.04 11.59+0.10 | 1.81+£0.02 3.96 £0.20 3.65+0.20
JWS8 3.43+0.05 11.81+£0.12 | 1.55+0.03 3.51+£0.18 3.09+0.18
JWTS8 3.21+£0.04 11.55+£0.10 | 1.74 £ 0.02 3.58+0.18 3.18+0.18
JWT9 317 +£0.05 13.27 £0.08 |2.22 +0.02 4.04 £ 0.21 3.67+0.21

Table 61: Dose rake data from potassium, uranium and thorium content, as measured by gamma
spectrometry.

6.4.Luminescence dating

6.4.1.0SL dating of quartz

To test the suitability of the SAR protocol to the samfiles the Jungfernweiheand to

confirm the most apppriate preheat temperature, the dose recovery idtiordy & Wintle,
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2003 was determined for preheat temperatiretsveer?200and260°C for 10 s following all
natural and regeneration doses, and 200°C for 1 s following all test doses, using sample JWS
1. The aliquots were first bleached twice with 1000s blue stimulation at room temperature
separated by a 5000s pause to allow the decay of any charge transferred to the 110°C TL trap,
before giving a dose approximately equal to the natural dose. This degbem measured in
the same manner as if measuring the equivalent dose to provide confirmation that the protocol
is able to recover a known dose successfully. If the SAR protocol is apprdioriater
samples, the measured to given d® should belose to unity.The measured dose/given
dose ratio is close to unity for preheat temperatures of 220°C and 24@%: 0.01). We
chose a preheat temperature of 240°C for our measurerf@nt& shows the dose response
curve for sample JWS1Ihis curve isrepresentative for all measured sampkse-grain
equivalent doses (P were measured for samples JWS1, JWT3 and JWT7 and range from
440+ 30 Gy to 580 + 40 GyTable 3) the Dy-values for allsamples are abottl30-150 Gy
when the dose response cuivéitted to a single saturating exponential plus linear function,
| = Imax (1-exp(D/Dg)) + kD, (1)

where | is the sensitivity corrected OSL intensityIs saturation intengitof OSL, D is
dose, and Bis the characteristic saturation dose.

Wintle & Murray (2006) suggested equivalent dose)(alues should only be reported
up to ~20. In our case it shoulthereforebe possible to measure doses up to ab266-300
Gy usingour material, although the laborateggnerated dose response curves continue to
grow up to ~ 100@y, because of a more slowly saturating compomérich is expressed by
the linear term in equation. Buylaertet al. (2007),Timar et al. (2010) and.owick et al.
(2010a,b made similar observation for their faggain quartz samples and concluded that
equivalent doses larger thab, (~120-140 Gy) were not very reliable. At doses higher than
this value they observed an increasing age underestimation talvarBemian. The samples
described by owick et al. 010 passed all standard performance criteria and still show an
increasing dose response curve at 500 Gy. Taking all these observations into account, we
consider our quartz fingrain equivalent dosee be in or close to saturation, and conclude

that they provide a minimum dose estimate of ~450 Gy for the youngest sample.
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Figure 6.2: Dose response and decay curve for sample JWS1 showing the OSL from fine grain quartz.

6.4.2.IRSL dating of polymineral finegrains

6.4.2.1.PostIR IRSL measurement sequence

Based on the work dFhomsenret al (2008),Buylaertet al. (2009) proposed a new SAR
protocol, with detection in the blue (3260 nm). This protocol involved elevdte
temperature stimulation with IR for 100 s at 223pIRIR225), following stimulation with IR
for 100 s at 50°C, a swalled postR IRSL measurement sequence (Table 2), and these
authors chose a preheat of 250°C to make their results comparable tetodes. Recently
Thiel et al. 011 useda preheat of 320°C for 60 s for their ptRtIRSL protocobndusal a
stimulation at 290°C for 200 s after bleaching the aliquots with IR diodes at 50°C fot®00 s
date polymineral fingyrains Buylaertet al. 009) showed that the obsed fading rates for
their postIR IRSL signal (stimulated aR25°C) were significantly lower than from the
conventionallRsg and that the signal is bleachable in nature. Thiel et2@llY reported
natural signals in saturatioon the laboratory growth curve and concluded that fading is
negligible for their samples.
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Step Treatment Observed
Dose

Preheat, 60s at 250°C / 60s at 320°C

IR stimulation, 100s at 50°C / 200s at 50°C Lx
IR stimulation, 100s at 225°C / 200s at 290°C  Lx
Test dose

Preheat, 60s at 250°C / 60s at 320°C

IR stimulation, 100s at 50°C / 200s at 50°C TX
IR stimulation, 100s at 225°C / 200s at 290°C  Tx
IR stimulation, 40s at 290°C / 40s at 325°C

Return to step 1

OCoO~NOOO Pk, WN =

—_
o

Table 62: Elevated temperature postIR IRSL measurement sequence.

In this study, the pIRIRs protocol is applied to polymineral f¥grains from the
Jungfernweiherand in addition th@IRIRg0 is measured fotwo samples. The initial & of
the postIR IR signal areused for calculating the values, with a background based on the
signal observed in the last 10 s of the decay cuFeetest for anomalous fading and to
compare the fading rates of theso, the pIRIR2;5 and theplRIR2g0, those aliquots which had
been used for PDmeasurement were then used to test for fading, by dosing and preheating the
aliquots and then storing for vaus delays after irradiatioand before measurement. This
sequence was repeated several times on each aliquot. The fading rates are expressed in terms
of the percentage decrease of intensity per decade of tiwadug; Aitken, 1985; Auclair et
al., 2003. G-values were calculated accordingHantley & Lamothg(2001) using theignal
integrationlimits as for the R calculation. Fading corrections use the methods qsexb in
Huntley & Lamothe(2001); it is recognised that this method is strictly appleanly for
natural doses in the linear region of the growth curve, althBugtaertet al.(2008; 2009; in

presshave shown that ghcorrection can gives accuratges outsidef this range.

6.4.22 Luminescence characteristics and performance in SAR

The dose response curves and the decay curves dpraii® pIRIR.s for the uppermost
sample JWS1 (~17 m) and for the lowermost sample JWT8 (~94 m) is shown in Fig. 3a,b.
The curves are representative for all the other samples measured using thesplRIR
natural IRSL signal clearly lies below the natural gesIRSL signal, by about 230% on

average. The shapes of the growth curves are similar but the growth curve, tentl® to lie
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somewhat above the curve for pIRjRfor all our samples. Fig.4,b shows corresponding
dose response and decay curves fgp #Hid pIRIRgo for the uppermost sample JWS1 (~17
m) and for one of the lowermost samples JWS8 (~94 m). As for piRIEe natural
PIRIR2go lies clearly above the natural IRSL signal, and ¢mewth curves for I lie

somewhat above the curves for pIRJor all samples.
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Fig. 5a,b show dose response curves and decay curvess§athERpIRIR:2s and pIRIRgo

for sample JWTO.
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Figure 6.5: Dose response and decay curves for sample JWT9 showing thesdRpIRIR ;25 and the
PIRIR 200

This is in contrast to the study Btiylaertet al. (2009) who observed that the shape of the
growth curves fofRs5o andplRIR,z5 areindistinguishableThiel et al. 011) alsoinvestigated
IR50 andpIRIR2g0 growth curves and observed very similar shapesur study, lhe pIRIR2s
from all the samples is brighter (~E0%) than for théRso. TheplRIR2g0is ~3 times brighter
than forthe IRso. Buylaertet al. (2009) and hiel et al. (n pres$ made similar observations.
Recycling ratios for our samples raffom 0.96 + 0.010 1.02 + 0.02 for théRso and from
0.95 + 0.02 to 0.98 + 0.01 fMRIR2s. Recuperatiofior all the IRSL, pIRR225 and pIRIRgo
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signalsis below 5% of the natural signalo test the applicability of the peHR IRSL
protocol using a stimulation temperature of 225°C, the dose recovery ratio was measured for
all samples Nlurray & Wintle, 2003). The aliquots werddached for 4 hours in a Hénle
SOL2 solar simulator before giving a dose approximately equal to the naturaFapsgéa

shows the results of the dose recovery test for all samplé2stoandplRIR22s.

a) Dose recovery

0.8

Measured / given dose
jjo
&
@
e
oL Y

0.6

JWST JWT3 JWT9 JWT5 JWT7 JWS8 JWT8
Sample

b) Residual doses

19 ® Ry
& pIRIR,;

JWS1T JWT3  JWTS  JWT7  JWse  JWTE

Sample

Figure 6.6: Dose recovery tes{a) and the residial doses (b)for the IRsq and the pIRIR .5 signal for all

samples Three aliquots were measured pesample. Error bars represent tsigmastandard error.

Themean ratioof the measud to given dosies 1.060 + 0.011n = 21 forlRsgand 0.98 +
0.006,n = 21 for pIRIR2,5 confirming the suitability of our podR IRSL protocol. To
confirm that IRSL and podR IRSL signalsare bleachable by natural daylight we exposed
three aliquots per sample for four hours to a Honle SOL2 solar simulator and then measured
the apparent dose in the usual manii@e results are shown in Fig..6bhe residual doses
range from 2.2+ 0.13 Gy to 2.8l + 0.01 Gy, with a mean of 2.37 £ 0.15 Gy« 18) forlRsg
and from 3.2 £ 0.51 Gy to 5.5 + 0.91 Gy, with a mean of 4.88 = 0.19yGn = 19) for
PIRIR2;s. The residual doses were subtracted from the measured equivalent dp$esdbe
calculation.
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6.4.23 Equivalent Dose ([9), fading rates and age estimates

Equivalent doses ( have been measured usiiigso, pIRIR22s for all sanples, and
PIRIR2go for three samples. Tabksummarises the equivalent dosssturatiorof the signal
recycling ratio,dose recovery results, residual dosegalgies and the resulting luminescence

ages for all samples.
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The equivalent doses {Pobtained using thé&Rs are in the rangef ~500-700 Gy for
core JW3except for sample JWT8 which givassignificantly higher dose of 871 + 63 Gy.
These R estimates give minimum (uncorrected for fading) age estimates betweerD1i8
and 240+ 20 ka De values obtained for g do not increase systematically with depth, and
indicate that this signal is in field saturati@quilibrium between the accumulation of new
charge and the loss by anomalous fadiag)~500 Gy. Similar lts were obtained by
Degering & Krbetschek2007a) on two samples with a depth of 104.5 m and 122.5 m from
core JW2 from Jungfernweiher. They applied a multiple aliquot additive dose NIAA
protocol to the polymineral fingrain fraction and obtained egalent doses (F) of 441 + 49
Gy and 517 + 62 GylheDg-values ofall IRSL and postR IRSL signak are about ~50@00
Gy suggesting that doses up to abeli®001200 Gy can be measured. Theigglent doses
De obtained usingIRIR2,5 from feldspar rangérom 846+ 52 Gy to 1174 = 64 Gjor core
JW3 which is ~2550% higher than those obtained usiRgo. The De values ofpIRIR22s5
increasewith depth,but the values for the lowermost two samples are already in the range of
2Do. Thissuggests a minimumnaorrectedage of ~200 kd&or the youngest sampl®, values
for pIRIR2go Signal are only available for sample JWS 1 (1137 + 17 Gy) and for sample JWS
8 (1373 £ 53 Gy); these values are -2B3% higher than the equivalent dosesg) (@btained
using theplRIR225 and giveminimum age estimates of260 kafor the youngest sampknd
~390 kafor one of the two oldest samples of JWBe ages increase with degiht the R
values are in the range of or exceed.2lhe uncorrecte@lRIR2;5 ages underestimate the
uncarectedplRIR290 age estimates by aboR6-30 % on average, presumably because the
PIRIR2,s5 signals have to be corrected for fadiiipe ratio of the sensitivitgorrected natural
signal to the laboratory saturation level was calculatedRes, pIRIR2s and for pIRIR2go
signals andaverage valueof 0.58+ 0.04, 0.79+ 0.03and0.79+ 0.01 for IR50, pIRIR2s and
PIRIR29o Were obtained, respectivelgchmidtet al. (submitted) tested the pIRbgprotocol
on polymineral fine grains from Serbian loess stigating thebehavior of bothiRsy and
PIRIR2g0 in Material close to or in saturatiavith a focus on theefationship between field
and lalmratorysaturation Theycould demonstrate that field saturation is equal to laboratory
saturationfor pIRIRxgq i.€., theratio of the natural signal to the laboratory saturation level
close to 1 These findings show that the measured samples are not yet in field saturation for
PIRIR2go signal Sample JWT9 (Fig.®b), which was taken from core JW2 was measured
usng IRso, pIRIR:25 and pIRIRge The equivalent doses {Dobtained using IR are around
600 Gy, which is in the range of the field saturated results for JW3 using this signal. For
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pIRIR22san equivalent dose @pof 1041 £ 30 Gy was measured, which ishie range of 2R
For pIRIRgo an equivalent dos@¢) could not be calculateds the naturasignallies very
close to the saturation levelhe ratio of the sensitivitgorrected natural signal to the
laboratory saturation level is 0.99 = 0.01 (n=3)igating that this sample is in saturation.
Therefore only a minimum dose estimate of ~270 ka based on thgvalde (86% of
saturation) can be derived (~1100 Gy).

The measured fading rates 8%, pIRIR225 andplRIR90 are shown in Fig..7

4!!{5*3%%
;%%@ %%

& PIRIRy,
A PIRIRy,
. .

g-value (%/decade)
w

JWS1 JWT3 JWT9 JWT5 JWT7 JWS8 JWTS
Sample ID

Figure 6.7: Fading ratesfor the post the IR5, and pIRIR 55 signals for all samples Three aliquots were

measured persample. Error bars represent tsigmastandard error.

For IRsq, the gvalues range from 3.64 @12%/decade to 4.79 + 0.11%/decade, with an
averagenf 4.09 + 0.02%/decade,= 21, and for th@IRIR,.5 signal, from 2.1 + 0.2%/decade
to 3.3 £ 1.0%/decade, with an average of 2.55 + 0.14%/denacl®1 (Fig. 8).These data
suggest thaplRIR,,s fades by ~40% less thdRso. For sample JWS1 a\@lue of 05 +
1.1%/decade foplRIR290 Was obtained.
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Figure 6.8: Anomalous fading ofIRSL 5o, pIRIR s5and pIRIR ggSignals

Similar fading rates for thplRIR,25 and pIRIR2go are reportedy Thiel et al. {n pres$
for their polymineral finggrain samples, althugh they measured lower fading rates Ife#.
The fading corrected agestimats for IRsp andplRIR25 are listed inTable 3. ThelRsy age
estimates range from 188 + 19 ka to 400 + 80 ka. The age estimapRIRs,5 range from
270 + 40 ka to >458a. The age estimates fPIRIR2go are not fading correctedhiel et al.
(2011 argue that fading rates below 1%/decade may not be significant, based on their finding
of natural signals in saturation on a laboratory growth curve. The age estimates obtained for
IRs5p are consistently lower than those frgiRIR2,5, except for sample JWT 3 and JWT 8. In
contrast, our fading correctgulRIR,;5 age estimatesre consistent with those from the
uncorrecteplRIR290. The underestimates frofRsy are consistentvith the observation that

this signal is in field saturation.

6.5.Discussion

Both pIRIR225 and pIRIR,g De Valuesfrom the youngest sample (~16 m below modern
surface)indicate a minimum (uncorrectddr fading age of ~200 ka for the deposits from
Jungfernwéner. Fading correctediRIR25 and uncorrecte@lRIR,g0 age estimates increase

with depth from ~250 ka for the uppermost sample up to ~400 ka for the oldest samples taken
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~94 m below modern surface indicating an accumulation of ~100 nableastl50 ka Thus
according topostIR IRSL ages, Jungfernweiher was effectively filled up with sediments
~250ka ago,and there either has been veitild deposition since then, or younger sediments
have beereroded However there are uncalibrated radiocarbon agéimates ranging fro

34.5 £ 2.1 ka BP to 56 £ 4 ®P (no systematic increase with depth) which might indicate
that these deposits aoé late Weichseliarage.Lenazet al. (2010) also regard it as possible

that the tephra layer at a depth of 107.39 raladdoe correlated with the Rocourt Tephra
which has an age range between 90.3 and 74 ka. One possible explanation for oyr high D
values can be based on mixing of wakached aeolian dust with locally eroded old (field
saturated) cratewall sedimenti then the sediment would have been deposited with an
average finite residual dose, perhaps close to saturation. Hoveesenple mixing model
indicates that for such a mixture to have been deposited at, say, ~20 ka, one would require
>75% of the total lakesediment tobe locallyderived old materiain order to give a dose
indistinguishable from field saturation today. Such a large catchment input to a maar lake
seems very unlikely. Overestimateds-¥alues could, of course, also arise because of
incomplete keaching. However it seems most likely that the laminated coarsestouast and

loess layers were deposited during hgsacial times; if such aeolian dustnsaking upa very

large part of the sediment inventory it is difficult to accept that the liR8bt wellbleached.

There is considerable evidence in the literature thatRbgfrom loess and from sediments
originating from dust storms is well bleachd®bperts 2008. It is also known that the fast
component of quartz can be depleted in only a ri@mwutes exposure to dayligfGodfrey

Smithet al.,1988) and yet we still obtain an equivalent dose for thedgnaen quartz of 44%

28 Gygiving a minimum age estimate €100 ka based ottne 20 value of 260-300 Gyfor

the youngest sample. Finally,study froma nearby East Eifetrater fill (Schmidtet al,2011)

showed that thpulsed pIRIRso from loess deposits in this arisain factwell bleached. Their
luminescence age estimates are in good agreement with stratigraphic evidence and with
indepadent age control provided BSAr/*°Ar dating of intercalated afiall tephra and scoria.

Thus we appear to have a discrepancy between the established stratigraphy and all IRSL data.
Most of the radiocarbon ages are in the ranige43-55 ka (except forme of ~35 kawhich

is at or close to the uppagelimit of the method Luminescence age estimates are provided

by Degering & Krbetschek2007a) on two samples with a depth of 104.5 m and 122.5 m
from core JW2 yielding equivalent dosese(f 441 + 49 Gyand 517 = 62 Gy. Age
estimates of 98 + 15 ka and 117 = 18 ka were calculated for these samples. To enable

comparison of our results for samples from the drill core JW3 and the published age estimates
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of Degering & Krbetschek2007a) weadditionallymeasued one sample (JWT9) from drill

core JW2 taken from a depth of 104.5 m. The results show that this sample is in saturation for
all the different signals, 3, pIRIRz2s and for pIRIRg suggesting a minimum age estimate

of ~270 ka for pIRIRg signal for his sample. The calculated age estimateBeagering &
Krbetschek(2007a) are underestimating our results significartilge possible reasanight

befield saturation of their signai.e. the trap filling and anomalous fading had reached to the
equilibrium state In addition the association of the tephra at 107 m ity Rocourt Tephra

is not secure. In our view theostIR IRSL ages represent the most secure ages for this
deposit It has to be mentioned, that one-aathor (F.Sirocko) does not agree lwihis
interpretation and proposes an alternative stratigraphy for core JW3 and neighbouring core

JW2 (see appendix).

6.6.Conclusion

We have investigated the application of luminescence dating to maar lake sediments from
the dry maar Jungfernweiher the West Eifel volcanic field by using qua@SL and two
different protocols for feldspar IRSL. Using OSL, we obtaingdv&ues ranging from 440
30 Gy to 580 + 40 Gy fathe finegrain quartz extracts.|fthese results exceed the Ralue
of 260-300 Gy corresponding to minimum ages 680-100 ka (although the laboratory
growth curve does not fully saturate before ~1000 Gy). For polymineragfaies, the R
values obtained folRso do not increase with depth, and indicate that this signal is i fiel
saturation at ~500 GyThe D values for pRIR2s and pIRIR2go are increasingwith depth
from ~800 Gy to ~1400 Gy, suggesting a minimum age 60-a for the youngest material,
althoughthe obtainedequivalent doses ({Pare already in the range or erdéng 20 for two
bottom samples fadW3 and the sample from JW®Rlean laboratory fading rates are 4.09 +
0.02%/decade folRso and 2.55 = 0.14%/decade fpiRIR.2s. Although we observed a g
value of 0.2 = 1.12%/decade fopIRIR2go from sample JWS1, we t@ chosen not to correct
the age estimates f@RIR,q, for fading. rrected age estimates fpiRIR,,5 range from
270 £ 40 ka to >450 k& hese ages are caistentwith uncorrecteplRIR2g0 age estimates.
Not surprsingly, fading corrected age estimataeistained forlRso underesmate the fading
corrected age estimates fptRIR,,5. However radiocarbon age estimates aadpossible
tephra associatiosuggest that tlse datedleposits should bef late Weichseliarmge Based

onthe results frona simple seidhent mixing model and on thesults from analysesf well-
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bleached aeolian material from the nearby East Hiféed, notlikely that the high Ds-values
observed within this studgould originate frommixing or incomplete bleachin@.herefore

we regard hie results from the luminescence measurements conducted within this study to
represent the most reliable age estimates for the sediments from the Jungfernteher
discrepancy between the established stratigraphyteBSL datafrom this studyremainsto

be explained.
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Appendix

One of the ceauthas (Frank Sirocko) has a different chronostratigraphical interpretation,
which he describes in detail in a paper under submisdionSirocko interprets the
luminescence dates from this study as result of a mixture of an eolian fraction with grains
from the wavegenerated erosion of soil material, which is again a mixture from the Devonian
bedrock and loess of MIS& older

According to Sirocko et al. (unpublishetie stratigraphical frameworloif JW2 and JW3
is as follows:

Scoria from the Laacher Seruption is apparent in the soil at 1 m deptbrrelding to an
eruption age ofibout12.9 ka. Sediments from22 m are free of clay and are regarded as a
mixture from eolian deposition and wave generated suspen3ibese sediments afieee of
pollenard correlate tdahe last glacial maximum (LGM). The relative paleointensity variation
of sediment magnetisation places the Mono Lake Event at 24 m indicating an age of 30 ka
according to the GLOPIS paleomagnetic stack, which is based on a GISP2 derinsatiage
A tuning of the greyscale variations between 25 and 41 m reproduces almost perfectly the
succession of the Greenland Interstadials-Gi3 The second minimum of the relative
paleointensity is at 32.5 m armbrrelatesmost likely to the Laschams Event. The MIS3
sections of JW2 and JW3 have been studied by se¥&alates giving ages around 50 ka
representing the upper dating limit of thi% method. This would imply that all organic
particles in JW3 are derived from soils of GI14, which was thenesr period of MIS3.

The markers of MISStart with a prominent step in the paleomagnéatidination record
at 81 m representing a principle change that was dated in the Monticchio record to 75 ka. The
end of this inclination maximum is at 99 m, repreésgn86 ka. A tephra consisting of the
same geochemical composition as the Roucourt tephra in France is visible in JW3 at 107.4 m,
which would place this depth at around 90 ka. The sediments below yield two IRSL ages of
93 ka and 100 kaDegering & Krbetshek 2007a). The greyscale record between 75 m and
130 m can be perfectly tuned to the Greenland ice core stadial/interstadial succession and also
the North Atlantic Cevents. A tephra with an identical zonation to the DUmpelnegéara is
visible at 139 m this tephra was dated at the Herchenberg set¢tohl16+10 ka. The
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succession of the markers of core JW3 ends with the occurrence of interglacial pollen at depth
below 145 m most likely representing the Eemian.
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Luminescence dating of the loess/palaeosol
sequence at the gravel quarry Gaul/Weilbach
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Einen Tag nach Erhalt eines Briefes mit Korrekturen an unserem gemeinsamen
Manuskript erreichte uns vollig Uberraschend die traurige Nachricht vom Tode Arno

SemmelsWir werden ihn als Mensch, Kollegen und Wissenschaftler vermissen

Abstract

A thick Middle and Late Pleistocene loess/palaeosol sequence is exposed at the gravel
quarry Gaul located east of Weilbach in the southern foreland of the Taunus Mourttains.
loesgpalaeosol sequenaorrelates tdhe last threglacial cydes Sevensamples wereated
by luminescence methods usiag elevated temperature IRSL (ptiRtIRSL) protocolfor

polymineral finegrainsto deternme the deposition agef the sedimenand to set up a more
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reliable chronological framework for these dsjs. The fading corrected JiRand the
PIRIR225 age estimates show a good agreemenglimost all samplesThe fading corrected

IRSL ages range from 23.7 + k& to >350 ka indicating that the oldest loess was deposited
during marine isotope stage (MI$0 or earlier and that the hunmich horizon(Weilbacher
Humuszone)was developed during the late phase of MIS 7. Loess taken above the fCc
horizon was most likely accumulated during MIS 6 indicating that the remains of the
palaeosol are not belonging the last interglacial soil. The two uppermost samples indicate
that the youngest loess accumulated during MIS 2 (Upper Wirmian). Age estimates for th
loesspalaeosol sequencéd thegravel quarry GaWeilbachcould be obtained up to ~350 ka
using theplRIR 2,5 from feldspar.

7.1.Introduction

Loess recordare sensitivarchives of climate change and provide important information
on local and regional environmental processes and conditions for the Middle and Late
Pleistocene period in Europe. The gwun forelandf the Taunus mountair(&ig.1), which
are part of the Rhenish Massif in Germatgnsists mainly of Pleistocene terraces of the river

Main covered by thick loegzalaeosol sequences

8°10'E

) WEILBACH
Wiesbaden

fEltville am Rhein

50°N |

Weisenau

Mainz

I5kmI

Figure 7.1: Location of the loess/palaeosol sequence exposed at the gravel quarry Gaul/Weilbach.

For these deposits it was suggested that eacleqsahor fossil Bt horizon (= fossil
argillic B horizon) correlates to an interglacsgnsu stricto(Fink, 1973) Semmel(1967,

2005)questioned this suggestion because there are loess sequences in Western Europe which
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contain much moréossil Bt horizors than evidenced by palynological studi€ke Upper
Pleistocene Lower terracestbieriver Main (t6 and t7 sensBemmel 1969) are nbcovered
by such argillic horizons. The stratigraphically older tersdbeand t4 arecovered by loess
and intecalated by a fossil Bt horizon and by two Bt horizons, respectively.

In contrast to the studies 88mmel(1969), only ondurriedBt horizon intercalating the
loess covering terrace,ias foundat the gravel quarry Gaul located east of Weilbduting
the excavation of # past yearsSemmel 20095. The latter Bt horizon is covered by two
humi c horizons ( iHumus zuncatesnthe upperndost iumga hariZom ¢ a n t
followed by the typical Lat&Veichselianloess succession including Lohne Stihdra gleys
(ANaCb©°denod) anik 2he HEitnile TepBaSemmel 1967; stratigraphy after
Schonhalset al, 1964; local degiption after Semmel 20053. This loess/palaeosol sequence
was studiedalong of an about 1 kmiong exposed wall at the gravel quarry Gaul. However,
below a weak palaeosol designated to correlatehto Middle WeichselianLohne Soil, a
continuous fCc horizonincludig | ar ge, mainly vertical expos:¢e
dol | so6) of about 20 ¢cm |l ength, someti mes wit
is likely that these remainbelongto a fosil Bt horizon Semmel 2005. Independent
stratigraphiel age control is provided by the occurrence ofElteille Tephra a widespread
marker horizon in this region which most likely resulted from an eruption of the Eifel
volcanic field Semme| 2007). TheEltville Tephrahas been investigated by severalirdat
studies at different sections. The mean luminescence age values are between 19.2 ka and 20.6
ka for thistephra horizon\{intle andBrunnackey1982;Z6ller, 1989; FrecheandPreusser,
1996; Antoine et al., 2009X6ller andSemmel(2001) provided meaTL age estimates of 21
ka for loess above the Eltville Tephra and 25 ka beB®avfarnumeri@al age estimates are
still lacking for the loessdeposits from the Weilbach sectionaking it still difficult to
interpretthe terrestrial climate archives aslwas to correlatethe loess/palaeosol sequesce
with other loess record.he nearby loess record from MaiWeisenau was described in
detail by Semmel(1995). Thermoluminescence (TL) age estimates for the deposits of the
Mainz-Weisenau section were presed byBuschbeck1993) andzoller (1995) Frecherand
Preussen(1996) provided thermoluminescence (TL) and infrared stimulated luminescence
(IRSL) age estimates. These previous studies provitleand IRSLagesup to aboutlOOka,
which was thought to bine upper dating limit that timé&fechen 1999).

This study presents the firgptically stimulated luminescence (OSdating results from
the loess/palaeosol sequence at the gravel guaaul located east of Weilbach based on a

postIR IRSL measuremergequenceThe IRSL signal measured at°80and the subsequent
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postIR IRSL signal measured at 225°C using the latter sequence are hereafter referred to as
IR5o and pIRIRys, respectively. Our study aim® set up a more reliablehronological
framework fa this loess/palaeosol sequendairthermore, we want to answer the question
whether the oldest Bt horizon correlates to the Middle Pleistocene (antepenultimate or

penultimate interglacial) or to the Upper Pleistocene.

7.2.Loess/palaeosol sequence tiite gravel quarry Gaul/Weilbach

The loess/palaeosol sequenah indicatedsample positiogfor luminescence dating is

shown in Fig. 2

Figure 7.2: Loess/palaeosol sequence at the gravel quarry Gaul/Weilbach with a) loesmcretions of the
fCc horizon with remains of brown Bt material from the quarry Gaul near Weilbach and b) Two fossil Bt
horizons near the profile of Fig.2 situated at the Gaujuarry near Weilbach.

9 = E3 tundra gley, above the Eltville tephrgWeil was taken below)

8 = E2 tundra gley, greyish compact loegdVei2 was taken below)

7 = Lohne soil (Wei3 was taken below)

6 = fCc-horizon with carbonate concretions (Wei4 was taken below)

5 = reworked humicrich material (Wei5)

4=humicr i ch horiaohe(fiMemubézoneod) (Wei 6)

3 = reworked carbonaterich loess loam

2 = fBt-horizon

1 = oldest loess (Wei7)
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The coordinates ofhe section under study are 55287" N and 8°485,5' E. The
location of the profile under study within the terrace sequehceer Main is shown in Fig.
3.

NW Loess/palaeosol sequence SE
| '\ 500 m
| | }__——i
Grau-Berg t(3) Main
m A (2) t@3 \ 7 L(4)
125—— 5w T o N1 a4 ; A (5) t(6) t(7) |
G © 0640 60 oN\o° °Y o O P 15, 9_0Vo o o | i TR Y
100— LM T Og=© = 0 NOTO 755 I C) s % 455 55 O
75 — A1)\ (1) t(T) TESREY M 3 WRLENEY Tl
9 4
X t(1)

Figure 7.3: Terraces of the river Main in the southern foreland of the Taunus mountains.The

Loess/ pal aeosol sequence is |l ocated close to the symb

The gravel of terrace t4 is coverey carbonatdree flood loam, whiclthangego the top
into calcareous loess (1 in FB). Sample Wei 7 was taken from this loess uhitis layer is
covered by @80 cm thick fCc horizon including large carbonate concretions, which form the
bottom of a eddish brown Bt horizon (2 in Fi@). The colour of the truncated palasol is
pale coloured owingot secondary carbonate infiltration. In the profile under study the fBt
horizon is about 90 cm thick but varies strongly in thickness along the quarrgwiad to
erosion postdatingthe soil forming processes. The truncated palaeosol is covered by
carbonateich, greyish brown loess loafabait 30 cm thichk below a brownspotteddark
humicrich horizon( A We i | b a ¢ h e r(4 iHRign2 yabauty & eendlok). Sample Wei6
was taken from this horizon. THaumicrich horizon is covered by solifluction layer of
reworked humieich material includingoess loam and calcareous loess, which is about 60
cm thick. Sample Wei5 was taken from this u®Bitin Fig.2). This layer is covered by light
brown about 50 cm thick loess with carbonpseudomiceliumincluding atruncatedfCc
horizon with up to 20 cm large carbonate concretions (6 inZrigsgample Wei4 was taken
from this reworked loessAlong the quarry wa| reddish brown remains of loam are found
around these carbonate concretions (Ba. Close to the profile from Fig2 truncated Bt
horizon about 60 cm thick is exposed along the quarry wall above the fCc horizon in a dell
filled with loess (Fig2b). The uppermost part of tHeess/palaeosol sequenceludes weak
palaeosols correlating tihe Middle Weichselan Lohne Soil (7 in Fig2) andto the Upper
Weichseian sequence includintundra gley E2 (8n Fig. 2), tundra gley E3 and the Eltville
Tephra(9 in Fig.2). Sample Wei3 was taken below thehne Soi] sample Wei2 below the

tundra gley Ezand sample Weil below the tundra gley E3.
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The stratigraphic interpretation of the profile is based on the local stratigabjpiess
scheme $emmel 1968; 200% suggesting thathe oldest exposed fBt horizon (2 in Fig. 2)
correlates to the antepenultimate or penultimate interglacial designated to be older than ~200
ka. The humier i ch hori zon correl ates most i kel y t
correlatego an interstadial period during the early penultimate glacial peBethinel 1968)
and the fCc horizon (6 in Fi®2) most likely correlates to the last interglacial. The loess
sequence covering the fCc horizon correlates most likely to the Middle aneér Upp

Weichselan, as indicated by the exposed typical marker horizons.

7.3.Experimental details

The samples were taken in ligight plastic cylinders and the sediment was extracted
under subdued red light and pretreated with 10% hydrochloric acidrtovee carbonates,
sodium oxalate to dissolve aggregates and 30% hydrogen peroxide to remove organic matter.
Thematerial waghen refined to afinesilt (2 1 ¢ m) Fimally, camples were prepared
for measurement by settling the polymineral graird @ e m) from acetone o0
discs All OSL/IRSL measurements were performed using an autonftitsdl L/OSL-DA20
equipped with @°SrP%Y beta source. Feldspar IRSL signals were detected through Schott
BG-39 and Corning -B9 filters (passing 320 @60 nm; i.e. blue).

Radionuclide concentrations for all samples were obtained using high resgationa
spectrometryof sediment collected from the immediate surrounding of the samplesiter
content of 20 + 5 %vasestimated for all samples. It haslie mentioned thahé estimation
of water contensince the loess watkepositeds associated with a high degreéuncertainty
Mean avalues 0f0.08 +0.02 for polymineral IRSLwere used to derive the effective alpha
dose rate ReesJones 1995). The oncentrations of uranium, thorium and potassium were
converted intanfinite-matrix dose rate using the conversion factors AflamiecandAitken
(1998) and watecontent attenuation factorditken, 1985). Estimation of the cosmray
dose ratewas calculted according t®rescottand Stephan(1982) andPrescottand Hutton
(1994) from knowledge of buriatlepth, altitudematrix density, latitude and longitude for
each samplelhe uranium, thorium, potassium content and total dose rates are shown in Table
1
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Cosmic dose rate | IRSL dose rate

Sample |Uranium (ppm)| Thorium (ppm) |Potassium (%) (Gy/ka) (Gy/ka)

Wei 1 3.03+£0.03 10.09 + 0.06 1.23+£0.01 0.19+0.02 3.00£0.16
Wei 2 340+0.03 11.24 + 0.06 1.38 £ 0.01 0.18 +0.02 3.32+0.18
Wei 3 3.24+0.02 11.41 £ 0.06 1.30 £ 0.01 0.14 £0.01 3.18£0.17
Wei 4 276+0.02 9.38+0.05 1.18 £ 0.01 0.13+0.01 272+015
Wei 5 280+0.03 11.12+0.06 1.31+£0.01 0.12+0.01 3.01+0.16
Wei 6 333+0.03 13.55+0.06 143 +0.01 0.09+0.01 345+0.18
Wei 7 292+0.03 10.73 £ 0.06 1.30 £ 0.01 0.06 +0.01 294 +0.16

Table 71: Dose rate data from potassium, uranium and thorium content, as measured by gamma

spectrometry.

7.4.Luminescence dating

Luminescence dating enables to determine the depositional age of various sediments such
as loess over eange from a few decades to several hundred thousandbyedasing the time
that has passed since the last exposure of the minerals to da&iigbnh(1998). Quartz or
feldspar grains (the most common minerals in sediments) are usetliad dosimeters. They
are able to store energy within their crystal structure, which is coming mainly from an
omnipresent ionising radiation (alpha, beta and gamma) as well as from cosmic radiation. The
charge can be stored in imperfections in the ckyatace for long periodsin the laboratory
the grains are first heated, and then stimulated Wthor blue LEDswhich releasethe
electrons from their traps in the form of visibight (luminescence Such a measurement
allows estimating the dose ddiation (palaeodose or equivalent dosg,izhich the crystal
has absorbed since the last exposure to dayligie. uminescence sigreafrom feldspas
grow to much higher doses than those from quartz, which offers the possibility of
significantly extendng back the age rangelowever,luminescencelating of feldspars Isea
tendencyto underestimate thgeologicalage, because of anomalous fadiigiritle, 1973)
which is caused by quantumechanical tunnelling\Misocekas 1985) Feldspar dating is
normally carried out using a 50° C IR stimulation with detection in the blulét)
spectrum. IRSL ages underestimate often consistently the quartz OSL ages most likely due to
anomalous fading. Several methods of age corrections have been proposkdr{tgey.&
Lamothe, 2001; Lamothe et al., Z)and many studies show corrected IRSL ages which are
in good agreement with quartz OSL ages. But these corrections rely on different assumptions,
including e.g. the fact that the logarithmic time dependence is reléwvageological time

(Huntley and Lamothe 2001) and there is no general consensus which correction method
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should be used. Furthermore, the correction methastrictly applicable only for natural
doses in the linear region of the growth curi¢untley and Lamothe 2001) although
Buylaertet al. (2009; in press) have shown that the correction can give accurate ages outside

this rangeHowever, if the fading rate can be reduced, feldspar dating will be more reliable.

7.4.1.PostIR IRSL measurement sequee

Thomsen et al. (2008) found out, that stimulation at elevated temperatures significantly
reduces the fading ratBased on this worlBuYLAERT et al. (2009) proposed a nesingle
aliquot regenerative dosé&SAR) protocol, with detection in the blue (3280 nm). This
protocol which includeselevated temperaturstimulation with IR for 100 s aR25C,
following stimulation with IR for 100 s at®BC, is called postIR IRSL measurement
sequencand is presented in Table 2

Step Treatment Observed
1 Dose
2 Preheat, 60s at 250°C
3 IR stimulation, 100s at 50°C Lx
4 IR stimulation, 100s at 225°C Lx
5 Test dose
6 Preheat, 60s at 250°C
7 IR stimulation, 100s at 50°C Tx
8 IR stimulation, 100s at 225°C T
9 IR stimulation, 40s at 290°C

—
o

Return to step 1

Table 72: Elevated temperature postIR IRSL measurement sequence.

Buylaertet al. (2009have shown that the ofswed fading rates for the pa& IR signal
are significantly lower than from the conventioti@k, and that the signal is bleachable in
nature.Buylaertet al. (submittedmeasureda mean residual dose value of 02 Gy on
polymineral finegrains extracted from modern Chinese loe3%is postiR IRSL
measurement protocol is applied to the polymineral-greens from the Weilbach section.
The initial 2.0 s of the postIR IR signal is used for calculating the. Dalues, with a
backgroundsubtractionbased on the signal observed in thst 10 sof the decay curveAll
dose responseurves were fitted using an exponensaturatingfunction Testswere carried
out onthe same aliquots as for.DPneasurement to check for anomalous fading and to
compare the fading rates of thesdlRnd the pIRIR;s. The aliquots were dosed, preheated and

then stored fowarious delays after irradiatioend before measement. This sequence was
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repeated several times on each aliquot. The fading rates are expressed in terms of the
percentage of the decrease of intensity per decade of thvaug; Aitken, 1985; Auclair,
Lamotheand Huot, 2003. The gvalues were calculdaed according toHuntley and Lamothe

(2001) using the same integration limés for the [ calculation The gvalueswereused to
correct the ages.

7.4.2.Luminescence characteristics and performance in SAR

Figure 4 shows the dose response curves dmeddecay curves for the JRand the

PIRIR25 for the stratigraphically oldessamplesWei6 (Fig. 4a) and Wéi (Fig. 4b). These
curves are selected to be representative for all samples.
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Figure 7.4: Dose response and decay cueg for samples a)Wei 6 andb) Wei 7 showing the IR, (filled
symbols) and the pIRIRx;ssignal (open symbols).
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The natural IBy has about 115% lower signal intensity than the natural pIRHRThe
growth curves for the pIRIgs lies above the curve fahe IR, for all samples. However, the
shapes of the growth curves are indistinguishdhlglaertet al. (2009) observed also that the
shape of the growth curves for thesdRand the pIRIR:s are indistinguishable for their
samples. The pIRIRs of all the measured samples is much brightdi0{15%) than for the
IRs (inlay of Fig. 4a and b) confirming the resultsBafylaertet al. (2009). Recycling ratios
for the samples range from 0.98 + 0.03 to 1.01 £ 0.003 for thealRl from 0.91 + 0.04 to
0.99 +0.003 for the pIRIRs Recuperation is below 5% of the natural sigfal.test the
applicability of the postR IRSL protocol using a stimulation temperature of 225°C, the dose
recovery ratio was measured for all samgMsirray and Wintle, 2003) The aliquots were
bleachedfor 4 hours ina Honle SOR solar simulatotbefore giving a dose approximately
equal to the natural dosexcept for sample Wei7, where a smaller dose was chd$en
dose was then measured in the same manner as the equivaleint oia®r to confirm that
the protocol is able to recoveikaown dose successfully. If the SAR protocol is suitable, the
measured to given dose ratio should be close teidl.5a shows theresults of thedose

recoverytestfor all samplsfor thelRsy andthe pIRIR22s.
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Figure 75: Dose recovery test (a) and the residual doses (b) for the pdBt IR protocol at 225°C for all
samples.Three aliquots were measured per sample. Error bars represent 1 standard error.
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The obtained rats of the measured to given das@gefrom 0.88 + 0.02 to 0.94 = 0.01
with a mean 00.93+ 0.01 Gy (n = 21)for IRsp and from 1.01 + 0.03 to 1.07 + 0,04ith a
mean of1.03 £ 001 Gy (n = 21)for pIRIR22s This data indicatethe applicability of thepost
IR IRSL protocol. To confirm that the IRSL and the pd& IRSL are bleachable by natural
daylight we exposed three aliquots per samplédiar hours to a Honle SOL2 solar simulator
and then measured the apparent dose in the usual manner. Thearesatisewn irFig. 5o
and Table 3The residual doseangefrom 32+ 0.5 Gy to 5.6 £ 0.2 Gywith a mean of 4.

+ 09 Gy (n =7) for IRspand from 0. 9+ 1.3Gy to 4.9 + 2.1 Gy, with a mean of 1Z.+ 0.5
Gy (n=7) for pIRIR,2s.

7.4.3.Equivalent Dose (@), fading rates and age estimates
In Table 3 the equivalent doses, dose recovery results, residual degalsieg and the

resulting luminescence ages, both uncorrected as well as fading corrected, are summarized for

all samples.
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The D-s obtained using th&éRs, from feldspar range frorf2.9+ 1.3 Gy to423 + 4 Gy.
The obtained equivalent dosggveuncorrected age estimates betwéét+ 1.1 ka andL39
+ 8 ka. [ values obtained for the iRincrease clearly with déip from sample Weil to
sample Wéh. The values obtained for sample WeindWei7 do not increase considerably
with depthindicating that this signal is in field saturation at ~400 Gye D.-s calculated
using theplRIR2,5 from feldspar range fror64.9+ 2.3 Gyto 921+ 41 Gy. TheDe values are
all in average-20% higher than those obtained using thegylR'he pIRIR:,5 does not show
evidence of field saturation (equilibrium between the accumulation of new charge and the loss
by anomalous fading), and incess with depth. Theharacteristic saturation des@®,) are
about~450 Gy for the IR; and the pIRIR:s According toWintle and Murray (2006) it is
only possible to obtain reliable equivalent doseg (Ip to a dose value o3 and therefore
it is impottant to test if the equivalent dose values excdagd Rollowing this suggestioit is
possible to measul®, valuesup to about 900Gy for our materid. Fading tests were carried
outfor all samplesising the postR IRSL measurement sequence. Theafies are shown in
Fig. 6 for the IRp and the pIRIR:s.
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Figure 7.6: Fading rates for the post the IRy and pIRIR ,,5 signals for all samples.Three aliquots were

measured per sample. Error bars represent 1 standard error.
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The gvaluesrangefrom 2.9 + 0.3%/decade to 3.2 + 0.2%/decade, with an average of
3.01 £ 0.04%/decad@ = 7) for the IR;o and from 16 + 0.3%/decade to 2.0 £ 0.4%/decade,
with an average of 1.8 + 0.1%/decaghe= 7) for the pIRIRs indicating that he pIRIR225
fades~40% lessthan the IB,. The fading corrected ages are listedTiable 3. Fading
corrections use the methods proposetiumtley and Lamothe(2001) The fading corrected
age estimates for the dRrrange from23.7 + 1.6 ka to >190 ka and from 2%2.6 ka to>350
kafor the pIRIR2s The IR and the pIRIR;s are in agreemerior samples WekWei6. For
sample Wei7 the IR, underestimates thplRIR2s. We assume that the fading corrected
PIRIR,25 values yield more reliable age estimates. Thg iRmost likely in field saturation
for sampleWei7. The pIRIR,s age estimate for sample Wei7 (>350 ka) camdgarded as

minimum age only, as the.value 0f921 + 415y is in the range ofl2,.

7.5.Discussion

Our study presestthe first luminescencage estimates for tHeess/palaeosoleguence
of thegravel quarry Gaul located east of Weilbdased on an elevated temperature infrared
stimulated luminescence (IRSL) signal which has been shown to fade at a very much lower
rate than the conventionaREL signal Thomsen et al., 2008, Buylaest al.,2009) The
fading corrected IR and the pIRIR:s show good agreement for samples Wai&i6. For
sampleWei7 the IR, underestimatethe pIRIR»s Our interpretation is hence based on the
fading correctedpIRIR225 age estimategFig. 7). Sample Wei7, which was taken from the
calcareous loesovering he gravel of terrace t4 (1 in Fig) yielded an age estimate of >350
ka indicating loess deposition duringarme Isotope StagdMS) 10 or earlier and suggtng
that terrace t4 has a minimum deposition age3&®0 ka. The calcareolisesss covered by a
fCc horizon which forma the bottom of a reddish brown fBt horizon (2 in F&). This
truncated palaeosol is covered by about 30 cm thick loessdadim rown dark humierich

horizon (4 in Fig2).
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Figure 7.7: Lithology and luminescence ages of the loess/palaeosol sequence exposed at the gravel quarry

Gaul/Weilbach. Fading corrected pIRIR,,s age estimates are presented.

Sample Weibwas takenfrom this layer and yields an age estimate of 198 + 12 ka
i ndicating a formation of the AWeil bThusher Hu
the oldest reddish brown Bt horizon (2 in Fig. 2) is older than ~200 ka and wasikabst |
developed during the antepenultimate or penultimate interglddal.numierich horizon is
covered by asolifluction layer of reworked humicich material including loess loam and
calcareous loess (Sample Weawas taken from this horizon, 5 in Fig). This layer yielded
an age estimate of 202 + 14 ka and is covered by about 50 cm thick reworked loess (Wei4)
with macroscopically visiblgpseudomiceliumwhich gives an age estimate of 203 + 22 ka.
These layers can probably be correlated with a colasehduring MIS7. It has to be
mentioned that samples Wei5 and Wei4 were taken from reworked material. They could

eventually be contaminated with older material, which would lead to an age overestimation.
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