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Abstract

Applying electron spin resonance (ESR) dating to sedimentary quartz poses a
significant challenge due to the di [culty in bleaching the signals. The aim of this
PhD thesis is to contribute to the improvement of a reliable ESR dating technique
by quantifying and correcting ESR residual signals caused by insu Lcieht bleaching
prior to sediment deposition. Particularly within the realm of archaeology, there is
a pressing need for a geochronological method capable of dating quartz and other
materials well beyond the constraints of the already-established dating methods, e.g.
luminescence dating.

The initial study investigates the reliability of quartz ESR dating, focusing on
the Ti centre. Loess from the Luochuan site on the Chinese Loess Plateau with a
known reference age was used. By the use of the single-aliquot regenerative dose
(SAR) protocol the equivalent dose (D¢) was determined for a sequence of five samples.
For the two youngest samples the ESR ages were higher than the anticipated ages,
indicating an incomplete signal resetting before sedimentation, whereas the oldest
samples showed an approx. 20 % underestimation, indicating thermal signal loss with
time. In the latter case, the apparent age could be successfully corrected for the signal
loss. For the remaining samples, the corrected ages were in satisfactory agreement
with the expected ages.

The second study focuses on the ESR residual signals caused by incomplete signal
resetting before sedimentation. For this purpose, a series of early Holocene fluvial
sediments with known optically stimulated luminescence (OSL) ages were analysed.
Applying the SAR protocol to determine the residual doses for both the aluminium (Al)
and titanium (Ti) impurity centres. It was revealed that all the samples investigated
carried a considerable residual dose. To rule out methodological problems, the SAR
protocol was tested for accuracy. The test revealed that the signal originating from
the lithium-compensated Ti centre (Ti-Li) and a signal which originates from both
the Ti-Li and the hydrogen-compensated Ti centre (Ti-H), referred to as Ti-mix,
showed good results whereas the signal from the Al centre and the Ti-H signal showed
that the heating and annealing steps throughout the process alter the samples ESR
characteristics rendering the SAR protocol inappropriate to use in this two cases.
Our findings suggest the necessity of conducting more direct comparisons between
luminescence and ESR equivalent doses, with the subtraction of residual doses obtained
from the dilerknce being essential for obtaining reliable ESR ages if needed. This
procedure was not used in previous work, as it was either assumed that the Ti centres
were all completely bleached or, as long as the determined ages of the individual
centres matched, complete bleaching was assumed.

In order to apply the knowledge gained in the course of this work, the transition
age from the Early Stone Age (ESA) to the Middle Stone Age (MSA) in archaeological
sites near the Victoria Falls, Zambia, was dated since this technological change in stone
tool making has been poorly understood by now. The combined advantages of both,
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single-grain OSL and single aliquot ESR dating on quartz, the good bleachability of
the signals and the extended age range were used. For the same set of young samples,
derived from sandy deposits bearing Stone tools, we applied both methods and found
significant di Lerences in OSL and ESR equivalent doses. We estimated the mean ESR
residual age by discerning the di[erknce between OSL ages and the apparent ESR
ages. Specifically emphasizing the SAR protocol, we successfully determined the mean
ESR residual age for the Ti and Al centre, encompassing the non-bleachable signal
component for the latter.

We successfully determined the average residual age of ESR for both Ti and Al
centre, incorporating the non-bleachable signal component for the latter. The size of
these residual ages, ranging from 209 + 13 ka to 268 =+ 39 ka and 695 =+ 23 ka to 742 =
118 ka for the Ti centre and Al centre, which cannot be understated and must be taken
into consideration. Consequently, the apparent ESR ages were adjusted by subtracting
the residual age. By this we were able to get persistent residual subtracted ESR ages,
which are within a 2-¢ uncertainty when compared to the OSL ages. Eventually, we
successfully pinpointed the end of the Early Stone Age at 590 + 86 ka, establishing
a maximum age for the transition to the Middle Stone Age in this specific region of
south-central Africa.

It should be noted that the residual ages depend on the respective geological
setting, the climate, and the deposition history of the sediments. Factors such as the
transport route, the e Lciehcy of bleaching by sunlight and possible rearrangements
have a significant influence on whether a sediment grain was completely bleached
before deposition or whether a residual signal or a residual age remains. In order
to recognize and evaluate such influences, it is necessary to examine the deposition
environment in detail, for example by analysing the grain size distribution, sediment
structures or the composition of the sediment. Only through such sedimentological
and geomorphological contextualization can ages obtained in this way be reliably
interpreted.

Nevertheless, we think that this approach gives a good example for the combined
use of two related dating methods by carefully investigating the signal properties
to unveil ESR residual signals. The age we published adds to the sparsely dated
ESA/MSA transition in this geographic region.



Vii

Zusammenfassung

Die Anwendung der Elektronenspinresonanz (ESR)-Datierung auf sedimentéren
Quarz stellt aufgrund der Schwierigkeit, die Signale zu bleichen, eine groRRe Heraus-
forderung dar. Das Ziel dieser Doktorarbeit ist es, einen Beitrag zur Verbesserung einer
zuverlassigen ESR-Datierungstechnik zu leisten, indem ESR-Residualsignale, die durch
unzureichende Bleiche vor der Sedimentablagerung verursacht werden, quantifiziert
und Kkorrigiert werden. Insbesondere im Bereich der Arch&ologie besteht ein dringender
Bedarf an einer geochronologischen Methode, die in der Lage ist, Quarz und andere
Materialien weit Uber die Grenzen der bereits etablierten Datierungsmethoden, wie
z.B. der Lumineszenzdatierung, hinauszudatieren.

In der ersten Studie wird die Zuverlassigkeit der ESR-Datierung von Quarz
untersucht, wobei der Schwerpunkt auf dem Ti-Zentrum liegt. Es wurde L6ss vom
Standort Luochuan des Chinese Loess Plateau mit einem bekannten Referenzalter
verwendet. Mit Hilfe des SAR-Protokolls (single-aliquot regenerative dose) wurde die
Aquivalentdosis (D) fiir eine Folge von fiinf Proben bestimmt. Bei den beiden jiingsten
Proben war das ESR-Alter hoher als das erwartete Alter, was auf eine unvollstéandige
Ruckstellung des Signals vor der Sedimentation hinweist, wahrend die &ltesten Proben
eine Unterschatzung von ca. 20 % aufwiesen, was auf einen thermischen Signalverlust
mit der Zeit hindeutet. Im letzteren Fall konnte das scheinbare Alter erfolgreich um
den Signalverlust korrigiert werden. Bei den Ubrigen Proben stimmten die korrigierten
Altersangaben zufriedenstellend mit den erwarteten Altersangaben Uberein.

Die zweite Studie befasst sich mit den ESR-Residualsignalen, die durch eine
unvolistandige Ruckstellung der Signale vor der Sedimentation verursacht werden.
Zu diesem Zweck wurde eine Reihe frihholozaner Flusssedimente mit bekanntem
OSL-Alter (Optisch-Stimulierte Lumineszenz) analysiert. Unter Anwendung des
SAR-Protokolls wurden die residualen Dosen fur die beiden Verunreinigungszentren
Aluminium (Al) und Titan (Ti) bestimmt. Es zeigte sich, dass alle untersuchten Proben
eine erhebliche residuale Dosis aufwiesen. Um methodische Probleme auszuschlief3en,
wurde das SAR-Protokoll auf seine Genauigkeit gepruft. Der Test ergab, dass das
vom lithiumkompensierten Ti-Zentrum (Ti-Li) stammende Signal und ein Signal, das
sowohl vom Ti-Li- als auch vom wassersto [kdmpensierten Ti-Zentrum (Ti-H) stammt
und als Ti-Mix bezeichnet wird, gute Ergebnisse lieferten, wahrend das Signal vom
Al-Zentrum und das Ti-H-Signal zeigten, dass die Erwérmungs- und Ausglihschritte
wéhrend des Prozesses die ESR-Eigenschaften der Proben veréndern, so dass das SAR-
Protokoll in diesen beiden Fallen ungeeignet ist. Unsere Ergebnisse legen nahe, dass
direktere Vergleiche zwischen Lumineszenz- und ESR-Aquivalentdosen durchgefiihrt
werden mussen, wobei die Subtraktion der aus der Dilerknz gewonnenen residualen
Dosen unerlasslich ist, um bei Bedarf zuverlassige ESR-Alter zu erhalten. Dieses
Verfahren wurde in vorhergehenden Arbeiten nicht angewandt, da entweder davon
ausgegangen wurde, dass die Ti-Zentren alle vollstandig gebleicht sind oder solange die
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ermittelten Alter der einzelnen Zentren Ubereinstimmen, eine vollstéandige Bleichung
zu Grunde liegt.

Um die im Rahmen dieser Arbeit gewonnenen Erkenntnisse anzuwenden, wurde das
Ubergangsalter von der Altsteinzeit zur Mittelsteinzeit in archdologischen Fundstéatten
in der Néhe der Victoriafélle, Sambia, datiert, da dieser technologische Wandel in der
Herstellung von Steinwerkzeugen bisher nur wenig verstanden wurde. Dabei wurden die
kombinierten Vorteile der Einzelkorn-OSL- und der Einzel-Aliquot-ESR-Datierung auf
Quarz, die gute Bleichbarkeit der Signale und der erweiterte Altersbereich genutzt. Fir
dieselbe Gruppe junger Proben, die aus sandigen Ablagerungen mit Steinwerkzeugen
stammen, haben wir beide Methoden angewandt und grofRe Unterschiede in den OSL-
und ESR-Aquivalentdosen festgestellt. Wir bestimmen das mittlere ESR-Residualalter,
indem wir die Dilerkenz zwischen dem OSL-Alter und dem scheinbaren ESR-Alter
feststellten. Unter besonderer Berticksichtigung des SAR-Protokolls gelang es uns,
das mittlere ESR-Residualalter fir das Ti- und Al-Zentrum zu bestimmen, wobei die
nicht ausbleichbare Signalkomponente flr letzteres bertcksichtigt wurde.

Es ist uns gelungen, das durchschnittliche ESR-Residualalter sowohl fur das Ti-
als auch fiur das Al-Zentrum zu bestimmen, wobei flr letzteres die nicht ausbleichbare
Signalkomponente einbezogen wurde. Die GréRe dieser Residualalter, die von 209 +
13 ka bis 268 + 39 ka und 695 + 23 ka bis 742 + 118 ka fir das Ti- und Al-Zentrum
reichen, darf nicht unterschatzt werden und muss bericksichtigt werden. Daher wurden
die scheinbaren ESR-Alter durch Subtraktion des Residualalters angepasst. Auf diese
Weise konnten wir bestdndige, um das Residualalter korrigierte ESR-Alter erzielen,
die im Vergleich zu den OSL-Altern innerhalb einer Unsicherheit von 2 ¢ liegen.
Schliellich gelang es uns, das Ende der Altsteinzeit auf 590 * 86 ka festzulegen und
damit ein maximales Alter fiir den Ubergang zur Mittelsteinzeit in dieser spezifischen
Region des sudlichen Zentralafrikas zu bestimmen.

Es ist anzumerken, dass die Residualalter vom jeweiligen geologischen Setting,
dem Klima sowie der Ablagerungsgeschichte der Sedimente abhangen. Faktoren wie
z.B. der Transportweg, die E [ziehz des Bleichens durch Sonnenlicht, sowie mdogliche
Umlagerungen beeinflussen maRgeblich, ob ein Sedimentkorn vor der Ablagerung
vollstandig gebleicht wurde oder eine Residualsignal bzw. ein Residualalter bleibt. Um
solche Einflusse zu erkennen und zu bewerten, ist es notwendig, das Ablagerungsmillieu
detailliert zu untersuchen, etwa durch Analysen der KorngréRenverteilung, Sediment-
strukturen oder der Zusammensetzung des Sediments. Nur durch eine solche sedi-
mentologische und geomorphologische Kontextualisierung lassen sich so gewonnene
Alter zuverlasslich interpretieren.

Wir sind der Ansicht, dass dieser Ansatz ein gutes Beispiel fur die kombinierte
Anwendung zweier verwandter Datierungsmethoden ist, indem die Signaleigenschaften
sorgfaltig untersucht werden, um ESR-Residualsignale zu erkennen. Das von uns
verg [entlichte Alter erganzt den sparlich datierten Ubergang von der Altsteinzeit zur
Mittelsteinzeit in dieser geographischen Region.
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Chapter 1

Introduction

Geochronology is an important part of the geosciences and related branches of science
to put objects or processes in chronological order, whereas time scales in the geosciences
usually range from a few years to billions of years. For each eld of application and
the relevant time scale, a certain geochronological method has become established.
In the case of sediment dating, luminescence dating has become an accepted and
well-established method to date Holocene and upper middle Pleistocene deposits.
However, due to the limited age range of luminescence dating, electron spin resonance
(ESR) dating has been increasingly applied to older Pleistocene sediments (Duval
et al., 2020).

The development of the ESR dating method in the geoscienti ¢ context has its
origins in the 1970s (e.g. lkeya, 1975), although ESR was already suggested in the late
1960s (e.g. Zeller et al., 1967) and tested for quartz (e.g. McMorris, 1969) since its
advantages over the then prevailing thermoluminescence (TL) method were recognised
and suggested to be used. In contrast to TL dating, where the signal is measured
indirectly from the emitted light by electron eviction through heating, ESR dating
measures the signal directly (Zeller et al., 1967). Quartz samples in volcanic ash were
dated for the rst time in the mid-1980s (Imai et al., 1985). For the last ve decades,
the ESR method was applied to many di erent materials such as di erent carbonates
and sulphates, tooth enamel and bones or quartz and silex, whereas the latter two
groups emerging as the main materials since the 1990s (Duval et al., 2020).

With time, a large number of defect centres in quartz with a wide range of thermal
stability and di erent magnetic properties, diamagnetic and paramagnetic, were
discovered (Preusser et al., 2009). Of these, only a few were found to be suitable for
sediment dating purposes as they are paramagnetic, and thus detectable with ESR,
and the signal is bleachable by sunlight. The most prominent are the aluminium (Al)
centre and the titanium (Ti) centres with various charge compensators such as lithium
and hydrogen, whereas each of the centre has its unique characteristics regarding
the saturation dose, the thermal stability and bleaching time (e.g. Grin et al., 1999;
Toyoda et al., 2000; Preusser et al., 2009).

In order to satisfy the principle of sediment dating, the ESR signal must be bleached
to zero or a constant level during transport under optimal conditions. Laboratory
experiments such as Toyoda et al. (2000), Tissoux et al. (2008), and Duval et al.
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(2017) have shown, that the signal decay under light exposure is not instant and
depending on impurity centre, charge compensator and wavelength of the used light.
Therefore, the resetting time can range from few hours to several thousand hours. Only
a few sedimentary sequences were checked for residuals from incomplete bleaching
because the assumption is, that there is no residual signal for the Ti centre and also
for the Al centre after subtracting the unbleachable signal component. In light of
this assumption in the past the investigation of possible residual signals in samples
stemming from incomplete bleaching during transport and prior deposition was waived.
In contrast, for example, Tsukamoto et al. (2017) found the Ti centre residual from
modern aeolian sediments to be around 100 Gy. If the ages from the two centres are
consistent, both signals are considered to be well bleached (Toyoda et al., 2000; Rink
et al., 2007). Timar-Gabor et al. (2020) showed that there is a signi cant discrepancy
between the amount of signal which is stored in the same set of samples derived by
optically stimulated luminescence (OSL) and ESR dating technique, whereas the latter
shows much larger equivalent dose (B) although one would assume bleaching during
transport would have erased the corresponding age signals. The reason for this o set
is the di erent bleaching behaviour during the transport of the sediments. Undetected
or neglected residual signals can lead to overestimated and therefore false ages.

With this work | want to introduce a method of residual signal detection and
correction to ensure robust ages obtained by a re ned ESR method on sedimentary
guartz. The underlaying assumption is that the material in the sedimentary sequence
is homogenous, basically material from the same source and the deposition setting has
not been altered with time. This assumption is backed by grain size analysis in the
laboratory and macroscopic sample examination in the eld. If the youngest sediment
on top is examined and a residual signal is found, it can be assumed that the underlain
sediments have also not been completely reset to zero by transport or containing a
similar amount of residual signal. To obtain a reliable age for the youngest material,
beside ESR dating, optically stimulated luminescence (OSL) dating is used. The huge
advantage of the OSL method is the good bleachability of the signal within a few
seconds, whereas it is limited in the age range.

In OSL dating, the dose recovery test, is a standard procedure to test the accuracy
of a measurement protocol (Murray and Wintle, 2003) which has later been adapted
by Tsukamoto et al. (2017) for ESR dating purposes. This method serves to assess
the reliability of a measurement protocol in accurately determining the dosage of a
speci ed sample. The process entails eliminating the inherent signal and administering
a known laboratory dosage while treating it as an unknown. Following this, a
measurement procedure is conducted, and the extent of concurrence between the
administered and determined dosages is used as a metric to assess the precision of the
protocol for that particular sample.
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1.1 Overall aims

The thesis aims to contribute to the development of a robust ESR dating method.

It focuses particularly on the detection of ESR residual signals in a sequence of
samples. In case of a presence, undetected or uncorrected residuals can lead to false
age determination. This is achieved through a combined approach using OSL and
ESR dating methods, with the good bleaching behaviour of the OSL method proving
particularly advantageous. For the same set of the youngest samples of the sequence,
both methods are applied. In the case of much larger signals from the ESR method
compared to the OSL method for the same sample, it can be assumed that an ESR
residual is inherited. The ESR residuals are subsequently subtracted from the natural
signal for the related sequence of samples, in order to erase the impact of residual
signal by incomplete bleaching after burial. This also makes it possible to obtain
robust ages for sediments that far exceed the dating window of the OSL methodic.
A homogeneous sedimentological environment is seen as a prerequisite here. This
methodological combination seeks to advance geochronological and geoarchaeological
research by providing a framework for the identi cation and correction of ESR residuals

an aspect that has been largely overlooked and insu ciently studied to date.

1.2 Outline of the thesis

This thesis consists of a total of six chapters. Chapter 1 serves as an introduction to
the thesis, naming the aims and objectives as well as the thesis' outline. Chapter 2
gives a comprehensive methodological outline of ESR dating of sediments to make the
following chapters more comprehensible: Sediment dating and the principles of ESR
dating are discussed separately, and the state of the art of ESR dating is summarised.
As a prelude, to delves deeper into ESR dating, a paper is summarised dealing with
well-dated and well-known sediments of the Chinese Loess Plateau, and to investigate
ESR signal characteristics and the growth behaviour of arti cial dose response curves
(DRCs) versus the natural growth behaviour. The following Chapter 3 deals with the
same sedimentary material as the previously mentioned and ESR dating is applied,
whereas the thermal lifetime-corrected ESR ages are compared with independent
age controls con rming the success of the used approach. In Chapter 4 the focus is
based on ESR residual dose detection from young uvial samples with known quartz
optically stimulated luminescence (OSL) ages, where signi cant ESR residual doses
were revealed for each of the samples investigated on four di erent ESR impurity
centres. In Chapter 5, the ndings from the preceding chapters are summarized,
applying the SAR protocol that involves a preheat and annealing step for the sample.
The Ti centre showed a reliable recovery behaviour, a rming the robustness of the
procedure. A mean ESR residual age was derived by subtracting the respective OSL
age from the apparent ESR age for the top ve samples. Chapter 6 concludes the
thesis.






Chapter 2

Methodology

In the following chapter an introduction into sediment dating, particularly into the
electron spin resonance dating of quartz and the physical background is to be given.
Furthermore, the chapter leads from the ESR signal formation and signal decay to the
concept of the multiple centre approach to challenge potential residual signals carried
by di erent paramagnetic defects. Moreover, the way to determine the equivalent
dose (D) from which the age is determined in the laboratory is explained. This shall
serve for a better understanding of the following chapters.

2.1 Principles of electron spin resonance

During the mid-1940s electron magnetic resonance was rst observed in salts placed
in a magnetic eld and radiated with ultra-short waves, whereas later experiments
showed a di erent setting using microwave frequency radiation and a higher magnetic
eld strength to be more suitable (lkeya, 1993).

The physical explanation of this observed phenomenon is called the Zeeman e ect:
In the presence of a magnetic eld, the spins of unpaired electrons are aligned either
parallel (lower state) or anti-parallel (higher state) to the magnetic eld. To move
an electron from the lower to the higher state, the discrete energy di erence has
to be overcome by the absorption of microwave radiation, called spin resonance.
After a certain time, called relaxation time, the electrons fall back into the ground
state and transfer their energy, for example, to the crystal lattice. Due to the short
relaxation times of the electron spins arising from the Al centre and Ti centre, the
ESR measurements have to be performed at cryogenic temperatures (lkeya, 1993).
Fig. 2.1 provides a schematic overview of the Zeeman splitting and the resonance
e ect.

The equation for the resonance condition is:

hv=gH (2.2)

where h is the Planck constant and is the Bohr magneton are constants. Hence,
the magnetic eld H and photon frequencyv are variables to obtain the g-value of an
electron to identify the defect centre.
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Figure 2.1: The principle of ESR. a) Magnet turned o, the electron spins (small
black arrows) within the sample are randomly distributed. b) magnet turned on,
Zeeman splitting occurs, and electron spins align either parallel or anti-parallel to
the magnetic eld lines. c) electrons from the lower energy state absorb microwave
radiation which leads to resonance. Since this is only a metastable state, the electron
falls back from the excited state to the ground state. | = Electric current, N =
Magnet's north pole, S = Magnet's south pole, E = Energy, M = Magnetic quantum
number, H = Magnetic eld, T 1 = Spin-lattice relaxation time, g = gyroscopic
factor, = Bohr magneton. (modi ed from Ikeya 1993).

In the geoscienti ¢ context of ESR dating, it has become common practice to
use devices that operate in the X-band (~9.5 GHz) of the microwave frequency. To
ful | the resonance condition, a magnetic eld of ~340 mT is applied. During the
measurement procedure, the microwave frequency is xed, and the magnetic eld
strength is varied. Every time, the resonance condition is satis ed, and spin resonance
occurs, the microwave absorption is monitored and recorded as a deviation from the
base line. An exemplary quartz ESR spectrum is shown in Fig. 2.2. It is the rst
derivative of such a recording and shows the corresponding-values of the Al centre
and Ti centres. The most common impurities used for dating are the aluminium (Al)
centre and the titanium (Ti) centre.

In the Al centre [AIO 4]°, the trivalent Al ion substitutes at tetravalent silicon
ion, attracting a charge compensating monovalent (e.g. sodium, lithium or hydrogen)
cation for charge neutrality. Under the in uence of ionising irradiation, the charge
compensator moves away, leaving an electron hole, which is then hopping between the
short and long-bonding oxygen atom neighbours, which makes the Al centre detectable
by ESR. The Al centre is schematically depicted in Fig. 2.3a (Marfunin, 1979; lkeya,
1993).

The Ti centre [TiO 4/M * 1% is an electron-trapping centre. The tetravalent Ti centre
comprises the substitution of the tetravalent silicon with Ti. The electron a nity of
Ti is larger which results in trapping of electron under irradiation. The charge is now
negative, with attracts a monovalent, like hydrogen (H), lithium (Li) or sodium ion
for charge compensation at room temperature. Fig. 2.3b visualises the Ti centre in a
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Figure 2.2: Quartz ESR spectrum depicting the Al centre and Ti centres recorded
at cryogenic temperatures (measurement temperature: 77 K), microwave power: 10
mW, modulation frequency: 100 kHz, modulation width: 0.1 mT, time constant:
0.03 s.

schematic form (Marfunin, 1979; lkeya, 1993).

Duval and Guilarte (2015) explored ve options to evaluate the ESR signal
intensities of the Ti-H and Ti-Li centres. When compared to the Al centre, the Ti
centres intensities are generally lower so that a good signal-to-noise ratio becomes
crucial. For a visualisation of the following descriptions see Fig. 2.2. Option A
comprises the peak at g = 1.979 and trough around the doublet g = 1.913 and ¢
= 1.915 and usually shows a high signal-to-noise ratio. Option B arises from both,
the lithium- and hydrogen-compensated centres, hence a mixture of signals, peak
to peak near g = 1.931. Option C is a trough-to-baseline signal from g = 1.915
arising from Ti-H and generally shows an early saturation and a low signal-to-noise
ratio. Option D arises from Ti-Li around the doublet g = 1.913 and g = 1.915 to the
baseline and shows similar to option A a high signal-to-noise ratio. Option E is from
peak-to-baseline at g = 1.979 and arises from Ti-Li alone.

2.2 ESR dating of sedimentary quartz

Quartz is after feldspar the second most abundant mineral in the continental crust.
Due to the high weathering resistance compared to other minerals like e.g. feldspar and
carbonates, quartz is found in the most unconsolidated sedimentary deposits. Quartz
has the property of acting as a dosimeter. This means that through the in uence of
ionising radiation, charge carriers, here electrons, can be stored in the crystal lattice
in the form of meta-stable states over geologically relevant periods of time. This
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Figure 2.3: a) The aluminium (Al) centre bonding to silicon dioxide (SiO»). The
arrows depict the hopping electron hole. b) The titanium (Ti) centre bonding
to SiO,. The arrow depicts the electron attracted by the monovalent (M) charge
compensator.

constantly increasing signal can be erased by external stimuli such as heat, pressure
or sunlight. This makes quartz, along other minerals with dosimetric properties
such as feldspar and some carbonates, a useful tool for tracing the geochronological
history of geological and archaeological materials (Preusser et al., 2009). Electron
spin resonance (ESR) dating is a member of radiation-damage based dating methods
such as luminescence dating. A large variety of crystallographic point defects in
guartz is known, although only the ones with paramagnetic properties are detectable
by ESR. Notable impurities used for dating are aluminium and titanium because of
their suitable dating characteristics (e.g. radiation sensitivity, bleachability, thermal
stability) which, however, sometimes di er a lot from impurity centre and charge
compensator within the quartz crystal structure (e.g. Toyoda and lkeya, 1991a; Toyoda
and lkeya, 1991b; Rink et al., 2007; Tissoux et al., 2008). The latter characteristic,
thermal stability, is an indicator for the average residence time of the electrons in the
metastable state over a geological signi cant period of time. A few published papers
on this topic, summarised in Chapter 3, showed a signi cant range in the lifetime
of the metastable electrons covering 16 orders of magnitude for the Al centre and
nine for the Ti centre, indicate a sample dependency and revealing a need for further
investigations.

As depicted in Fig. 2.4 after the formation of the mineral a latent ESR signal is
built up due to the constant penetration of ionising radiation. The signal builds up
with time as long as the mineral is shielded from external stimuli (photon energy)
such as light of a su ciently small wavelength or su ciently elevated temperatures,
which would reset the latent signal. In the case of an unconsolidated sediment, when
transported e.g. uvial or aeolian, it is exposed to sunlight, which lets the signal decay.
After sampling, the burial age, the age since the last transport, can be determined
by laboratory procedures. In contrast to other charge trapping methods such as the
optically stimulated luminescence method, the ESR measurement is non-destructive.
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Figure 2.4: Sedimentary dating principle. Explanation in text.

2.2.1 Signal growth and decay

Under the presence of natural or arti cial ionising radiation, the ESR signal grows,
whereas heat or photon stimulation depletes the signal. This can be described by a
function, e.g. a single saturating exponential function:

l=A 1 e PDo (2.2)

where is the intensity at the dose D, A is the saturation intensity of the signal,
Dy is the characteristic saturation dose. The latter is the dose at which the signal
reaches about 63 % of saturation. The upper limit of the dating range is de ned
by the saturation of the signal, called 2Dy (~87 % of saturation). Here the DRC
attens out. Above this threshold, a further increase in the dose leads to a minimal
increase in the signal, making it di cult to establish a clear dose-response relationship,
making it di cult to reliably measure older samples. Although being able to grow
to high doses, the ESR signal from Al and Ti centres can nally reach saturation.
Voinchet et al. (2003) showed that the Al centre saturates above 8 kGy after arti cial
irradiation. Under arti cial irradiation Duval (2012) were able to grow the Al centre,
using a gamma source of cobalt-60, to 25 kGy showing no signs of saturation. Using a
gamma source of caesium-137, the Ti centre instead showed a saturation at around 10
kGy followed by a decrease in signal intensity towards higher doses, which is called
radiation bleaching (Duval and Guilarte, 2015). In all cases no preheating prior ESR
measurement has been carried out. An exponential + linear DRC for the Al centre
has been described (e.g. Duval, 2012; Voinchet et al., 2003). For comparison ESR
signals grow to signi cant larger doses compared to luminescence dating techniques
like OSL and IRSL, although both techniques show a saturation e ect, which di ers
in signal formation and detection. In case of luminescence dating, the amount of light
emitted and detected by a photo multiplier tube from the sample after excitation
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is not only limited by the number of trapped electrons, but also by the number of
recombination centres (Aitken, 1998). In case of ESR, the limiting factor is the nite
number of the stable paramagnetic centres, where unpaired electrons can be directly
detected by microwave absorption (Ikeya, 1993).

Figure 2.5: Bleaching curves of the (a) Al centre and (b) Ti centre for 5 natural
samples, L1, L2, L4, L9 and L30 from Luochuan, Chinese Loess Plateau (Tsukamoto
et al., 2018)

The photon energy, applied by optical bleaching, excites the trapped electrons.
By absorption, the electron gains energy which enables the electron to escape the
defect trap. In the laboratory, from a set of samples the initial ESR signal intensity is
measured for the Al centre and Ti centres, after a known time of arti cial bleaching,
the samples' ESR signal intensity is measured again. This cycle is repeated several
times. The bleaching time is plotted against the signal intensities showing a signal
depletion with ongoing time for all samples on di erent rates of decrease. Tsukamoto
et al. (2018) performed an arti cial bleaching experiment for a set of samples from from
Luochuan, Chinese Loess Plateau. The Al centre signal intensities matched with the
natural intensity of the youngest sample after 700 h of bleaching. For the 2 youngest
samples it took 356 h of bleaching to deplete the Ti signal undetectable, for the 3 older
samples they were undetectable after 700 h. These results are visualised in Fig. 2.5.
Additional bleaching experiments were conducted by Toyoda et al. (2000), involving
quartz samples of granitic, volcanic, and sedimentary origin. Among the observed
paramagnetic centres, the Al centre exhibited the highest signal intensities and showed
a persistent unbleachable signal component, forming a plateau at approximately 50
% of the natural signal intensity. In contrast, the Ti centres showed lower initial
signal intensities and underwent more rapid signal decay upon bleaching. Speci cally,
the Ti centre compensated by sodium and hydrogen exhibited the fastest bleaching
behaviour, reaching near-zero signal loss within 24 hours. The lithium-compensated Ti
centre displayed a slower bleaching rate, requiring up to 168 hours for complete signal
depletion. Voinchet et al. (2003) showed an Al centre plateau after around 800 h of
bleaching uvial sands, which was about 50 % of the natural signal intensity. Tissoux
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et al. (2007) investigated uvial sediments as well and did bleaching experiments on
Al centre, and Ti-Li and Ti-H centres. These natural samples showed a decrease
in Al centre to an unbleachable plateau in about 520 h, whereas in the same time
the Ti-Li centre becomes unobservable. It is highlighted that the sample with the
highest initial signal intensity has the steepest decay curve for the Al centre. A similar
behaviour has been observed by e.g. Tsukamoto et al. (2018). Moreover Tissoux et al.
(2007) observed that within the rst 48 h of bleaching the Ti-Li centre decays more
slowly than the Al centre signal. The Ti-H signal bleached fastest and becomes within
240 hours unrecognisable. Tissoux et al. (2008) bleached several samples using solar
simulator (1128 h) and UV-A only (1368 h) for the Al centre, Ti-Li and Ti-H centre.
They show complete bleachability for Ti-H, but only using UV-A, the Ti-Li was only
bleachable to around 55 %. In the case of Al centre, the bleaching was between
36 and 43 %, regardless of the light source. Moreover, they showed that Ti-H was
completely bleachable by natural sunlight within 28 days of exposure. Rink et al.
(2007) performed a bleaching test with 2 samples, one being natural and the other
one being irradiated with additional 6 kGy using a cobalt-60 source of gamma rays.
For both samples it took about 30 h for the Ti centre to drop to zero. In case of
the Al centre it took 80 h for the natural sample to reduce to 56 % of its intensity
and after 179 h the sample with 6 kGy on top to drop to about 12 % of its initial
intensity but had still not reached the same level of unbleachable signal component
as observed in the natural sample. Moreover, they used a Iter to block the longer
wavelength showing that especially these more energetic photons below 420 nm (violet
and ultraviolet light) are the responsible for the signal depletion in all 3 centres. More
recently Timar-Gabor et al. (2020) explored the bleaching behaviour of the Al centre,
in the paper more speci ed as the Al-hole ([AIO4/h] ©), in sedimentary quartz and
aimed for a better understanding in and correction of residual signals in samples. By
revealing an exponential increase in the residual ESR signal with increasing dose,
they o er clearer insight into bleaching mechanisms through the observed relationship
between signal magnitude and prior dose. They were able to reduce the natural signal
to around 70% of its initial value by arti cial bleaching. For the samples with 1000
Gy irradiated on top of the natural dose, the reduction by bleaching was up to 40%,
whereas the reduction is about 30% when 40 kGy was added on top of the natural
dose.

In the previous sections it has been highlighted that the Al centre and Ti centres
show di erent bleaching times ranging from 24 hours to several hundred hours before
reaching a plateau. For comparison with other trap-charge dating techniques, by
arti cial bleaching, the signal drops to 1% of the initial intensity after 10 s in the case
of OSL and quartz and about 9 min in the case of feldspar using IRSL (Godfrey-Smith
et al., 1988). This shows that ESR signals bleach much slower. As mentioned, and
shown before, the signal arising from the Al centre comprises of two signal components:
one is bleachable, and the other one is unbleachable by sunlight. Therefore, the latter
signal component must be taken into consideration and being checked, whereas the Ti
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centres are prone to carry a residual signal as well.

2.2.2 Residual signals and the multiple centre approach

The general assumption is that the entire bleachable ESR signal is completely zeroed
by transport before (re)burial of the sample. Several authors showed otherwise,
e.g. Beerten et al. (2006) investigated a sequence of quartz samples presenting OSL
and ESR Ti-H and Ti-Li equivalent doses (D). For the youngest sample, the OSL
(0.09 0.01 Gy)and Ti-H (0 1 Gy) D¢ are close to zero, whereas for the Ti-Li centre it
is 52 5 Gy, indicating an incomplete bleaching, hence a residual dose. Tsukamoto et al.
(2017) investigated modern samples and compared OSL and ESR results. Whereas
the OSL D¢ were generally below 0.3 Gy, the correspondin® ¢ derived from Al centre
were in the range from 134 18 Gy to >1700 and for the Ti centre from 61 2 Gy to
466 25 Gy, again revealing signi cant residual doses for both ESR centres. In their
work Timar-Gabor et al. (2020) also show a huge discrepancy between young OSL
equivalent doses from 10 to 40 Gy and ESR Al centrd from 480 to 700 Gy and 100
to 580 Gy for the Ti centre.

As described earlier, there are several defects in quartz which show the required
characteristics for acting as a reliable dosimeter. Toyoda et al. (2000) already proposed
the so called multiple-centre approach (MCA), the use of the Al centre and the Ti
centres, to gain more con dence in the results. The use of multiple centres enables
cross-checking ages and equivalent doses of the di erent centres, which would directly
re ect the bleaching behaviour of the centres, since any discrepancy in ages or doses
would indicate incomplete bleaching, hence the presence of a residual signal. Rink et al.
(2007) stated that the ESR ages only can be considered correct, if thB¢ obtained
from both, the Al centre and Ti centre, are in agreement. So far, the MCA has been
applied a few times. Tissoux et al. (2008) investigated uvial and marine deposits by
comparing results from Al, Ti-Li and Ti-H centre. Surprisingly, they observed that the
bleachable signal component of the Al centre was more fully bleached than the Ti-Li
centre, citing the di erences in sensitivity to the UV-A spectrum of light. Moreover,
this indicates an insu cient bleaching of the Ti-Li centre before burial. The Ti-H
centre is believed to be fully bleached, carrying no residual. Théd ¢ obtained from Al
centre and Ti-H centre were compared and showed a fairly good agreement for some
of the samples, indicating relatively small residual signals in the bleachable signal
part of the Al centre. In general, the uvial samples were more complete bleached
than the marine samples. Duval and Guilarte (2015) did extensive research on the
key aspects of the Ti centres, using in total 5 di erent methods to measure signal
intensities, as already introduced earlier in this work. Eventually, when comparing the
D. derived from the various options, di erences in the signal intensities are obvious.
Most strikingly, the option A and D (mix of Ti-Li and Ti-H) showed similar results
and always overlapped within 1- , whereas the unideal tting may contribute to some
di erences in the D¢ in some cases. The results for option A and E (pure Ti-Li) were
okay for most of the samples as 5 of 6 samples were roughly within 1; whereas in one
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case tting was blamed for the di erences in results, which led to a huge error of around
37 percent of theDe. Similar were the results for comparing option D and E. From this
it can be derived that there is only a small in uence in the presence of the overlapping
Ti-H signal and the Ti-Li signal is the dominant part. Although the option E (sole
Ti-Li signal) also yields satisfactory results, the overall signal intensity is only 34 %, in
average, of the option A and D, which leads to a signi cantly smaller signal-to-noise
ratio. The options B and C show lower D¢ and goodness of tis not as good as the
other options. Moreover, the signal intensity for option C (Ti-H) is generally low,
around 30 % of option A, once again yielding a small signal-to-noise-ratio, which could
be overcome by optimising experimental conditions and measurement procedures.
Generally, they also highlight the importance of minimizing uncertainties such as
the precision of the measurements itself, the evaluation of the ESR intensity and the
tting functions used to derive De.

2.2.3 Determination of the equivalent dose and dose rate

As already stated, the quartz behaves like a dosimeter and stores energy within the
crystal lattice. Therefore, it is necessary to estimate the total amount of energy
accumulated over time, as well as the rate of dose the sample received during each
(kilo)year. The age equation goes as follows:

Equivalent dose (Gy)

Age(ka) =
ge (ka) T otal dose rate (Gy=ka)

(2.3)

First, several steps are necessary to convert the dimensionless natural ESR signal
intensity determined in the laboratory: The measured signal intensity must be equated
to the total absorbed dose, called equivalent dose (B). Since unknown for the original
sample, aliquots of the same material are arti cially irradiated in the laboratory by
using gamma or X-rays, whereby the dose rate applied in each case is exactly known.
Hence, a known dose can be matched with a certain signal intensity in the laboratory.
Over time, several measurement protocols have been developed using single or multiple
aliquots of sample and adding doses up to the natural signal or building up a new signal
in a freshly annealed sample, e.g. multiple-aliquot additive dose (MAAD). However,
each of these protocols bears advantages and disadvantages. In this work mainly
the single-aliquot regenerative (SAR) and in one case, for comparative purposes,
the single-aliquot added dose (SAAD) have been used (see chapter 3. The SAR
protocol was introduced to OSL dating by Murray and Wintle (2000) and Murray and
Wintle (2003). The main advantage is the use of only one aliquot, which circumvents a
scattering in signal properties from grains using several aliquots. Later, a single-aliquot
approach was tested by Grin (1995) for tooth enamel, whereas Beerten et al. (2003)
were using single grains of quartz, for example. Tsukamoto et al. (2015) adapted the
SAR protocol for ESR dating including preheat steps prior measurements, annealing
steps to erase the signal and a recycle step to test the protocols accuracy, eventually.
A summary to describe the SAR protocol is given in chapter 3.
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Furthermore, it is necessary to estimate the annual natural dose rate received
by the sample during burial. The total dose rate consists of three components: the
external dose rate coming from the sediment the quartz grain is embedded, the internal
dose rate from the grain itself (which is negligible in the case of quartz) and the cosmic
dose rate. The latter originates from the sun and outer space, is predominantly made
of protons, electrons and muons and is usually termed cosmic rays. They vary with
altitude above sea level and latitude, increasing with altitude and due to the earth's
magnetic eld, it increases towards the poles. Overburden sediment or water bodies
attenuate the cosmic rays (Prescott and Hutton, 1988; Prescott and Hutton, 1994)

The external dose rate, as the other source of radiation, which contributes to
the dose rate, comes from the earth's crust: natural deposits of thorium, uranium,
and potassium (and their daughter nuclides) release ionising radiation via natural
decay. By alpha decay, a nucleus such as uranium-238 emits a helium core #H8,
which is high energetic but only travels a short distance within the sediment and
only penetrates the outer 20um of a coarse quartz grain. This alpha e ected rim is
later etched away. In contrast beta particles such as electrons and positrons are less
ionised and therefore have a longer travel distance (~2 mm). Gamma rays are highly
energetic photons and have travel distances of several tens of centimetres (Aitken,
1998; Preusser et al., 2008).

Approximately 53 % of the annual ionising radiation absorbed by buried sediments
originates from radionuclides belonging to the uranium and thorium decay series. In
general, a homogeneous distribution of radionuclides in the sediment is assumed, which
does not change over the coverage period. Although disequilibria in radionuclides
concentrations can occur by chemical and physical di erentiation processes. Hence,
disturbed equilibria have been reported and are a serious problem in the process
of dose rate determination if not detected by high-resolution gamma spectrometry
and alpha spectrometry and subsequently corrected for. One crucial factor is the
radon loss. Radon-222 is a noble gas and a daughter nuclide of radium-226 within
the uranium-238 decay chain. If the gas escapes from the sediment body into the
atmosphere due to its high mobility and thus no longer contributes to the ionization
process, as do its daughter nuclides, which are hence also missing, leading to a lower
dose rate, if not properly corrected for (Krbetschek et al., 1994; Olley et al., 1996). A
number of further factors contributing are e.g. the grain size and the compaction of
the sediment, which depends on the amount of the overlain sediment among other
things. However, mainly the moisture content of the sediment is important for the
dose rate since water attenuates ionising radiation, particularly beta particles. Hence,
a lower water content leads to a higher dose rate, and consequently, a lower age is
the result (Aitken, 1998). In the lab the present-day water content of the sediment is
determined. Eventually, the average water content over the past is estimated since
the water content can change over geological time scales. Hereby, sedimentological,
stratigraphical, and climatological aspects are taken into consideration. To account
for the uncertainties in quantifying the water content, usually, an absolute uncertainty
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of 2 or 5 % is used.

In this work, a variety of di erent methods have been used to estimate the external
dose rate, including gamma spectroscopy in the laboratory and in the eld (see chapter
5), beta and alpha counting (see chapter 5) as well as neutron activation analysis (see
chapter 3).

Prelude

The inception of this doctoral thesis was prompted by research conducted in Tsukamoto
et al. (2018). They attempted, for the rst time, to construct the natural dose response
curve (DRC) of the Al and the Ti centre using sandy quartz samples from Luochuan,
Chinese Loess Plateau. Eventually, when constructing the natural DRC through
tting, they observed the presence of a natural residual signal for both the Al and Ti
centre, amounting to ~500 Gy and ~100 Gy, respectively. Moreover, they found from
the natural DRC that both of the Al and Ti centre showed a relatively early signal
saturation but the laboratory DRC showed a much later signal saturation, whereas
with higher preheat temperatures the shape of the laboratory DRC approached the
shape of the natural DRC, highlighting the need of preheating. They also conducted
an isothermal heating test to estimate the thermal lifetime of the impurity centre,
which was relatively short for the Ti centre and hence could be an explanation for
the early saturation of the natural DRC. With this the authors underscored the
importance of the thermal lifetime. Also noteworthy is the nding of a residual signal
for both the Al and Ti centre. In a previous study, (Tsukamoto et al., 2017), they
investigated ve samples with known OSL ages from several places around the world.
Their inquiry unveiled important ndings, notably, they observed signi cant variability

in the residual doses, especially those linked to the Al centre, which tended to be
substantial across the ve samples subjected to analysis. Despite the known complete
bleachability of the Ti centre, the necessity of considering the subtraction of residual
dose using a contemporary reference sample was underscored.
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Abstract

The reliability of quartz electron spin resonance (ESR) dating using the Ti centre was
tested through a comparison of the ESR ages of loess from the Luochuan site, Chinese
loess plateau, with reference ages. Instead of the commonly used multiple-aliquot
additive dose (MAAD) protocol, the single-aliquot regenerative dose (SAR) protocol
was used to calculate the equivalent dose (B) values of ve samples, with expected
ages ranging from 28.5t 2.9 ka (unit L1) to 646 + 65 ka (unit L6). The apparent
ages, ranging from 59.4+ 3.8 to 517% 42 ka, were then corrected for thermal signal
loss, using the lifetime of the Ti centre, ~1.7x16 years, previously calculated for a
sample from the same site. The corrected ages ranged from 60+4 3.8 ka to 617+ 50
ka. For the youngest two samples both apparent and corrected ages overestimated the
expected ages, which was presumably caused by incomplete signal resetting before
burial. The apparent age of the oldest sample showed an age underestimation of ~20
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%, but after the thermal signal loss from the Ti centre was corrected for, the age was
consistent with the reference age. Both apparent and corrected ages of L3 and L4 are
in good agreement with expected ages. We show, that with careful consideration of
the thermal stability and bleachability of samples, reliable age calculation using the
Ti centre is possible.

Keywords: ESR, quartz, SAR, SAAD, Luochuan

3.1 Introduction

More than 40 years ago, electron spin resonance (ESR) was introduced to geosciences
as a tool for age determination (Ikeya, 1975). The rst application of this technique
used the ESR signal of carbonate to date speleothems (lkeya, 1975), and was quickly
followed by the ESR dating of quartz from volcanic ash (Imai et al., 1985). The rst
application of ESR to sedimentary quartz was made in 1985 (Yokoyama et al., 1985),
and since then, ESR dating of quartz for sediments has been applied frequently (e.qg.
Tanaka et al., 1995; Laurent et al., 1998; Beerten and Stesmans, 2005; Beerten et al.,
2006; Rink et al., 2007; Tissoux et al., 2010; Bartz et al., 2018). The key advantage of
guartz ESR dating over luminescence dating is that the dose response curve (DRC)
of the ESR signals grows to much larger doses (e.g. Rink et al., 2007; Tissoux et al.,
2007), and therefore the method has a potential to date sediments exceeding the upper
limit of luminescence dating techniques. However, to date older samples, a signal
must have su cient thermal stability. Although signal thermal stability is thus a key
issue for quartz ESR dating, it has not yet been su ciently investigated (Toyoda,
2015). Tsukamoto et al. (2018) recently calculated the thermal lifetimes of the Ti
centre and Al centre for quartz samples from the Chinese Loess Plateau, obtaining
values of ~1.7x16 years, and ~1.5 x 18 years at 10 C, respectively (cf. Table 4.2).
Tsukamoto et al. (2018) also found that the natural DRC of the Ti centre experienced
earlier saturation than anticipated (cf. Rink et al., 2007), determining a characteristic
saturation dose (D0) of ~660 Gy. This early natural saturation was a ected by the
relatively short thermal lifetime of the Ti centre.

The upper dating limit of a dating method can be determined through comparison
of ages with independent age control. In quartz ESR dating, only very few comparisons
of quartz ESR ages with independent ages have been made, to test the reliability of
the dating method (e.g. Toyoda et al., 2006; Bartz et al., 2018). Toyoda et al. (2006)
compared quartz ESR ages of Japanese Quaternary tephra with ages obtained from
zircon ssion track and quartz red thermoluminescence dating. The results yielded
good agreements for younger samples, although the Al centre ages were younger than
the Ti ages for older samples. Rink et al. (2007) reported ESR ages from aeolian and
waterlain sediments using the Al and Ti centre signals showing a good agreement with
independent ages up to about 2.5 Ma. More recently, Bartz et al. (2018) reported
Al and Ti ages (~1.1 to ~1.5 Ma) from uvial sediments from Morocco, which were
consistent with the results of palaeomagnetic stratigraphy.
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To avoid large uncertainties in the determination of D¢ by extrapolation dose
response curves using the multiple-aliquot additive dose (MAAD) protocol, we used
the single-aliquot regenerative dose (SAR) protocol, a powerful and highly e cient
procedure, introduced to luminescence dating by Murray and Wintle (2000) and later
developed for ESR dating on quartz by Tsukamoto et al. (2015).

In this study we contrast ESR ages obtained from the Ti centre with reference
ages using samples from the Chinese Loess plateau, where independent age control is
available. The thermal stability and dose response properties of these samples have
been investigated previously by Tsukamoto et al. (2018). Although the ages are
only reported using the Ti centre, we also compare R values derived from SAR and
single-aliquot additive dose (SAAD) protocols for both the Ti and Al centres for a
selected sample.

Figure 3.1: a) Natural DRCs of the Al and Ti centres. b) Pro le log of Luochuan
Potou section with sample positions, reference ages and corrected ages. Samples
marked as rectangles were used for age estimation. Please note that ESR72 (L3)
was not investigated by Tsukamoto et al. (modi ed after Tsukamoto et al., 2018).

3.2 Materials and sample preparation

Reference ages of di erent loess and paleosol units from the Chinese loess plateau have
been determined previously through stacking numerous grain size records from ve
di erent Chinese loess localities. Correlation of these grain-size records with Earths
orbital forcing results in time resolved data termed Chiloparts up to 2.6 Ma (Ding

et al., 2002).

Samples were taken from the Potou section, located in the Luochuan National
Geological Park, China, in April 2017 as blocks or using opaque cylinders. Of the
41 samples collected, between the Holocene soil (S0) and close to the bottom of the
pro le (L32; 32nd loess unit, hereafter the number after L denotes the unit number of
loess) and ve samples (ESR68, L1; ESR70, L2; ESR72, L3; ESR74, L4 and ESR76,
L6) were selected for ESR age determination (cf. Fig. 4.1). Note that Li et al.
(2018) and Tsukamoto et al. (2018) also used this series of samples to investigate the
characteristics of K-feldspar luminescence and quartz ESR, respectively. Details on
the study site is given in Liu (1985).
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Sample preparation was carried out under subdued red light condition. The sand
sized samples were wet-sieved to extract the 63 100m grain size fraction, which
was then treated with 10 % HCI and 30 % HO, to remove carbonates and organic
matter, respectively. To separate the mixture of minerals, a heavy liquid separation
was carried out. Sodium polytungstate (2.62 g/cn? < < 2.70 g/cm?3) was used to
isolate a quartz rich fraction. We assume that ~10 m of the outer rim of the quartz
grains, which is a ected by alpha radiation, was removed by treating the sample with
concentrated HF (40 %) for an hour (Bell and Zimmerman, 1978). After etching the
samples were treated with 20 % HCI to remove precipitates before nally being rinsed.

3.3 Equipment and measurements

All measurements were performed on a JEOL FA-100 X-band ESR spectrometer with
a variable temperature controller (ES-DVT4). The centre of the magnetic eld was set
to 333.5 mT with a sweep width of 30 mT. A scan time of 1 min was set and scanning
was repeated three times with a modulation width of 0.1 mT for the Al centre [AlO4]°
and ve times with a modulation width of 0.5 mT for the Ti centre [TiIO 4/M *1°.
The microwave power was set at 10mW and the modulation frequency was 100 kHz
for all measurements. Through the evaporation of liquid nitrogen the measurement
temperature was kept at 123 K to carry out low-temperature measurements. Above
mentioned measurement conditions were following Tsukamoto et al. (2018). All
ESR intensities were normalised to the intensity of the Mn marker, which is made
of magnesium oxide (MgO) doped with manganese (M#) giving six hyper ne (hf)
lines. The sixth peak of the hf splitting was used for of the Al and the Ti centre
signal normalisation. To achieve a homogeneous value for the signal intensity, the
samples were rotated by 60 three times after every measurement, and the mean value
calculated. This step was recommended because the sample consists of thousands of
single crystal quartz grains, which have random orientation (lkeya, 1993). The sample
size for each aliquot was 60 mg.

Previous studies found that quartz from China Loess Plateau exhibited no Ti
impurity related signals (Toyoda, 2015), however the Ti centre was detected in all
of the Luochuan samples (Tsukamoto et al., 2018). Due to a relatively weak Ti
signal a modulation width of 0.5 mT was used. Together with a relatively high
measurement temperature of 123 K, a precise distinguishing between hydrogen and
lithium compensated Ti centre signal components was not possible. Therefore the
intensity was taken from the bottom of the peak around g=1.913 to the baseline,
originating from the both Ti-Li and Ti-H centres. Usually, the intensity of the Ti
centre can be taken from di erent charge compensators (e.g. Toyoda et al., 2000;
Tissoux et al., 2007, 2008; Duval et al., 2017). However, Beerten and Stesmans (2006)
reported inconsistent D, values from H- and Li-compensated Ti centre compared to the
expected doses, whereas a mixture of both yielded consistent results. They suggested
a charge transfer between the di erent Ti centres might be a possible explanation
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for the discrepancy. Therefore measuring the mixture of the Ti-Li and Ti-H centres
might be the better way of detecting the Ti centre. The Al centre is overlapped by a
peroxy centre for all samples and due to the high measurement temperature of 123
K, no clear hf splitting of 2’Al is visible (cf. Tsukamoto et al., 2018). Therefore, the
intensity of the Al centre was taken from the rst visible peak. This is also di erent
from other studies taking the top of the rst peak to the bottom of the 16th peak as
recommended Toyoda and Falguéres (2003). Since the Ti centre can be fully bleached
after few hundred hours, shown in bleaching experiments (e.g. Toyoda et al., 2000;
Tissoux et al., 2007) whereas the Al centre cannot be fully bleached, we only use the
Ti centre for dating in this study. To check if there was a sensitivity change by the
annealing step within the SAR protocol, a comparison of I3 value obtained from the
SAR and SAAD protocol was carried out for the both Al and Ti centre signals.

As described in Table 4.1, the SAR protocol requires sample irradiation and
heating prior to ESR signal measurements. We used an inhouse device composing of a
Varian VF-50J X-ray tube (50 kV, 1 mA, 50 W) with a tungsten target and a heating
component which allows temperatures from 100 C to 600 C. The calibrated dose
rate of the Xray tube for sedimentary quartz is ~0.3 Gy/s (Tsukamoto et al., 2018).
For further technical information on the in-house irradiation and heating device, the
reader is referred to Oppermann and Tsukamoto (2015).

Table 3.1: ESR SAR protocol
after Tsukamoto et al. 2015.

Step  Treatment

Preheat (T C for 4 minutes)
Natural ESR

Anneal (420 C for 4 minutes)
Zero-dose ESR

Dose

Preheat

Regenerated ESR

Repeat 57

Anneal

Recycling Dose

Preheat

Recycling ESR

PR
BREBowo~v~ourwnrR

Table 3.2: Thermal stability and lifetime of ESR signals
(modi ed after Grin et al.,, 1999; Tsukamoto et al., 2018).
E, = activation energy, s = frequency factor

Signal Ea s Lifetime at 10 C Reference

(eV) s b (@

Al 24 30 1012 55 10%2 Imai et al. (1985)
1.3 1.0 10° 4:4 108 Melnikov et al. (1989)
1.5 90 102 1:8 10° Toyoda and lkeya (1991)
1.7 11 107 52 10 Toyoda and Ikeya (1991)
1.8 50 10" 1.5 10° Tsukamoto et al. (2018)

Ti 1.7 41 101 1:4 104 Toyoda and lkeya (1991)
1.0 29 107 6:9 102 Fukuchi (1992)

1.5 1.3 1012 1.7 108 Tsukamoto et al. (2018)
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3.4 Dose rate and D  measurements

3.4.1 Dose rate determination

Gamma spectroscopy measurements were carried out at LIAG, Hanover, to obtain
sample primordial radioactive nuclide concentrations (U, Th and K). Moreover, neutron
activation analysis (NAA) was also performed. For the dose rate calculation we used
the mean values for both results. For all samples, we assumed a mean water content of
15 % with a standard error of 5 % (Lu et al., 2007). The cosmic dose rate was calculated
using the equation of Prescott and Hutton (1994), though this yields insigni cant
dose rates, because of the thick overlain sediments thickness ranges between 43 m
and 3.5 m, which resulted in 30+ 3 mGy/ka to 190 £ 19 mGy/ka, respectively. An
overview of all dose rate information is given in Table 4.3. Specic dose rates from
both gamma spectroscopy and NAA are given in Table 4.4.

3.4.2 Preheat plateau test and SAR D ¢ measurements

Prior to the SAR measurements to determine the Q, a preheat plateau test was
performed using aliquots of ESR72 (L3). This is a standard test in luminescence
dating measurements to ensure that a stable signal is measured following arti cial
irradiation (e.g. Murray and Wintle, 2000). The test was carried out using one aliquot
for each temperature step both without preheat (20 C = room temperature) and
preheats set to temperatures of 150, 180, 210 and 24@ after each irradiation step;
the heating time was 4 min. After measuring the natural signal, the sample was
annealed at 420 C for 4 min, before construction of a regenerative DRC, with doses
of up to 1200 Gy. The D, values were calculated by tting the DRC with a single
saturating exponential function using Origin 2017 data analysis software without any
data weighting. The results of the test are plotted in Fig. 4.2 and a temperature of
210 C was selected for preheats. The SAR protocol (Table 4.1) was applied to 3
aliguots for each sample with preheating at 210 C for 4 min. A mean De value and
1- standard error were calculated for all samples, which ranged from 182 3 Gy
(ESR68, L1) to 1440+ 70 Gy (ESR76, L6) (Table 4.5).

3.4.3 SAR and SAAD comparison

Besides the SAR measurements, the SAAD measurements were carried out for one
sample (ESR68, L1) to check whether the annealing of 420C for 4 min in the SAR
protocol causes a sensitivity change. Three ESR68 aliquots were used and the natural
signal was measured after preheating at 210C for 4 min. Afterwards the ESR signal
intensity with added doses up to 820 Gy was measured. The additive DRC was
tted to a single saturating exponential function and extrapolated to zero intensity to
calculate Dg (Fig. 4.3). Regarding the Ti centre a mean SAAD Ds value of 197+ 49
Gy was calculated, which is in an good agreement with the SAR D value of 182+ 3
Gy (Fig. 4.3a). The result con rms that the Ti centre is not a ected by a sensitivity
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change by the annealing step in the SAR protocol, but also showed that the SAAD @
value yielded much larger uncertainty than the SAR De. The result is also consistent
with the previous observation of Tsukamoto et al. (2017) demonstrated from the dose
recovery test. As stated above, the peroxy centre is overlapping the Al centre. The
separation of the latter followed Tsukamoto et al. (2018). In case of the Al centre, a
subtraction of the unbleachable residual signal was necessary to construct the SAAD
DRC. Tsukamoto et al. (2018) carried out extensive bleaching experiments on ve
Luochuan samples, including ESR68 (L1), in the Honle SOL 2 solar simulator for in
total 700 h. Data shows that 65 % of the initial natural Al signal is unbleachable by
sunlight for this sample. After removing the residual part of the signal, the SAAD D¢
value of 145+ 34 Gy matches the [ value of 147+ 8 Gy obtained by SAR protocol
(Fig. 4.3b). However, the SAAD DRC showed much earlier saturation than the SAR
DRC, suggesting that the sensitivity of the Al centre was a ected by the annealing
step.

Figure 3.2: Preheat plateau test of sample ESR 72 (L3). Preheat temperatures were
set at 150, 180, 210 and 240C and a measurement without preheat was carried
out at room temperature (20 C).

3.5 Age determination

The D¢ values were divided by the respective dose rates to calculate apparent ages.
As we mentioned earlier, the Ti centre is expected to su er from thermal signal loss
over time. To calculate the thermal lifetime Tsukamoto et al. (2018) performed
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isothermal annealing experiments with di erent preheat temperatures at various
holding times using aliquots of ESR74 (L4). The thermal signal loss was tted using
a model assuming a Gaussian distribution of the trap depth and multiple rst order
kinetics, originally developed for describing thermal kinetics of feldspar luminescence
by Lambert (2018). The apparent ages were corrected using the calculated thermal
lifetime of the Ti centre, ~1.7 x 10° years (Tsukamoto et al., 2018) calculated from
ESR74 (L4), following Duller et al. (2015):

Age
Age = In 1 29%m

(3.1)

where Age, is the apparent age and is the thermal lifetime of the signal in years.
The lifetime corrected ages are given in Table 4.5. Strictly speaking, however, the
natural signal intensity evolution should be solved numerically, because the thermal
decay of the Ti centre does not follow simple rst order kinetics (Toyoda and lkeya,
1991). The reference ages, the expected natural doses and the dose rates, are also given
in Table 4.5. The Ti age of sample L1 (ESR 68; apparent age: 59.4 3.8 ka; corrected
age 60.4+ 3.8 ka) exceeds the reference age (2815 2.9 ka) by ~100 %. Another
overestimation is observed for the underlying sample L2 (ESR 70), which yields an
apparent age of 173 19 ka (corrected age; 182 20 ka) whereas the expected age
is 131+ 13 ka, but consistent within 2 uncertainty. The D values of these two
samples are larger than the expected Dby about 100 Gy (Table 4.5). Tsukamoto et
al. (2017) measured similar residual doses for the Ti centre (94 20 Gy) from four
modern aeolian sediments. These observations suggest that incomplete bleaching with
a residual dose of ~100 Gy may exist even for aeolian sediments, although the signal
is known to be fully bleachable (e.g. Toyoda et al., 2000; Tissoux et al., 2007). For
the next two samples, L3 (ESR72) and L4 (ESR74), both apparent and corrected ages
are in agreement with the expected age within uncertainty (Fig. 4.4). The natural
Ti centre is very close to saturation for sample L6 (ESR76) due to the thermal loss
of the signal (Tsukamoto et al., 2018). The apparent age of the sample (51F 42
ka) underestimates the reference age of 646 65 ka by ~20 %, but the thermal loss
correction yields a consistent age (61& 50 ka) with the reference age. It should be
noted that age should be considered as a minimum age due to high dose and associated
early signal saturation according to Tsukamoto et al. (2018).

3.6 Discussion and conclusion

ESR dating of quartz using the Ti centre from the Luochuan site of the Chinese Loess
Plateau enabled us to assess the reliability of the dating method by contrasting the
ages obtained with reference ages from Ding et al. (2002). ESR ages consistent with
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Figure 3.3: Dose response curve comparison of a representative aliquot of unit L1
using the Ti centre (a) and the Al centre (b). Dotted line shows the SAAD DRC
tted with saturating exponential function to extrapolate the D .. Solid line shows
the SAR DRC tted with saturating exponential function to interpolate the D .
The unbleachable residual of the Al centre signal was subtracted for SAAD DRC
construction.

Figure 3.4: Comparison of ESR Ti ages (both apparent and thermal loss corrected)
and reference ages.

the independent chronology were derived for samples from units L3 and L4, indicating
that the SAR protocol applied results in reliable ages. Furthermore, we are able to
provide feasible explanations for the age o sets recorded for the older and younger
samples. The overestimation of the youngest two samples (L1 and L2) could be caused
by the incomplete resetting of the Ti signal which gave a residual dose of ~100 Gy
(~30 ka), similar to Tsukamoto et al. (2017). This suggests that quartz ESR dating
using the Ti centre is not suitable for dating young sediments € ~150 ka) for which
the e ect of the residual dose is signi cant. The deviation between the corrected
and the apparent ages of the oldest sample ages was presumably caused by the short
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thermal lifetime of the Ti impurity related signal. The comparison between SAAD
and SAR D¢ determination yielded consistent values. This is an indication, that
the annealing step in the SAR protocol does not change the sensitivity measurably
for the Ti centre. This con rmed the conclusion of Tsukamoto et al. (2017) who
performed dose recovery tests on modern samples. For the Ti centre they showed that
an annealing for 2 min with a temperature of 420 C did not change the sensitivity
signi cantly. Therefore, using the 2015 proposed SAR protocol for determining ESR
D¢ values by interpolation is suitable.
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Abstract

In this study, we examined the residual doses of the quartz electron spin resonance
(ESR) signals from eight young uvial sediments with known luminescence ages from
the Lower Rhine terraces. The single aliquot regenerative (SAR) protocol was applied
to obtain the residual doses for both the aluminium (Al) and titanium (Ti) impurity
centres. We show that all of the uvial samples carry a signi cant amount of residual
dose with a mean value of 127& 120 Gy for the Al centre (including the unbleachable
signal component), 591+ 53 Gy for the lithium-compensated Ti centre (Ti-Li), 170

+ 21 Gy for the hydrogen-compensated Ti centre (Ti-H) and 453+ 42 Gy for the
signal that originated from both the Ti-Li and Ti-H centres (termed Ti-mix). To test

the accuracy of the ESR SAR protocol, a dose recovery test was conducted and this
con rmed the validity of the Ti-Li and Ti-mix signal results. The Al centre shows a
dose recovery ratio of 1.75 0.18, whereas the Ti-H signal shows a ratio of 0.5%
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0.17, suggesting that the rate of signal production per unit dose changed for these
signals after the thermal annealing. Nevertheless, all uvial sediments investigated

in this study carry a signi cant residual dose. Our result suggests that more direct
comparisons between luminescence and ESR equivalent doses should be carried out,
and, if necessary, the subtraction of residual dose obtained from the di erence is
essential to obtain reliable ESR ages.

4.1 Introduction

When sedimentary quartz was rst investigated for electron spin resonance (ESR)
dating 35 years ago by Yokoyama et al. (1985), a bleaching test was performed and
an optically unbleachable residual signal for the Al centre was detected. Moreover
zero age samples were investigated, residual signals were detected and subsequently
subtracted from the natural signal intensity to calculate the equivalent dose (Ds).
This procedure led to ESR ages which were in good agreement with expected ages.
Over the years, several bleaching experiments on quartz ESR signals were conducted
and varying proportions of bleachable and unbleachable signal intensities for the Al
centre were reported (e.g. Toyoda et al., 2000; Voinchet et al., 2003; Rink et al., 2007,
Tsukamoto et al., 2018; Beerten et al., 2020). The Ti centre instead showed a better
but varying optical bleachability depending on the monovalent charge compensator:
the Ti-Na centre and the Ti-H centre were fully bleached within 24 h of arti cial
optical bleaching using a halogen lamp, whereas the Ti-Li centre was bleached within
72 to 168 h (Toyoda et al., 2000). Investigations of di erent samples revealed a
signi cant variability in bleaching kinetics for both the Ti-Li and the Ti-H signals
(e.g. Tissoux et al., 2007; Duval et al., 2017). The Ti centre is believed to be fully
bleachable by sunlight exposure (e.g. Toyoda et al., 2000; Tissoux et al., 2007). So far,
very few studies have reported residual doses of the quartz ESR signals from young
or modern analogue samples, which could be directly comparable with the quartz
optically stimulated luminescence (OSL) D values. Beerten et al. (2006) found a
total of 55 Gy (Ti-Li) for the youngest sample in a aeolian sedimentary pro le and see
this as a strong indicator of an unbleachable or unbleached residual dose. Tsukamoto
et al. (2017) used modern aeolian quartz samples, whose OSL signal is well bleached,
to investigate the bleachability of the ESR signals. They found large and varying
residual doses for both the Al and Ti centres: from 130 to larger than 1700 Gy for
the Al centre (including the unbleachable signal component) and from 60 to 460 Gy
for the Ti centre. They thus emphasised the importance of subtracting the residual
dose, not only for the Al centre but also for the Ti centre. Timar-Gabor et al. (2020)
measured the residual dose of aeolian samples from Australia and Ukraine, which have
reported OSL D¢ values. For all samples, the ESR residual doses were found to be
signi cantly larger than the OSL D ¢, with the Al centre (also with unbleachable signal
component) ranging from 480 to 700 Gy and the Ti centre ranging 100 to 580 Gy,
highlighting the necessity of performing a residual dose subtraction. Although studies
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were done on dating uvial sediments using ESR (e.g. Yokoyama et al., 1985; Laurent
et al., 1998; Bahain et al., 2007; Tissoux et al., 2007, 2008; Duval et al., 2015, 2020;
Bartz et al., 2018; Voinchet et al., 2019; del Val et al., 2019), the potential e ects of
the residual signals before deposition in both the Al centre and Ti centre have not
been well investigated. Voinchet et al. (2015) introduced a bleaching index for various
uvial and aeolian sediment samples, and a very small residual dose of 4 28 Gy, after
subtracting the unbleachable signal of the Al centre, has been reported. Toyoda et al.
(2000) conducted a comparison of the signal bleachability derived from multiple signals.
Based on the result, they reported quartz ESR intensities from multiple centres with
di erent bleachability. An agreement of the ages can con rm that the signals were
well bleached before deposition. Since then, this so-called multiple centres approach
has been applied in several studies (e.g. Duval et al., 2015, 2017; Bartz et al., 2018,
2020). A similar comparison was also conducted between the quartz ESR ages and
feldspar post-infrared stimulated luminescence (IRSL) or quartz thermally transferred
(TT-) OSL ages (Bartz et al., 2019, 2020).

Another important issue which a ects the accuracy of ESR dating is the ability
of the measurement protocol to recover a known dose (Murray and Wintle, 2003).
Previously, ESR dose recovery tests have been conducted by Beerten et al. (2008) on
quartz derived from dune sands and Asagoe et al. (2011), who used quartz from tephra
samples. Unfortunately, both studies use an intensive thermal treatment (annealing)
of the sample to erase the natural signal before arti cial irradiation, which reduces
the signi cance of the test. Tsukamoto et al. (2017) applied a SAR-SARA (single
aliquot regeneration and added dose; Mejdahl and Bgtter-Jensen, 1994) procedure for
unheated modern sediments and used a slope between the added dose on top of the
natural dose and the measured dose as a surrogate for the dose recovery ratio (Kars
et al., 2014). A similar method was also adopted by Toyoda et al. (2009) and Fang
and Grin (2020), who plotted the relationship between the added dose on natural
aliquots and the increase in the apparent dose.

This study aims to investigate the size of the residual doses for the quartz Al and
Ti centres in uvial sediments using eight samples with known OSL ages (Lauer et
al., 2011). In this study, we de ne the residual dose as the ESR P values minus
the OSL D¢ of the same sample, and this includes both bleachable and unbleachable
components of the Al centre. These young sediments are investigated using the ESR
SAR protocol and its performance is monitored by conducting dose recovery tests.

4.2 Samples

Fluvial sediments from Lauer et al. (2011) are from ve gravel pits on either side
of the lower terraces of the Rhine (Frechen, 1992) covering a clearance of 90 km
from Niederkassel to Rheinberg, North Rhine-Westphalia, were used in this study.
All sediments originated from the younger lower terrace of the Rhine River. A brief
description of the samples is given in Table 5.1 and a detailed description of the
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sedimentary environment is given in Lauer et al. (2011). Previous work from Lauer et
al. (2011) provides OSL [ using SAR protocol in the range of several tens of Gray
(see Table 5.2). They used IR-stimulated and yellow-stimulated luminescence signals
of potassium-rich feldspar as well as OSL of quartz to date a total of 11 samples.
Mean quartz OSL D, values range from 14.8 0.3 to 33.3% 1.4 Gy with dose rates
in the range of 1.48+ 0.15 to 2.41+ 0.18 Gy kyr 1. The mean OSL ages range
from 8.6 + 0.5 to 16.0x+ 1.3 ka (see Table 5.3). Thus, the sediments are Holocene or
late Pleistocene age rendering them to be treated as young samples for ESR residual
measurements. All samples show the Al and Ti centres, but three samples (ALH-I,
ALH-II and MHT-I) showed a broad and strong, overlapping signal, presumably
arising from paramagnetic Mr?* and Fe** impurities. Eventually, eight samples of

a grain size ranging from 100 to 25Qm were used to conduct ESR measurements.
These are exactly the same samples that Lauer et al. (2011) used. No additional
preparation steps were taken.

Table 4.1: Sample description after Lauer et al. (2011).

Sample ID Description

RB-I cross-bedded sand with small amounts of Laacher See tephra
RB-II horizontally laminated, well-sorted uvial sand
MHT-Il  horizontally laminated sand
MHT-1II  horizontally laminated sand
LB-I horizontally layered sand
NK-I cross-bedded sand layers
NK-II overbank deposits
ALH-III uvial sand, more gravel-rich with clay clasts

4.3 ESR measurements

A Bruker ELEXSYS E500 X-band ESR spectrometer with a variable temperature
controller was used to run all measurements. The temperature inside the ER4119HS
cavity was kept at 100 K through the evaporation of liquid nitrogen. The measurement
settings for the detection of the Al centre [AlO4]° were 335+ 15 mT scanned magnetic
eld, modulation amplitude 0.1 mT, modulation frequency 100 kHz, 40 ms conversion
time and 122.9 s sweep time and three to ve scans. For the Ti centre [TiQ/M *1°,
the settings were 350+ 5 mT scanned magnetic eld, modulation ampli cation 0.1
mT, modulation frequency 100 kHz, 30 ms conversion time and 61.4 s sweep time and
510 scans of the spectra. For all measurements, the microwave power was kept at 10
mW and the sample size was 60 mg. The light exposure of the quartz grains within the
ESR quartz-glass sample tubes was kept at a minimum during the heating, arti cial
irradiation and ESR measurements. Furthermore, sample tubes were stored in opaque
black plastic bags between measurements. During the measurements, meticulous
care was taken to ensure that the sample quantity and sample tube positioning and
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measurement temperature always remained the same for all measurements. The
guality factor (Q) of the cavity was always greater than 8000 during the runs. All the
samples were rotated three times in the cavity to calculate the mean signal intensity
and to take into account the angular dependence of the signal.

As suggested by Toyoda and Falguéres (2003), the intensity of the Al centre
was taken from the rst (g=2.0185) to the last peak (g=1.9928), as depicted in Fig.
5.1a. The overlapping peroxy signal intensity was subtracted eventually by using
the ESR signal intensity after annealing (step 4; see Table 5.4). The intensity of
the Ti centre signals was evaluated from peak-to-baseline or peak-to-peak amplitude
following Tissoux et al. (2008), Duval and Guilarte (2015) and Duval et al. (2017)
(Fig. 5.1a and b). The intensity of the Ti-Li centre was taken from the baseline to
the peak at g3=1.913, although this may be a ected by Ti-H centre (cf. Tissoux et
al., 2008). The intensity of the Ti-H centre was calculated from the g=1.915 peak to
the baseline. Duval and Guilarte (2015) used the peak-to-peak intensity at around
02=1.931 (see Fig. 5.1a and b) originating from both Ti-H and Ti-Li centres (referred
to as Ti-mix in this study). These three di erent measurement options for the Ti
centre are equivalent to options D, C and B of Duval and Guilarte (2015), respectively.
An in-house-built X-ray irradiator, consisting of a Spellmann XRB401 source, was
used for all laboratory irradiations. The X-ray parameters were xed to 200 kv and
2 mA, and the dose rate was calibrated to 0.052 0.004 Gy s ! (Tsukamoto et
al., 2021). For heating and annealing of samples, an in-house-built device was used
(Oppermann and Tsukamoto, 2015). The dose response curve (DRC) was tted to
a single saturated exponential function using Origin 2017 without any weighting to
calculate De.

Table 4.4: ESR SAR protocol modied
after Tsukamoto et al. (2015).

Step Treatment

1 Preheat (T C for 4 minutes)?
Natural ESR

Anneal (300 C for 120 minutes)
ESR after annealing

Arti cial irradiation

Preheat (T C for 4 minutes)?
Regenerated ESR

Repeat 5-7

a T is preheat temperature in degree centigrade

0O~NO O bk WN
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Figure 4.1: A) The natural Al centre and Ti centres of sample RB-Il and overview
of the g-values; B) Close-up of Titanium signals of sample RB-II after annealing
and giving 500 Gy of arti cial irradiation.
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4.4 Performance tests and equivalent dose

4.4.1 Preheat plateau test

The ESR SAR protocol (see Table 5.4), which has been tested and satisfyingly applied
in previous studies in regards to the Ti centre (Tsukamoto et al., 2015, 2017, 2018;
Richter et al., 2020), was used for all measurements. Prior to P measurements,
a preheat plateau test was carried out to assure only stable signals are used. The
sample with the lowest quartz OSL D, was chosen for this test (RB-Il; 14.8+ 0.3
Gy). Temperatures were set to 160, 180, 200 and 220C. Additionally, an aliquot
without heating treatment was used, which is referred to as 20 C (room temperature).
Heating time was 4 min for preheating and 120 min for annealing at 300C. In a
previous study, Tsukamoto et al. (2015) compared 420 C for 2 min and 300 C
for 120 min annealing time and found no signi cant di erence in sensitivity change
between both temperatures. Arti cial irradiation dose steps used were 241, 963 and
2889 Gy to construct a dose response curve. The results are plotted in Fig. 5.2a.
The D¢ value of the Al centre was initially decreased by the preheat at 160 C but
shows a steady increase in Pwith increasing preheat temperature. At 220 C, no
De calculation was possible, because all regenerated signal intensities were below the
natural. The Ti-Li and Ti-mix signals show a similar pattern in D ¢; there was a small
decrease from room temperature to 160C, but all preheats yielded similar De values,
albeit a slight increasing trend with increasing temperature was observed. The Ti-H
centre showed an opposite trend to Ti-Li and Ti-mix and showed a decrease in P
with higher temperatures > 180 C. Eventually, the preheat temperature was set to
160 C for all of the following measurements because Ti-Li, Ti-H and Ti-mix De tend

to form a plateau in the region of the 160 180 C preheat temperature. An overview
of the DRCs for 160 C is shown in Fig. 5.2a, and each preheat temperature for each
of the ESR centres can be found in Fig. S1 in the Supplement.

4.4.2 Equivalent doses, residual doses and ESR ages

For each sample, one aliquot was used to conduct the Dmeasurements. Dose response
curves were created using three regenerated dose steps with a total dose up to 2889
Gy for all samples except for samples NK-1, NK-2 and ALH-III, which were irradiated
up to 3022 Gy. The Dg values of the Al centre are in the range of 961 to 1963 Gy
(including the unbleachable signal component). The R values of the Ti-Li centre
span from 413 to 893 Gy. The Ti-mix De ranges from 292 to 677 Gy, and the Ti-H Q@
goes from 115 to 292 Gy. The mean OSL Pfor each sample was subtracted from the
ESR D¢ to calculate the residual dose. This led to a residual dose of Al centre in the
range of 931 to 1930 Gy with a mean value£ 1 SE) of 1270+ 120 Gy (including the
unbleachable signal component). The Ti-Li centre residual dose goes from 384 to 859
Gy with a mean of 591+ 53 Gy. The Ti-mix residual dose goes from 262 to 643 Gy
with a mean of 453+ 42 Gy, and Ti-H goes from 95 to 264 Gy with a mean of 17&
21 Gy. A detailed overview is given in Table 5.2. Residual doses of the four di erent
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Figure 4.2: A) Preheat plateau test for sample RB-Il. The dose response curve
for Al centre for 220 C did not t, so the D ¢ value was not obtained. B) Dashed
lines indicate the mean dose for each signal. B) The DRC's for 160C preheat
temperature for each one of the ESR centres. The DPare marked.
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ESR signals for all samples are plotted in Fig. 5.3. A detailed list of ages is given
in Table 5.3. All the ESR ages signi cantly overestimate the OSL ages. The ages
(calculated from the residual dose) are on average 63# 54 ka for Al centre (including
the unbleachable signal component), 294 25 ka for the Ti-Li, 227 + 22 ka for the
Ti-mix and 84 = 10 ka for the Ti-H centre. These residual ages show how signi cant
the e ect of the residual dose may be in ESR dating of uvial sediments.

Figure 4.3 Residual doses of the four di erent ESR signals for all samples. Dotted
lines indicate the mean dose for each signal.

4.4.3 Dose recovery test

A dose recovery test, using the SAR protocol, was performed for all four ESR signals
by adding 963 Gy on top of the natural signal using three aliquots of sample RB-II
and thus is considered to be a new natural signal. The test was used to check the
accuracy of the measurement protocol because the thermal treatment included in the
SAR protocol may change sensitivity of the ESR centres. The @ values of the aliquots
(natural + 963 Gy) were measured by the SAR protocol, with three dose steps up
to 3516 Gy. The dose recovery ratio was calculated by subtracting the natural @
from the recovered dose and the di erence of the natural + 963 Gy and the natural
De was then divided by the added dose of 963 Gy. This experiment is a modi ed
version of the single aliquot regenerative and added dose (SARA) by Tsukamoto et al.
(2017) with a single added dose point. The dose recovery results (see Fig. 5.4) are
satisfactory for the Ti-Li and Ti-mix signhals with a ratio of 0.98 + 0.07 and 1.00t
0.15, respectively, indicating that ESR SAR protocol works well for these signals. Our
results resemble the results published by Tsukamoto et al. (2017). The dose recovery
ratio for the Al signal is high with 1.75 + 0.18, whereas the ratio of the Ti-H signal
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is low (0.55% 0.17). The signi cantly smaller Ti-H D ¢ compared to the Ti-Li D¢ is

probably partly a result of this (underestimating). The result of our dose recovery
test suggests that the applied SAR protocol is robust in the dose estimation for the
Ti-Li and Ti-mix signals, whereas those from the Al and Ti-H centres could be over-
and underestimated.

Figure 4.4: Dose recovery ratios. The dashed lines mark the 10 % deviation margin.

4.5 Discussion and conclusion

The results clearly show that the ESR D for all samples are signi cantly larger
than the OSL D¢ of Lauer et al. (2011), and therefore residual subtraction is highly
recommended if a representative modern analogue sample is available. Furthermore,
the observed residual doses follow the trend in the signal's bleaching behaviour as
described by Toyoda et al. (2000): the Al centre shows the largest residual followed
by Ti-Li and Ti-H with the lowest residuals. The size of the residual dose for the
Ti-mix lies in between those of Ti-Li and Ti-H. However, it should be noted that
the recovered dose in the dose recovery test overestimated the given dose for the Al
centre and showed underestimation for the Ti-H centre, which may have in uenced
the observed residual dose. Although the Ti-H shows the smallest i) and hence is
closest to the expected OSL [, it is unreliable because it failed to recover the known
given dose.

Regarding the Al centre, we did not estimate the size of the bleachable and
unbleachable components by a bleaching test. Instead, a measured residual dose from
young samples, preferably obtained from the same set of sedimentary sequence, could
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be subtracted from the D, of older samples; this approach has an advantage over
the very time-consuming bleaching experiment with the solar simulator for ~1000 h.
Figure 5 shows a comparison of all residual doses for the Al and Ti-Li. Additionally,
a linear tting was performed yielding the y intercept of 90 + 220 Gy. This intercept
indicates a rough estimate of the size of residual dose for the unbleachable Al centre,
although it is much smaller than the values reported by Tsukamoto et al. (2018) and
Timar-Gabor et al. (2020) from aeolian sediments.

Figure 4.5: Comparison of ESR Al and Ti-Li residual doses with linear tting.

However, the result of the dose recovery test suggests that the thermal annealing
step in the SAR protocol changed the signal production e ciency of the Al centre.
We hypothesise that the annealing changed the ratio of bleachable and unbleachable
components of the Al centre, which led to the failure of the dose recovery test. Timar-
Gabor et al. (2020) demonstrated that the intensity of both the bleachable and
unbleachable components of the Al centre can be increased by additive dose irradiation
on natural aliquots. They explained that the Al centre has an unbleachable component,
because the amount of Al in quartz is far more abundant compared to any other
electron centres, which contributes to bleaching (and recombines with the Al-hole
centre). However, a thermal annealing reset both populations, and following irradiation
it may have only produced the bleachable Al centre. Although this hypothesis must
be tested experimentally, supporting evidence of the hypothesis is available from a
comparison of the natural and regenerative dose response curves of the Al centre from
the Chinese Loess Plateau. Tsukamoto et al. (2018) showed that the regenerated dose
response curve, which was constructed after an annealing, was only comparable to
the natural one, when the unbleachable Al signal intensity was subtracted from the
natural dose response curve, suggesting that the regenerative dose response curve was
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dominated by the bleachable Al centre.

The dose recovery test of the Ti centre indicates that Ti-Li centre does not su er
any sensitivity changes after the annealing, whereas the Ti-H centre underestimates
the given dose signi cantly. Beerten and Stesmans (2006) reported strong deviations
in Ti-Li and Ti-H SAR D  from the expected dose, although the total Ti centre
provided a reliable result. They suggested di erent possible explanations including
(1) charge transfer between Ti-Li and Ti-H centres during the arti cial irradiation
and (2) di erences in production e ciency, but eventually they left the question open.
Similar problems might have also a ected the observed di erence in the dose recovery
ratios of the di erent Ti signals. More e ort is needed to fully understand about the
behaviour of di erent Ti signals.

Though available sedimentological information for the samples is limited, we
compared the observed residual dose in di erent uvial depositional environments
a ected. From Lauer et al. (2011), we identi ed three di erent depositional environ-
ments, which include (i) overbank deposits, (ii) deposits from braided river systems
and (iii) deposits of a channel, i.e. meandering river system (Michael Kenzler, personal
communication, 2021). The Rheinberg samples (RB-Il and I) were taken from a
point-bar setting and have been interpreted as channel deposits of a meandering river.
The samples from Monheim Hitdorf were deposited in a braided river system with
channel and sheet ow deposits. At Libur, sample LB-I originated from a braided
river system. The Niederkassel site sample (NK-I) was deposited in a braided river
system, whereas the lower NK-II sample seems to have originated from an overbank
deposit. The Aloysiushof/Dormagen sample (ALH-11I) stems from the uppermost
gravel-rich part of the pro le and probably channel deposits.

From the observed residual doses, we do not see any pattern according to di erent
depositional environments. Instead, all residual doses for our samples are relatively
uniform, with a mean of 1270+ 120 Gy for the Al centre (including the unbleachable
signal component), 591+ 53 Gy for the Ti-Li centre, 170 £+ 21 Gy for Ti-H and 453
* 42 Gy for Ti-mix.

In conclusion, we show that all of the investigated uvial sediments were not fully
bleached before burial, and after subtraction of OSL @ a signi cant amount of the
residual dose was still carried by the samples. Even the Ti-H, which is supposed
to be the most bleachable, is far from zero. This highlights the importance of
further investigation into the dynamics of residual doses in both aeolian and uvial
environments.
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Abstract

When electron spin resonance (ESR) is applied to sedimentary quartz, dealing with
the poor bleachability of the signals is particularly challenging. In this study, we used
both the single-grain optically stimulated luminescence (OSL) and the single aliquot
ESR dating of quartz from deep sand deposits preserving a Stone Age archaeological
seqguence to combine the advantages of the two methods: good bleaching behaviour
and extended age range. Using the youngest samples at each sampling site we were
able to calculate the mean ESR residual age from the di erence between the OSL
ages and the apparent ESR ages. Focusing mainly on the single aliquot regenerative
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dose (SAR) protocol here, we were able to calculate the mean ESR residual age for
the Ti and Al centres, including the non-bleachable signal component for the latter.
For the NP site, residual ages of 20% 13 ka and 695+ 23 ka were calculated for the
two centres, whereas for the ZS site 26& 39 ka and 742+ 118 ka were determined.
These residual ages are signi cant and cannot be neglected. Thus, the residual age
was subtracted from the apparent ESR ages. The validity of the residual subtraction
method was tested through a comparison of the oldest OSL age from each site with
the residual subtracted ESR age. For both NP and ZS sites, the residual subtracted
Ti and Al ages were consistent with the OSL age within 2- uncertainty, and therefore
con rm the robustness of the subtraction method. Within the NP sequence, we were
able to locate the end of the Early Stone Age at 59Gt 86 ka, and this provides a
maximum age for the transition to the Middle Stone Age in this part of south-central
Africa.

Keywords: Quartz, ESR dating, Victoria falls, Early Stone Age

5.1 Introduction

The Early to Middle Stone Age transition in Africa marks a change in technology
with the long-lived Acheulean traditions of large cutting tools replaced by small
Middle Stone Age ake and blade tools linked to the innovation of hafting with its
adaptive advantage of increased e ciency of tools with handles (Coe et al., 2022).
The beginning of the transition in Africa, dated by 40Ar/39Ar, U-series, electron spin
resonance (ESR) of tooth enamels and luminescence techniques, ranges from ~500 ka
to 300 ka in southern Africa and eastern Africa. Although the identi cation of hafting
traces is disputed, Middle Stone Age technologies are evident in these regions and in
north Africa by 300 ka (Tryon et al., 2006; Wilkins et al., 2012 cf. Rots and Plisson,
2014; Sahle et al., 2013 cf. Douze et al., 2018; Hublin et al., 2017; Deino et al., 2018).

By comparison, the start of the transition in south-central Africa is poorly known
with only a single locality currently dated (Kalambo Falls, Zambia), using thermally
transferred optically stimulated luminescence (TT-OSL) and with large uncertainties
(Duller et al., 2015). They dated uvial sediments containing numerous stone tools
from the riverbanks of the Kalambo Falls, Zambia, with TT-OSL. By using this
luminescence dating method, they were able to extend the age beyond the range of
conventional quartz OSL dating and allowed them to place the Mode 2/3 transition
between 500 and 300 ka. Unfortunately, the ages obtained from sediments containing
Mode 2 stone tools showed a large scatter, which resulted in the wide range for the
transition. For the upper part of the uvial sediment sequence, they observed much
larger TT-OSL equivalent doses (Iu) than those of OSL. Thus, the mean residual
dose for the TT-OSL (~110 Gy) obtained from the di erence between the TT-OSL
and OSL De, was subtracted from the apparent TT-OSL D for age calculation for
older samples whose natural OSL signal was in saturation.
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An aim of the "Deep Roots Project' (2017 2022) has been to extend and re ne the
chronology of the Early to Middle Stone Age transition in this region, which forms a
geographical link between eastern and southern Africa. The area of Zambia in the
vicinity of Victoria Falls (Mosi oa Tunya National Park) is the focus of this paper as
it provides up to ~34 m deep deposit of aeolian sands that preserve Early and Middle
Stone Age artefact clusters. We report here on the methods and results of quartz
ESR dating from a section through the sands (the NP and ZS sequences) with Early
Stone Age (Acheulean) artefacts at its base, and from separate individual sites. The
results provide a foundation for dating the Early to Middle Stone Age transition in
this area of south-central Africa.

In trapped charge dating, it is important to estimate the degree of signal depletion
achieved during transport at the time the sediment is buried. ESR signals from quartz
used for dating are known to be di cult to bleach; for instance the Al centre requires
around 1000 h of bleaching under arti cial light exposure to drop to an unbleachable
signal level, while the Ti centre can be fully bleached within several tens to hundreds
of hours (e.g. Toyoda et al., 2000). A number of ESR Al and Ti centre residual doses
and ages for young or modern analogue sediments have been reported so far (e.g.
Voinchet et al., 2015; Tsukamoto et al., 2017, 2018; Timar-Gabor et al., 2020; Richter
and Tsukamoto, 2022) revealing the importance of testing samples for residuals due
to incomplete resetting.

Comparable to the work of Duller et al. (2015), in this study we introduce a
similar approach, combining the quartz OSL and ESR dating to date aeolian sediment
sequences containing stone artefacts near the Victoria Falls, Zambia (Fig. 6.1A). We
compare OSL and ESR ages from young sediments (up to ~160 ka, Chapot et al.,
this issue) to obtain a mean ESR residual age for each of the sequences. This age is
subsequently subtracted from the apparent ESR ages to calculate ages for the older
samples.

5.2 Materials and methods

5.2.1 Study area and sampling

The sands sampled for this study are deposited unconformably on Batoka Basalts of
the Karoo Large Igneous Province that form the Mesozoic bedrock in this part of the
Zambezi Valley (Jones et al., 2001). The sands have an aeolian origin, derived from
Kalahari Basin sediments to the west-southwest and include a component of local
weathered basalts from the Zambezi oodplain (Garzanti et al., 2022). The episodic
extension of Kalahari sands into the Zambezi Valley during the Late Pleistocene is well
documented and is indicative of greater aridity or increased wind speeds compared
with the present (Thomas and Burrough, 2016; Burrough et al., 2019). The sand
deposits in the Mosi oa Tunya Park, however, are homogenous in terms of grain size,
lacking the structure seen in local dune systems (Thomas and Burrough, 2016). There
are no identi able palaeosols or other evidence of periodic deposition that can be
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