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1. Introduction

Providing accurate and precise chronologies for the timing of the climatic
changes that have modelled the Earth evolution during the glacial-interglacial cycles
is crucial and this is achieved by the analysis of archives that recorded these climatic
oscillations.

The available archives for this purpose are cryogenic, marine or terrestrial.
Loess-paleosol deposits represent valuable records of past climate change on
continents. The simplified definition of loess is that of a terrestrial sediment
dominated by silt, formed by dust which was entrained, transported and deposited
by wind (Pye 1987, 1995; Muhs 2007). Loess deposits are largely distributed on both
northern and southern hemispheres, covering around 10 % of the continental surface
of the Earth (Pye 1987). When palaeosols are embedded within loess, then a loess-
paleosol profile is found. The first application of luminescence for dating loess was
carried out by Wintle et al. in 1984.

Optically Stimulated Luminescence (OSL) dating technique is an absolute
chronological method that enables to assess the time elapsed since a material was
last exposed to sunlight. The method uses minerals such as quartz or feldspars. Their
crystalline structure and inherent natural defects results in their property to store the
natural ionising radiation in the form of trapped charge. This charge is stored in the
form of electrons captured in the electron traps and corresponding holes trapped at
trapped hole centres. These can recombine upon stimulation with heat or light,
recombination that can result in the emission of light. The luminescence dating
method uses a luminescence signal that is optically sensitive. During light exposure
of the mineral, the latent luminescence signal previously acquired is erased until it is
completely removed. The removing process of the luminescence signal is also known
as bleaching. Once the grain is no longer exposed to light, the luminescence signal
starts to accumulate again due to the interaction of naturally occurring radioactivity
with the mineral grain lattice. In order to obtain a luminescence age, the ratio
between the total dose received since bleaching and the annual dose is determined.
The annual dose is derived from the specific activities of the 28U, 2?Th and K by the
application of conversion factors while the total dose is measured as an equivalent
dose by a calibration procedure under laboratory conditions following measurement
protocols that are developed particularly for quartz or feldspars. In the case of
equivalent dose estimation, the single aliquot regenerative (SAR) OSL protocol
(Murray and Wintle 2000, 2003) initially developed for quartz has revolutionised

luminescence dating by increasing the precision and flexibility of measurements.
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The protocol implies the readout of the natural OSL signal emitted by quartz by blue
light stimulation and comparing this natural OSL signal with the luminescence
signals obtained by the application of different known doses on the same aliquot. As
an individual dose can be determined using a single aliquot, and many aliquots
(usually more than 10) are analysed for each sample, the protocol allows
determining equivalent doses for samples with a high level of precision, typical
standard errors being less than 5% (Murray and Olley 2002; Rhodes et al., 2003).
Over the past two decades, the SAR-OSL protocol has been tested and applied on
quartz of different grain sizes (fine (4-11 um) quartz grains and coarse (63-90, 90-125,
125-180, 180-250 um) quartz grains) from a large variety of sediments (e.g., Stevens
et al., 2006; Lu et al., 2007; Lai, 2010; Buylaert et al., 2008; Timar-Gabor et al., 2011;
Constantin et al., 2012, 2014; Veres et al., 2018; Peric et al., 2019; Tecsa et al., 2020a,
b; Groza et al., 2020). Regardless of the quartz grain size used numerous studies
have reported age underestimation for samples that are older than 70 ka
(corresponding to an equivalent dose of >~ 100-200 Gy) (e.g., Watanuki et al., 2003;
Murray et al., 2007; Buylaert et al., 2007; Timar et al., 2010; Lai 2010; Lowic et al.,
2010). Timar-Gabor et al. (2011) further confirmed this, but also showed for the first
time that an age deviation exists between fine quartz ages and coarse quartz ages for
loess in Romania.

Subsequent studies on different regions (e.g., Constantin et al., 2014; Timar-
Gabor et al., 2012, 2015a, 2017; Timar-Gabor and Wintle, 2013) have showed that
this phenomenon is not an isolated one. The underestimation of fine quartz ages is
more severe and displays an earlier onset (e.g., Timar-Gabor et al., 2011, 2012;
Timar-Gabor and Wintle., 2013). The age discrepancy cannot be attributed to issues
related to annual dose estimation as higher equivalent doses were obtained for
coarse (63-90 um) quartz grains compared to fine (4-11 um) quartz grains, and one
would expect an opposite trend based on dosimetric considerations.

The dose response curves of quartz do not follow a single saturating
exponential dependency that would be expected based on simple models and were
shown to be well represented by a sum of two saturating exponential functions (e.g.,
Murray et al., 2007, Pawley et al., 2010, Timar-Gabor et al., 2012). The saturation
characteristics of fine and coarse quartz fraction were investigated (Constantin et al.,
2012; Timar-Gabor et al., 2012, 2015b) and it was found that the dose response
curves overlap up to ~100-200 Gy while for higher doses the curves diverge. A wide
range of quartz fractions were investigated in this context (Timar-Gabor et al., 2017)
and the results showed that the saturation characteristics and the diameter of the

grains follows an inverse square roots relationship (Timar-Gabor et al., 2017).
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The discrepancy between the equivalent doses is thought to reside in the
differences observed between the natural and laboratory dose response curves for
both fine and coarse quartz (Chapot et al., 2012; Timar-Gabor and Wintle 2013;
Avram et al., 2020).

Since based on natural and laboratory dose response curve comparison the
upper dating limit of quartz is restricted to an age of ~50 ka to ~100 ka for quartz, an
extension of the datable age range is desirable. Therefore, alternative natural
luminescence dosimeters were investigated in this purpose. Feldspars are
considered a substitute of quartz due to some of their advantages: (1) unlike quartz,
feldspars are sensitive to IR stimulation and (2) it was reported that the
luminescence signals emitted by feldspars continues to grow at higher doses than
quartz, thus extending the dose range over which luminescence ages can be
obtained. However, the use of feldspars has been hampered by the phenomenon of
anomalous fading, a loss of signal due to quantum mechanical tunnelling of charge
(Wintle 1973; Spooner 1992, 1994). Recent advances have been made in the attempt
to circumvent fading, since Thomsen et al. (2008) measured lower fading rates for
the infrared stimulated luminescence (IRSL) signal measured at a temperature of 225
C after the IR stimulation at 50 °C. Two elevated temperature post infrared-infrared
(pIRIR) protocols based on SAR procedure have been developed to reduce the signal
which is susceptible to fading. The most used and tested pIRIR protocols are pIRIR22s
(Roberts 2008; Buylaert et al., 2009; Wacha and Frechen 2011) and pIRIR200 (Buylaert
et al., 2011a, 2012; Thiel et al., 2011a).

Despite the higher stability of the pIR-IRSL signals at higher temperature than
the IRSL signal stimulated at 50 °C, their bleachability is also considered an issue
(Thomsen et al., 2008; Buylaert et al., 2009; Thiel et al., 2011a). Previous studies
reported residual doses of a few Grays even after prolongued exposure to sunlight
or to the solar simulator (e.g., Buylaert et al., 2011b, 2012; Murray et al., 2012; Thiel
et al,, 2011a; Steven et al., 2011).

Another controversial issue reported for pIRIR protocols are the dose
recovery test results. The dose recovery test is used to assess the accuracy of a SAR
procedure for measuring a known laboratory given dose. This dose is given to a
sample that has its signal reset and is measured as an unknown dose. The dose
recovery ratio is then quantified by dividing the obtained result to the given dose
and should be ideally equal to one. Even though various studies reported good dose
recovery ratios on feldspars extracted from different loess deposits over the world
(e.g. Buylaert et al., 2011a, Thiel et al., 2012; Sohbati et al., 2016; Yi et al., 2016, 2018;

Bosken et al.,, 2017; Stevens et al.,, 2018), there are some other studies report
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evidence of poor dose recovery ratios (e.g. Stevens et al., 2011; Thiel et al., 2011b;
Murray et al., 2014; Y. Li et al., 2018; Veres et al., 2018; Avram et al., 2020).

Since each protocol has its advantages and limitations as presented in the
aforementioned text, the objectives of this thesis are: (i) to evaluate the applicability
of each protocol (SAR-OSL, pIRIR2s and pIRIR20) on quartz and polymineral fine
grains extracted from the same samples; (ii) to assess the dose range over which each
protocol can measure reliable equivalent doses and thus over which time interval
reliable ages for quartz and polymineral fine grains can be obtained; (iii) to explore
the polymineral fine grains bleachability when pIRIR2s and pIRIRx0 protocols are
used; (iv) to check if both pIRIRz2s and pIRIR200 protocols are a satisfying solution for
circumventing the fading issue and (v) to assess the influence of the test dose
magnitude on the dose recovery ratios of pIRIR protocols. To achieve these goals
loess samples of various ages collected over three continents have been investigated
in the framework of the research project "Integrated dating approach for terrestrial
records of past climate using trapped charge methods" INTERTRAP (StG 678106,
HORIZON 2020) funded by the European Research Council (ERC).



2. Basic concept of Optically Stimulated Luminescence dating and
Measurements Protocols

2.1 Principles of OSL dating

Luminescence dating represents a geochronological technique that can
provide numerical dates of past events. This method has the advantage of using
minerals such as quartz and feldspars which are found ubiquitous in the Earth’s
crust.

Luminescence phenomena refer to the light emitted by minerals as a response
to an external stimulation source that leads to a transition from a metastable state to
equilibrium. "Optical stimulated luminescence" is the term used when the
stimulation is either by visible light (Optically Stimulated Luminescence OSL) or
near-infrared radiation (Infrared Stimulated Luminescence, IRSL). The moment
which is dated represent the last exposure to sunlight of the mineral grains when the
latent luminescence signal that was previously acquired due to ionising radiation
from the natural occurring radioactivity is removed by light. This process of
resetting the signals is known as bleaching. In the case of sediments, the moment
that is dated by OSL coincides with the time of deposition. A schematic

representation of the principles of luminescence dating is presented in Figure 2.1.
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Figure 2.1 Schematic representation of the optically stimulated luminescence dating

principles in the case of sedimentary environments
The luminescence age (i.e., the period of time since the minerals were last exposed to
sunlight) is determined by using the following formula:

Equialent Dose (Gy)

Age (ka)=

Eq. (2.1)

Annual Dose (%)



where the Equivalent dose (Gy) represents the dose absorbed by the mineral during
burial and the annual dose (Gy a! or Gy ka!) expresses the absorption rate of energy
by the mineral grains per unit of mass during a certain period of time.

The single aliquot regenerative dose (SAR) protocol (Murray and Wintle
2000, 2003) was developed and applied worldwide on quartz in order to measure the
De while for feldspars were developed measurement protocols based on the SAR
procedure that use a double infrared stimulation, namely pIRIR2s and pIRIR2.

Beside the equivalent dose, the annual dose has to be determined for
obtaining the age. The annual dose is derived from the radionuclide concentration of
38U, 22Th and “K which are measured by using high-resolution gamma

spectrometry.

2.2 Mechanism of Optically Stimulated Luminescence
The OSL mechanism for materials such as insulator and semi-conductors can

be described in term of energy band model. Therefore, in a crystalline structure the
valence and the conduction band are separated by a forbidden band (gap band)
where no energy levels are allowed. Since the crystalline structure of the natural
minerals is not perfect, the defects will give rise to metastable energy levels located
within the band gap. When the mineral interacts with ionising radiation, the
electrons from the valence band may gain sufficient energy to shift to the conduction
band. For each electron that was shifted, a hole is created in the valence band. For
most charge, the excitation energy is lost and they are relocated in the valence band.
Another possibility is that excited electrons to get trapped in the defect centres
within the forbidden gap. The same process is applicable to holes. When the system
is exposed to thermal or optical stimulation, the trapped electrons may receive
sufficient energy to return to the conduction band. Once released, they can be
trapped again or they can recombine with holes in the recombination centres. As a
result of the recombination, phonons or light (radiative recombination) can occur.
Radiative recombination takes place in the luminescence centres. The preceding
description is the simplest version of the luminescence mechanism which implies
only one trap and one recombination centre. This model is known as the general one

trap model.

2.3 Minerals and signals used for dating

2.3.1 Quartz
Quartz is one of the most common minerals in the Earth’s continental crust. It
can be found in volcanic rocks, granite, hydrothermal veins, as well as in

sedimentary rocks. Quartz crystals are formed in different temperature and pressure
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conditions, depending on the environment they occur. The molecular structure of
quartz consists of almost 100% SiO2. The chemical bond between Si and O atoms has

ionic (40%) and covalent (60%) nature.

2.3.2 The energy band model for quartz
The crystal structure of natural quartz implies the presence of more than one

trap and a recombination centre. It has been shown that quartz OSL signal comprises
three different components fast, medium and slow (Smith and Rhodes, 1994; Bailey
et al., 1997). One of the most used energy band models for quartz is that developed
by Bailey (2001). Based on this model, further improvements were added by Bailey
(2002, 2004) and Pagonis et al. (2007, 2008) with regard of more specific aspects. The
energy band model presented by Bailey (2001) includes five electron trapping
centres localised at different depths below the conduction band and four

recombination centres in the proximity of the valence band.

2.3.3 Feldspars

Feldspar minerals refer to an aluminosilicate’s group and are considered the
most abundant minerals from the continental crust of the Earth. Their chemical
composition consists of a three-dimensional structure where the oxygen atoms from
AlOs and SiOs tetrahedral units are shared. Their chemical composition allows
charge compensating cations to occupy large interstices within the tetrahedral
framework and create a group of feldspars with different chemical combinations
(Better-Jansen et al., 2003). The principal substitutional elements are sodium (Na*),
potassium (K*) and calcium (Ca?"). Based on their chemical composition, two groups
of feldspars can be recognized: (a) alkali-feldspars refer to the group where
potassium or sodium atoms bearing feldspars, and (b) plagioclases, representing the

teldspar group with sodium and calcium bearing members (Baril, 2002)

2.3.4 The energy band model for feldspars

The most recent model for luminescence mechanism in feldspars was
proposed by Jain and Ankjaergaard (2011). This model involves a single dosimetric
trap and asserts the importance of the band-tail states in describing the luminescence
process. They suggested that stimulation photon energy influences the routes for the
charge transport. The model of luminescence production in feldspars proposed by
Jain and Ankjaergaard (2011) can be summarized in a two-step process: (a) the
electrons captured in the dosimetric IRSL trap are shifted to its excited state, (b)
electrons in the excited state diffuse out to the band tail states or into the conduction
band. The origin of the post IR IRSL signal proposed by Jain and Ankjaergaard

(2011) can be described as a two-step process. In the first step, the excited electrons
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recombine with holes in the proximal recombination as a result of the first IR
stimulation. A subsequent IR stimulation at elevated temperature is capable to
access distant holes through the high energy band tail states. Since the first IR
stimulation removed the most proximal pairs, the post IR-IRSL signal is the result of
the distant electron-hole recombination which make it less susceptible to tunnelling
from the ground state. The signal stability has been also demonstrated by Thomsen
et al. (2008) and Buylaert et al. (2009). The model predicts that the stability of the
post IR IRSL signal is directly dependent of the stimulation temperature.

2.4 Anomalous fading

The athermal loss of the luminescence signal is known in literature as
anomalous fading (Wintle, 1973) and was observed ubiquitous in sedimentary
feldspars from various regions of the world (Huntley and Lamothe, 2001; Huntley
and Lian, 2006). From the luminescence point of view, this signal loss will lead to
age underestimation.

Quantum mechanical tunnelling was the commonly accepted explanation for
anomalous fading.

In order to correct the underestimated ages affected by anomalous fading,
several methods have been developed. Huntley and Lamothe (2001) divided the
fading correction methods into three categories: circumvention, variability and
correction.

Circumvention implies the use of a signal that does not display any signal
loss. Thermal treatments, storage and/or exposure to low energy photons have been
tried in order to remove the component susceptible to fading. Other applications
suggested the use of deeper traps or a long-term stability luminescence emission.

Correction methods were developed based on the idea that if the fading rates
can be measured in laboratory than the age correction should be possible (e.g.
Huntley and Lamothe 2001; Lamothe et al., 2003; Huntley 2006; Kars et al., 2008).
The first correction approach has been proposed and tested by Huntley and
Lamothe (2001) and is applicable only for the liniar part of the dose response curve,

corresponding to ages no older than 20-50 ka.

2.5 Protocols used for equivalent dose determination

Over the last years, a standard procedure (known in literature as "Single
Aliquot Regenerative dose (SAR)") for equivalent dose determination has been
developed. Following the general steps from the SAR procedure, measurement
protocols have been developed and adapted to the dosimeter of choice. As such,

when quartz is the preferred mineral, the standard single-aliquot regenerative dose
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(SAR-OSL) protocol is used while for feldspars different protocols that use double IR
stimulation at elevated temperature were developed in the general framework of the
SAR protocol.

2.5.1 Single-aliquot regenerative dose (SAR-OSL) protocol
The general protocol used for quartz equivalent dose determination is the

single-aliquot regenerative-dose optically stimulated luminescence (SAR-OSL)
protocol developed by Murray and Wintle (2000, 2003) for fast component
dominated quartz. The main steps of the SAR protocol are outlined in Figure 2.2.

All other cycles
First cycle

irradiation
regen.dose 1
[ preheat

[ OSL 40 s at 125 °C ]——-Lx

[ test dose ]

!

[ Preheat after test dose ]

(cutheat)
OSL 40 s at 125 °C ]——‘ Tx

—[ OSL 40 s at 280 °C ]

Figure 2.2 General steps of the single aliquot regenerative dose (SAR-OSL) protocol
proposed by Murray and Wintle (2000, 2003). Lx represents the natural or
regenerated signal and Tx is the test dose signal.

The SAR-OSL protocol consists from a series of irradiations, thermal
treatments and optical stimulations with blue diodes in order to construct a dose
response curve. The performance of the SAR protocol is assessed for each aliquot
used for measurement by using several intrinsic tests such as: the Recycling test used
to evaluate the sensitivity changes during repeated cycles of the SAR protocol, the
Recuperation test assess if exist thermal transfer of charge from the previous cycle to
the next one and the IR depletion test which allows to evaluate the purity of the OSL
signals emitted by quartz.

Additional investigations can be performed in order to confirm the validity of
equivalent doses measured by using the SAR protocol. One of the tests that can be
done is the preheat plateau test which assesses the effect of variation of the preheat
temperature on the magnitude of the equivalent dose.

The most stringent test that can provide evidence for the applicability of the

SAR protocol is the dose recovery test developed by Murray and Wintle (2003). The
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purpose of this test is to check if the SAR protocol can successfully measure a known
artificial dose (induced in the laboratory).

Several studies reported age underestimation for sample older than 70 ka
even though the aliquots passed all the intrinsic tests of the SAR protocol (e.g.
Buylaert et al., 2007; Lowick et al., 2010; Timar et al., 2010). The best approach in
evaluating the reliability of luminescence ages in general is to compare these ages
with chronologies obtained independently (e.g., Murray and Olley, 2002;
Constantin et al., 2012; Veres et al., 2013; Anechitei-Deacu et al., 2014).

Some studies proved that natural processes may influence the luminescence
properties of quartz and make it unsuitable for OSL dating (Adamiec, 2000; Duller
et al., 2000; Duller 2004; Preusser et al., 2006; Moska and Murray 2006).

Another limitation of the SAR protocol is related to the discrepancy observed
between fine and coarse quartz equivalent doses and thus ages for loess samples
collected from different regions of the world (e.g. Timar-Gabor et al., 2011, 2012;
2015, 2017; Timar-Gabor and Wintle 2013; Constantin et al., 2014).

Another intriguing fact is that the pattern of the dose response curves of fine
and coarse quartz fraction was different and thus showing distinctive saturation
characteristics, with fine quartz having higher saturation parameters (Kreutzeur et
al., 2012; Timar-Gabor et al., 2017; Avram et al., 2020).

One of the main assumptions of the SAR-OSL protocol is that the laboratory
dose response curve reproduces the signal growth in nature. However, studies
reported a mismatch between the growth of the natural and laboratory dose
response curve, with laboratory dose response curves reaching saturation for higher
doses (Chapot et al.,, 2012; Timar-Gabor and Wintle, 2013; Timar-Gabor et al.,
2015b; Avram et al., 2020).

2.5.2 Circumventing fading using pIRIR protocols

Post infrared-infrared (pIRIR) protocols were elaborated for polymineral fine
grains as well as for K-feldspars. Because the IRSL signal emitted by feldspars are
known to be hampered by anomalous fading (Wintle 1973; Spooner, 1992; 1994), the
need for developing protocols that can circumvent this phenomenon was necessary.

The first step in the development of a protocol that precludes the signal loss
was made by Thomsen et al. (2008). They found that a second IR stimulation at a
temperature of 225 °C given after the IR stimulation at 50 °C will lead to a much
more stable IR signal (Thomsen et al., 2008). The IR stimulation at 50 °C is applied in
order to reduce the neighbour trap-hole pairs which are susceptible to tunnelling

while a consecutive IR stimulation at higher temperature will access more distant
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trap-hole pairs which experience a signal with less fading (Thomsen et al., 2008; Jain
and Ankjaergaard, 2011; Poolton et al., 2002a, b).

Therefore, two elevated temperature pIRIR protocols have been developed in
order to reduce the signal susceptible to fading, namely pIRIRzs (Buylaert et al.,
2009; Wacha and Frechen 2011) and pIRIR20 (Thiel et al., 2011a; Buylaert et al.,
2011, 2012) (Figure 2.3).

First cycle ¢——[ irradiation ]—3 First cycle
PIRIR:;; [ preheat 60 s at 250 °C ] Iegen.dose [ preheat 60 s at 320 °C ] PIRIR 5,

all other cycles |
[ IRSL 200 s at 50 °C ] [ IRSL 200 sat 50 °C ]

l l
Ix ‘—[ IRSL 200 s at 225°C ] Lx '—[ IRSL 200 s at 290 °C ]

| |
[ test dose ] [ test dose ]
| |
[ preheat 60 s at 250 °C ] [ preheat 60 s at 320 °C ]
| |
[ IRSL 200 s at 50 °C ] [ IRSL 200 s at 50 °C ]
| |
Tx ¢—[ IRSL 200 s at 225 °C ] Tx ¢—[ IRSL 200 s at 290 °C ]
| |
[ IRSL 100 s at 290 °C ] [ msLioosazzsec |

Figure 2.3 The schematic representation of the pIRIR protocols. In the left part of the
figure is displayed the pIRIR2s protocol while in the right part is presented the
pIRIR290 protocol. Lx represent the natural or regenerated IRSL signals while Tx is
the test dose IRSL signal.

The capability of resetting the signal represents a pre-requisite for conducting
accurate dating. Previous studies reported that pIRIR signals stimulated at high
temperatures (e.g., pIRIR2s, pIRIR20) are more difficult to bleach (e.g., Thomsen,
2008; Buylaert et al., 2009; Thiel et al., 2011a) and a residual dose of a few Gray is
obtained even after a long exposure to sunlight or to the solar simulator. Therefore,
residual signals that transpose in the residual doses play an important role when
dealing with high-temperature pIRIR signals. The incorrect measurement of the
remanent dose will lead to an equivalent dose overestimation.

In order to check the reliability of the doses measured by pIRIR protocols,
both recycling and recuperation tests are incorporated in each measurement. These
tests have the same applicability as those used in the SAR-OSL protocol for quartz.
Beside the intrinsic tests of the SAR procedure, the most stringent test that can prove
the robustness of a protocol is the dose recovery test (Murray 1996; Wallinga et al.,

2000). This test has the same fundamental principle as that used for quartz. First, the
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natural signal has to be erased by exposing the aliquots to sunlight or solar
simulator. Further, a known beta dose equal with the magnitude of the equivalent
dose is given and the pIRIR protocol is then applied in order to determine this given
dose as an unknown dose. The ratio between the recovered and given dose should

be ideally equal to unity, with an accepted 10% deviation.
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3. Testing polymineral post-IR IRSL and quartz SAR-OSL protocols
on Middle to Late Pleistocene loess at Batajnica, Serbia

3.1 Introduction
The Middle Danube basin comprises several high-resolution Middle to Late

Pleistocene loess-paleosol sequences (LPS) that document clear similarity in the
long-term palaeoclimate response between European and Asian loess deposits
(Buggle et al., 2009, 2013; Markovi¢ et al., 2015 and references therein). The LPS of
Batajnica (Vojvodina region, Serbia) is considered one of the most complete and
thickest terrestrial palaeoclimate archives that exhibit five clearly distinguishable

loess and palaeosol units, reaching to Marine Isotope Stage (MIS) 16 (Figure 3.1).
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Figure 3.1 Stratigraphy and magnetic susceptibility of the Batajnica site (Markovi¢ et
al. 2009) and its correlation to the astronomically tuned magnetic susceptibility
record from the Titel/Stari Slankamen composite record (Basarin et al. 2014) and

benthic oxygen isotope stack (Lisiecki & Raymo 2005).

Here we (i) provide a detailed multi-method luminescence chronology for the
Batajnica profile with the focus on the last glacial loess unit; (ii) explore the upper
dating limit of the single-aliquot regenerative dose (SAR) protocol applied on 4-11
and 63-90 um quartz OSL, as well as pIRIR20 and pIRIR2s applied on 4-11 Im
polymineral fine grains from samples collected from L1 (c.MIS 5-2) loess unit and at
the lower boundaries of S1 (c.MIS 5),52(c.MIS 7) and S3 (c.MIS 9) palaeosols;and (iii)
compare the natural and laboratory generated quartz SAR-OSL and post-IR IRSLz2s
and IRSL290 dose response curves and thus assess what is the dose range over which

each protocol provides reliable ages.
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Luminescence investigations were carried out on 18 individual samples
collected in stainless steel tubes from the same outcrops studied by Markovi¢ et al.
(2009).

3.2 Methodology
The luminescence samples were prepared under low intensity red light

conditions. Gamma spectrometry and water content measurements were carried out
using material from the ends of each sample tube, whereas fine quartz (4-11 Im),
coarse quartz (63-90 Im) and polymineral fine grains were extracted from the inner
part.

Luminescence measurements were performed using TL/OSL Rise DA-20
readers.

Equivalent doses of fine (4-11 pum) and coarse (63-90 um) quartz grains were

determined using the single aliquot regenerative dose (SAR) procedure (Murray &
Wintle 2000, 2003) while for polymineral fine grains two elevated temperature
infrared stimulation methods based on the SAR procedure were used, namely
pIRIR20 (Buylaert et al. 2011a, 2012; Thiel et al. 2011a) and pIRIRxs (Roberts 2008;
Buylaert et al. 2009; Wacha & Frechen 2011; Vasiliniuc et al. 2012).
It is well known that major palaeosols within Eurasian LPSs exhibit a distinctive
magnetic enhancement pattern, which is also reflected in grain size and colour
proxies, that denotes the degree of pedogenesis, which in turn is hydroclimatically
controlled. These patterns and their stratigraphical superposition allow for secure
identification of major palaeosols and serve as independent chronostratigraphical
markers that constitute the backbone of the loess chronostratigraphy in the wider
Danube Basin and beyond (Markovi¢ et al. 2015; Necula et al., 2015). As such, the
major loess—palaeosol transitions identified in Batajnica according to the magnetic
susceptibility record were correlated to the corresponding ones in the Titel/Stari
Slankamen composite profile (Figure 3.1). This approach (see Basarin et al. 2014)
further enabled a correlation to the benthic oxygen isotope stack (Lisiecki & Raymo
2005). As the luminescence samples were collected from the same outcrop where the
magnetic susceptibility samples were taken, previous field marks allowed for secure
correlation of our samples and the magnetic susceptibility samples. Expected age
estimates have been assigned to samples collected from the Holocene soil and
palaeosol boundaries (BAT-1.0, 1.11, 1.12A, 1.16, 1.17 and 1.19A) based on the data
reported by Basarin et al. (2014) and their correlation to benthic oxygen ages of
Lisieck i& Raymo (2005) (Figure 3.1).
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3.3 Results and discussion

3.3.1 Annual doses and calculation of expected equivalent doses

The annual doses were derived from the activity concentrations of the »8U,
22Th 9K and #°Pb measured using gamma spectrometry. We have investigated the
secular equilibrium assumption in the U chain by assessing the ratio between the
activity concentration of ?°Pb measured directly using the 46 keV line and ?*Ra
indirectly measured using the #*Pb (352 and 295 keV) and #“Bi (609.3 keV) energy
peaks. Moreover, the activity concentration of 2° Pb was determined indirectly using
alpha spectrometry by measuring 2'’Po for 10 samples. The results showed that the
ratios between gamma and alpha spectrometry data are consistent with unity. This
indicates that ~50% radon loss occurs in the investigated samples. Thus, the annual
doses used for age calculation were considered the measured 2°Pb.

By multiplying the expected age estimates by the corresponding
environmental dose rate, expected equivalent doses and their associated

uncertainties were determined.

3.3.2 Luminescence properties — quartz

For both fine and coarse quartz fractions the net signal displayed a rapid
decay, similar with that of calibration quartz. The dose response curves (DRC) were
well fitted using the sum of two saturating exponential functions. The aliquots used
for equivalent dose calculation passed all the intrinsic tests of the SAR procedure.
Preheat plateau — the results showed that over the interval 180 to 280 °C of preheat
temperature; equivalent doses do not display systematic variation.
Dose recovery — the dose recovery ratios showed that SAR protocol can successfully
recover laboratory doses up to 320 Gy on fine quartz and 260 Gy on coarse quartz.
Equivalent doses - Equivalent doses measured on fine quartz aliquots range from 31+1
Gy for sample BAT-1.0 collected from the Holocene soil to 486+5 Gy for sample BAT-
1.19A from below the S3 palaeosol. The natural signal emitted by this sample
interpolates well below the laboratory saturation threshold. Coarse quartz
equivalent doses range from 28+1 Gy for the sample from modern soil to 262+16 Gy
for a sample collected below the S1 palaeosol. For older samples, the natural signal

was in field saturation and close to laboratory saturation.
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3.3.3 Luminescence properties — polymineral fine grains

The dose response curves constructed for both pIRIR protocols were well
fitted using the sum of two saturating exponential functions and the growth curve
pass very close to the origin, demonstrating that the recuperation is insignificant.
Effect of test dose size on equivalent dose - The effect of test dose size on the measured
equivalent dose using the pIRIR20 protocol was investigated on samples BAT-1.9,
1.12A and 1.16. For samples BAT-1.9 andBAT-1.12A no systematic trend in
equivalent dose values with test dose magnitude can be seen. Although not so clear,
this is also valid for sample BAT-1.16, which yielded pIRIR2e0 equivalent doses of
11724129 and 996+64 Gy by employing test dose sizes of 2 and 50% of the De,
respectively. The expected equivalent dose for sample
BAT-1.16 is 617+84 Gy.
Determination of residual doses — Besides conducting laboratory bleaching experiments
that consist in exposure the sample to sunlight or solar simulator, another way to
derive the residual doses is by measuring a modern analogue. Firstly, the residual
doses were measured after 1 moth exposure to the UV lamp. The measured residual
values amount to a maximum of 0.5 and 4% of the measured pIRIR2s and pIRIR20
equivalent doses, respectively. As there was no modern analogue sample, we
estimated the residual doses from the youngest sample ages BAT-1.0.These residual
doses were subtracted from off pIRIR equivalent doses prior to age calculation.
Dose recovery- the pIRIRz2s protocol can successfully recover laboratory doses up to
316 Gy, while the pIRIR20 protocol systematically overestimates the given laboratory
doses. Following the suggestions of Yi et al. (2016), we carried out pIRIR20 dose
recovery tests using higher test doses. For sample BAT-1.9, the dose recovery ratio
improved from1.36+0.06 to 1.07+0.03 using a 17 Gy test dose (7% of De) and a 50 Gy
test dose (23% of De), respectively. However, for sampleBAT-1.11 poor dose
recovery ratios of 1.31+0.04 and 1.41+0.10 were obtained by using test doses of 17 Gy
(5% of De) and 150 Gy (41% of De), respectively. The size of the test dose does not
influence the measured equivalent dose or the saturation characteristics of the
pIRIR20 dose response curves.
Polymineral fine grains equivalent doses — The pIRIR200 equivalent doses vary from 36+9
Gy (BAT-1.0) to 490+21 Gy (BAT-1.12A). The smallest pIRIR2s equivalent dose is
37+6 Gy (BAT-1.0), whereas the maximum is 377+19 Gy (BAT-1.12A). The natural
pIRIR2s and pIRIR20 signals yielded by older samples scatter around or above the
saturation threshold of the dose response curve.
Fading rate measurements for high doses — Fading rates were measured for samples
BAT-1.11 and BAT-1.19A. Our results show a significant scatter in the pIRIR
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sensitivity-corrected luminescence signals registered during prompt read-outs. It is
interesting to note that the signal intensity recorded after the first instantaneous
read-out always lies above the values recorded during the subsequent prompt read-
outs. We consider that no systematic variation with delay time is identified for the
pPIRIR sensitivity-corrected luminescence signals. Moreover, a fading test was
performed on both fine and coarse quartz which is well known that quartz does not
suffer from anomalous fading (Aitken 1998). We report average g-values of
2.49+0.44 and 2.92+0.61%/decade for 4-11 and 63-90 um quartz, respectively. Such g-
values cannot reflect real fading as this would imply a significant signal loss during
burial. This is in contradiction with our observation that the natural signals emitted
by 63-90 um quartz are close to full saturation, as discussed below.

High laboratory doses given on top of naturally accrued doses - If large laboratory
doses are added on top of natural signals found in field saturation, an increase of the
signals may suggest a degree of fading that may have been undetected during
standard fading rates measurements. On the other hand, if a large dose is given on
top of the naturally accrued doses, one normally expects the magnitude of the
measured signal to be the same as the saturation value measured in the SAR
protocol. We have perform such an experiment on sample BAT-1.19A, with an
expected age of more than 300 ka and natural signals close or in laboratory
saturation. The ratios between the sensitivity corrected luminescence signal
measured after a dose of 5000 Gy was added on top of the natural (L»/Tn)* and the
sensitivity corrected luminescence signal of the natural dose (Ln/Tx) is 1.90+0.02 in
the case of fine grains and 0.96+0.08 in the case of coarse grains. For polymineral fine
grains the ratio of (Ln/Tn)* to (Ln/Tn) is 1.35+0.03 in the case of pIRIR2s and 1.20+0.04
in the case of pIRIR2%0. The ratio between (Ln/Tn)* and (Lx/Tx) in the case of pIRIR22s is
1.10£0.03 while for pIRIR20 is 1.15+0.05. In the case of fine and coarse quartz
corresponding ratios of 0.95£0.02 and 1.03+0.11, respectively, were obtained. This
indicates that in the case of all signals excepting coarse quartz OSL the maximum
light levels attained during prolonged natural irradiation can be increased by

additional laboratory irradiation.

3.3.4 Luminescence ages

The ages calculated using the measured activity concentrations of 2'’Pb are
generally 10 to 20% older than those calculated assuming secular equilibrium in the
28U chain, but the two sets of ages are consistent within error limits. Assuming a
constant radon loss over the whole sample burial time, the set of ages calculated

using the measured activity concentrations of 2°Pb is discussed.
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For Batajnica, the luminescence ages are in agreement with the previous
chronological framework based on magnetic susceptibility correlation to other
records (Buggle et al. 2009; Markovi¢ et al. 2009), placing the L1 loess unit into the
Last Glacial. Except for sample BAT-1.9, all fine quartz ages are systematically lower
than coarse quartz ages and the difference between them increases with depth
(Figure 3.2), with the fine quartz underestimating the expected depositional ages
based on magnetic stratigraphy. The coarse quartz, polymineral pIRIR2s and
pIRIR200 ages largely agree (Figure 3.2) and within errors are consistent with the
expected ages. Immediately below the S1 palaeosol, the coarse quartz, pIRIR2s and
pIRIR290 yielded ages up to 116+12 ka (262+16 Gy), 130+14 ka (377+19 Gy) and 169+17
ka (490+21 Gy), respectively.
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Figure 3.2 Quartz OSL and polymineral pIRIR2s and pIRIR20 ages for the uppermost
loess-palaeosol alternation in Batajnica site. Note the doublet samples collected at 12
m depth: open symbols indicate sample BAT-1.12A while filled symbols represent
sample BAT-1.12B.

For samples taken from deeper units (BAT-1.13A to 1.19A, B), except for fine

quartz, the natural signal is in the region of laboratory saturation.

3.3.5 Accuracy of the reported luminescence ages
In order to identify the factors that control the upper limit of luminescence

dating we investigate the saturation characteristics of the natural and laboratory

signals emitted by both quartz and polymineral grains
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Laboratory dose response curuves.

Laboratory dose response curves (DRC) up to 5000 Gy were constructed on
sample BAT-1.19A collected from below the S3 palaeosol (>300 ka according to
Markovic¢ et al., 2009) using 4-11 and 63-90 um quartz as well as polymineral fine
grains employing the pIRIR2s and pIRIR20 protocols. All dose response curves were
best fitted with the sum of two saturating exponential functions. Following the
suggestion of Wintle & Murray (2006) we consider the saturation threshold at 85%
of the laboratory dose response curve. We assess the closeness to saturation of
natural signals by calculating the ratios between the average sensitivity-corrected
natural signals (Lna/Tna) and the corrected luminescence signals measured for the
5000 Gy regenerative dose (Lx/Tx so00cy).

The laboratory DRC on coarse quartz saturates earlier than fine quartz and
polymineral samples and has saturation characteristic doses of Do = 21+28 Gy and
Do = 153446 Gy. The coarse quartz natural signal reaches laboratory saturation
(Figure 3.3). Fine quartz on the other hand, yields a laboratory luminescence signal
that continues to grow to doses beyond 5000 Gy and the natural signal is
interpolated well below the saturation region of the dose response curve. The
characteristic doses for fine quartz dose response curves are D01 = 178417 Gy and
D02 = 1635+164 Gy.

O 4-11 pm quartz SAR ¢ 4-11 um polymineral pIRlRm

204
209 0 63-90 pm quartz SAR 4-11 pm polymineral pIRIR, .

8
105 %4

Sensitivity corrected luminescence signal (L /T )
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Irradiation dose (Gy)

Figure 3.3 Laboratory dose response curves constructed for 4-11 um and 63-90 um
quartz, 4-11 pm polymineral grains measured with pIRIRz2:s and pIRIR290 protocols
on sample BAT-1.19A (> 300 ka). The average Lnat/Tnat obtained on all aliquots
measured, including De measurements, is interpolated on the growth curve. The
percentage indicated for each interpolation represents the ratio between the Lnat/Tnat

and the Lx/Tx measured for the 5000 Gy regenerative dose.
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It is important to note that pIRIR2»s and pIRIRx0 laboratory dose response
curves have lower characteristic doses than the fine quartz. We report D01 = 142+13
Gy and D02 = 795+36 Gy for pIRIR2s while for pIRIR20 D01 = 193+32 Gy and D02 =
764+145 Gy. The natural pIRIRzs signal of sample BAT-1.19A is 84+0.7% of
laboratory saturation while thenaturalpIRIRx0 signal is 105+3% and lies slightly
above the light level corresponding to the 5000 Gy dose (Figure 3.3).

The influence of the magnitude of the test dose on the pIRIR20 laboratory
growth curves was also documented. Based on our finds for Batajnica, we conclude
that the dependence of the saturation parameters on the size of the test dose
reported for Chinese loess (Yi et al. 2016) or fluvial sediments from South Africa
(Colarossi et al. 2018), might not represent a general feature of pIRIR200 laboratory
signals.

In order to quantify the closeness of the natural sensitivity-corrected
luminescence signals to laboratory saturation for all samples collected from the
deeper units (BAT-1.12A-BAT-1.19B), we calculated the ratio between the natural
sensitivity-corrected luminescence signal and the average maximum corrected

luminescence signals induced by a dose of 5000 Gy.

Natural dose response curves
In order to assess the reliability of the luminescence ages, natural and

laboratory dose response curves were compared. Fine grained quartz natural and
laboratory growth curves overlap until ~150 Gy (Figure 3.4a). This suggests that fine
quartz natural signals resulting from doses up to ~150 Gy (c. 50 ka) could result in
reliable ages. For higher natural doses the SAR protocol underestimates the expected
fine quartz equivalent doses. Coarse-grained quartz natural and laboratory growth
curves overlap until ~250 Gy, corresponding to an upper age limit of c. 100 ka for the
Batajnica samples (Figure 3.4b). This implies that for natural doses up to 250 Gy (c.
100 ka), the SAR protocol provides reliable coarse quartz OSL ages.

The uncorrected pIRIR2s natural and laboratory growth curves appear to
generally overlap over the dose range investigated (up to ~1200 Gy; Figure 3.4c).
However, the overlap beyond ~500 Gy should be interpreted with caution because of
the large errors of the data points and their spread along with our observation that
the natural signals are in field saturation.

The natural pIRIR20 signals are consistent with the laboratory signals for
doses up to ~400 Gy (Figure 3.4d). For higher doses, the natural pIRIR20 signals
overestimate the laboratory signals for the Batajnica samples. The pIRIRz»s and
pIRIR20 natural signals of samples collected from L2 were found to be in both field

and laboratory saturation.
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polymineral grains measured with (c) pIRIR2s and (d) pIRIR20 protocols, plotted as function of expected equivalent doses for the
samples collected from the loess/paleosols boundaries (BAT-1.0, BAT-1.11, BAT-1.12A, BAT-1.12B, BAT-1.16, BAT-1.17, BAT-
1.19A). The expected equivalent doses are derived from the magnetic susceptibility data correlated to the benthic oxygen stack
(Lisiecki and Raymo, 2005). The average laboratory dose response is presented for comparison. Data are fitted by a sum of two

saturating exponential functions. Please note the small vertical uncertainties on the corrected natural light levels.

3.4 Conclusion

Luminescence dating of 63-90 um quartz and 4-11 pum polymineral grains using the pIRIRzs protocol provided age
estimates for the LGC at Batajnica. The 63-90 um quartz ages are reliable up to 100 ka before exhibiting field and laboratory
saturation. The 4-11 um quartz yields reliable ages only for MIS 2 loess samples and increasingly underestimates the true
depositional time for older samples. The pIRIRz2s and pIRIR20 protocols applied on 4-11 um polymineral grains provide reliable
ages over the last glacial cycle (LGC), beyond which they are in field and laboratory saturation.

The upper limit of the luminescence dating methods at Batajnica is imposed by saturation of the natural signals starting with
samples collected from L2 loess (BAT-1.13A-1.19A, B).

The comparison between the natural and laboratory dose response curves predicts the dose range over which reliable
luminescence ages are obtained for each signal investigated. For 4-11 and 63-90 um quartz, the natural and laboratory dose
response curves overlap until ~150 and ~250 Gy, respectively, while for pIRIRzs there is an apparent overlap of the natural growth
curve up to at least 500 Gy. The pIRIR20 natural and laboratory growth curves are consistent with the laboratory dose response

curve up to doses of 400 Gy beyond which the natural signals overestimate the laboratory signals.
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4. Optically stimulated luminescence dating of loess in South-Eastern
China using quartz and polymineral fine grains

4.1 Introduction

The widespread loess deposits to the south of the Chinese Loess Plateau,
distributed in the subtropical region of East Asia (Jiang et al., 2020) constitute well-
preserved paleoclimate records (Hao et al., 2010). These archives are widely spread
in the middle and lower reaches of the Yangtze River as well as in the Huai River
region recording changes starting from the Mid-Pleistocene Transition (Qiao et al.,
2003; X. Li et al., 2018; Wang et al., 2018). The loess-paleosol sequences occurring in
this region are collectively termed as “Xiashu loess” (Han et al., 2019 and references
therein).

This study aims to provide the first numerical chronology for a loess-paleosol
profile from Huai River valley, southeastern China. Therefore, luminescence dating
method using three protocols was applied on quartz and polymineral fine grains
extracted from eight samples. Moreover, the three sets of ages are compared with the

magnetic susceptibility records as well as with the lithological information.

4.2 Study area

Eight luminescence samples were collected from a typical loess-paleosol
sequence located within the hilly region (mainly eastern end of Zhangba Hills) in the
drainage area of the Huai River; the investigated loess-paleosol profile is termed
here as XuYi (XY) section (118° 39.361" E, 32° 50.990" N) and is located in the XuYi
county, the Jiangsu Province, southern China. The total exposure of the sequence

reaches a thickness of ~6 m.
4.3 Experimental details

4.3.1 Lithology and magnetic susceptibility data

At the XuYi (XY) section, two glacial units L1 and L2 as well as the interglacial
pedocomplex S1 are easily identified based on magnetic susceptibility data (Figure
4.1). The whole section has experienced strong paedogenesis, and the lithological
divisions are made by relative changes in the paedogenic intensity. The lithological
information is presented in Figure 4.1.

The variations recorded in magnetic susceptibility for loess-paleosol deposits
in the Chinese Loess Plateau reflect palaeo-environmental changes during glacial
and interglacial periods. Thus, an enhancement of the ferromagnetic minerals in

loess is correlated with the paedogenetic process which took place during
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interglacial periods. By contrast, the concentration of ferromagnetic minerals
decreases considerably in the glacial periods. Therefore, the magnetic susceptibility
variations can be correlated with deep-sea oxygen isotope records (e.g., Liu, 1985;
An et al., 1991; Lu et al., 1999; Hao et al., 2012). The magnetic susceptibility (MS)
analysis was carried out on 246 samples collected from the XY loess-paleosol
sequence at a resolution of 2.5 cm. The variations recorded in the low-field MS
display crucial information about the XY pedostratigraphy. The complete MS record
is presented in Figure 4.1.
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Figure 4.1. Stratigraphy and magnetic susceptibility (MS) records of XuYi (XY) loess-
paleosol sequence. The stratigraphical positions of luminescence samples are

displayed with circle symbols in the stratigraphical column.
4.3.2 OSL dating

Sample preparation and measurement technique

Luminescence samples were prepared under subdued red-light laboratory
conditions. The material was used for 4-11 um quartz and polymineral fine grains
extraction.

Luminescence investigations were carried out using two TL/OSL Risg DA-20
readers equipped with either classic or automated, detection and stimulation head
(DASH) (Lapp et al., 2015).
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Equivalent dose determination

Quartz equivalent doses (De) were determined using a standard single
aliquot regenerative dose (SAR) protocol (Murray and Wintle, 2000, 2003) while
equivalent dose determination on polymineral fine grains was carried out using two
elevated temperature post-infrared infrared stimulation methods based on SAR
procedure, namely the pIRIRx2s (Roberts 2008; Buylaert et al., 2009; Wacha and
Frechen 2011; Vasiliniuc et al., 2012) and pIRIR200 (Buylaert et al., 2011a, 2012; Thiel
et al., 2011a) protocols.

4.4 Results and discussion
4.4.1 Luminescence characteristics

4.4.1.1 Quartz OSL

The equivalent doses were obtained by interpolating the sensitivity corrected
natural OSL signal onto the dose response curve. The natural OSL signal decayed
significantly within the first second of stimulation, exhibiting a similar pattern to
that of the decay measured for calibration quartz which is accepted as being
dominated by the fast component (Hansen et al., 2015). The aliquots used for age
calculation passed all the intrinsic tests of the SAR protocol.

Preheat plateau test — the observed equivalent doses display a slight variation
for thermal treatments between 180 °C and 280 °C suggesting that the equivalent
dose values show a small dependence of preheat temperatures, however as there is
no definite trend and given the dose recovery test results presented below, the
middle value of 220 °C was chosen as the preheat temperature.

Dose recovery test - dose recovery ratios were satisfactory for all samples
documented here, indicating that laboratory doses up to 474 Gy given prior to any

heat treatment are accurately measured using the SAR protocol.

4.4.1.2 Polymineral fine grains — pIRIR225 and pIRIRz9
The equivalent doses on polymineral fine grains were obtained by applying
PIRIR225 and pIRIR290 protocols.

Residual doses

Residual doses were measured on aliquots that were exposed for 30 days
under natural conditions on a window. The magnitude of the residual doses
measured using pIRIRzs protocol range from 2.0+0.1 to 9+1 Gy while the pIRIR200
residual doses are larger and vary between 4+1 and 19+3 Gy. The results show a

dependency between the residual dose and the equivalent dose values (Figure 4.2).
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This can be explained if one assumes that the time used in the bleaching experiment
was not long enough for the signal to be fully reset, in other words the exposure was
not long enough for the signal to reach a constant value. In this case, the intercept of
the linear fit between the measured residual and the equivalent dose corresponds to
the component that could not be zeroed by light exposure. For our samples, the
intercept dose is the most appropriate value to be subtracted. An intercept dose of ~ -
0.02+1.3 Gy was obtained for pIRIRzs protocol (see inset Figure 4.2) while for the
pIRIR200 protocol a value of 2.8+1.7 Gy was determined (see inset Figure 4.2).
Considering the small aforementioned values determined, that are consistent to zero
within uncertainties, the pIRIR luminescence ages were further determined without

any residual correction.
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Figure 4.2 Residual doses measured after an exposure of 30 days to window light as
function of measured equivalent doses. The inset shows the values obtained for the

samples with equivalent doses of less than 316 Gy fitted by a linear function.

Dose recovery test
The accuracy of the measurement pIRIR protocols have been assessed for

doses that vary between 80 and 800 Gy. As such, for pIRIR2s protocol, sets of five
aliquots were irradiated with doses of 88, 135, 300, 400, 600 and 800 Gy while beta
doses of 96, 143, 200, 300, 400, 600 and 745 Gy were given for aliquots that were
measured using pIRIR20 protocol. The dose recovery ratios for pIRIRzs protocol
measured for given doses up to 300 Gy range from 1.02+0.05 for a given dose of 88
Gy to 1.09+0.04 for a dose of 300 Gy. For higher given doses (> 400 Gy), dose
recovery ratios start to overestimate by ~17-40% (Figure 4.3a). In the case of pIRIR20
protocol, dose recovery ratios of 1.12+0.04 were obtained for given doses up to 200
Gy, a ratio of 1.18+0.07 was obtained for a dose of 300 Gy while for doses higher than
400 Gy, dose recovery ratios overestimate unity by ~30 to 60% (Figure 4.3b).
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Furthermore, the dependency of the dose recovery ratios on the magnitude of
the test dose was checked for both pIRIR protocols. In the case of pIRIR2s protocol,
sets of three aliquots were irradiated with beta doses of 300, 400, 600 and 800 Gy.
These dose recovery measurements were performed using a test dose of 50% of the
given dose. On the other hand, the influence of a test dose of 50% of the given dose
was investigated for pIRIR290 protocol for given laboratory doses of 300, 400, 550, 800
and 855 Gy. Moreover, two sets of three aliquots were irradiated with 855 Gy in
order to measure the recovered doses with a test dose of 2% and 30% of the given
dose. Further, five aliquots were irradiated with a beta dose of 143 Gy and the dose
recovery ratio was obtained by measuring the recovered doses using a test dose of
12% of the given dose. Our results show that dose recovery ratios measured using
pIRIR225 protocol overestimate unity by ~11-33% for a range of doses between 400 Gy
and 800 Gy (Figure 4.3a). In the case of pIRIR20 protocol, our results demonstrate
that an overestimation between 12 and 46% is identified for the entire dose range
investigated here (Figure 4.3b).
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Figure 4.3. The results of dose recovery test using: (a) pIRIR2s protocol and (b)
pIRIR200 protocols on 4-11 um polymineral aliquots. Different symbols denote the
use of different test dose values. The dose recovery test results when the given doses
were added on top of the natural dose are represented with star symbols. For that
experiment the test dose used was 75 Gy.

In order to avoid the potential complications due to inaccurate residual dose
estimation, a dose recovery test can be performed by adding different beta doses on
top of the natural signal of a young sample. The dose recovery ratios are further
calculated by dividing the measured dose with the sum of the natural (ie.,
previously determined equivalent dose) and the additional given dose (Buylaert et
al., 2011b, Yi et al., 2018).

In this study, the uppermost sample XY 40 (measured De of ~97 Gy using
pIRIR290 protocol and ~101 Gy using pIRIR2s protocol) was chosen and beta doses of
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103, 303, 503 and 703 Gy as well as 99, 299, 499 and 699 Gy were added on top of the
natural signals when pIRIR20 and pIRIRzs protocols were used. As such, the dose
recovery test was carried out for total doses ranging from 200 to 800 Gy. The dose
recovery ratios increase from 1.10+0.04 for a total dose (natural+given dose) of 200
Gy to 1.71+0.08 for a dose of 800 Gy for pIRIRzs protocol (Figure 4.3a). In the case of
pIRIR2200 protocol the dose recovery ratios increase from 1.12+0.03 for a total dose
(natural+given dose) of 200 Gy to 1.60+0.06 for a total dose of 800 Gy (Figure 4.3b).
This confirms our previous observations in the dose recovery experiment performed
using bleached aliquots. These results suggest that doses up to 200-300 Gy can be
accurately measured with both pIRIR protocols while doses larger than 400 Gy are

overestimated.

Fading

Previous studies reported that pIRIR200 signal is stable and ages do not need
any further correction for fading (e.g. Thiel et al.,, 2011a; Buylaert et al., 2011a;
Stevens et al., 2011). Fading test was conducted only for pIRIRzs protocol using
doses of 100 Gy and 300 Gy, respectively. Storage time between 2 and 50 days were
used. An average g-value smaller than 0.7 %/decade was obtained for all samples
investigated here. Fading rates measured for each aliquot are spreading within a
wide range of values for sample XY40 (from -0.97 to 4.22 %/decade), while for the
other sample (XY100 and XY340) the variation measured for each aliquot is smaller.
Based on our results as well as on the findings reported so far in literature (e.g.
Vasiliniuc et al., 2012; Avram et al., 2020), in the following sections the uncorrected

PIRIR ages are further discussed.

4.4.1.3 Saturation characteristics of quartz and feldspars signal

In order to assess the saturation characteristics of the laboratory signals of
each protocol, dose response curves up to saturation need to be constructed (Timar-
Gabor and Wintle, 2013; Timar-Gabor et al., 2017; Anechitei-Deacu et al., 2018).
Therefore, DRC curves up to 5000 Gy were constructed for 4-11 um quartz and
polymineral on sample XY575, using SAR-OSL, pIRIR2s and pIRIR200 protocols. We
assume a saturation threshold of 85% of the saturation level of the signal (Wintle
and Murray, 2006). In order to evaluate the closeness to saturation of sample XY575
with equivalent doses >800 Gy, the ratios between the average sensitivity-corrected
luminescence signals (Lnat/Trat) and the corrected luminescence signal measured for a
regenerative dose of 5000 Gy (Lx/Tx)s000 oy were calculated as for this dose it can be
clearly seen that the dose response curves reach saturation. The natural OSL signal

of fine quartz is interpolated at ~58+1% of the signal obtained for a dose of 5000 Gy.
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The natural pIRIR2s signal of sample XY575 is interpolated at 68+1% of the
saturation level while the natural pIRIRxo0 signal is interpolated at 81+3% of the
saturation level.

The laboratory DRC constructed on fine quartz has characteristics saturation
doses of Doi=117+33 Gy and De = 1201170 Gy. In the case of pIRIR22s the saturation
characteristics of the dose response curve are Do = 175+15 Gy and Do = 1094+53 Gy
while for pIRIR2v values of Doi = 150+39 Gy and Doz = 795+98 Gy were obtained.

4.4.1.4 High laboratory doses added on top of the natural signal

Previous studies demonstrated that the application of the SAR-OSL
procedure is problematic in the high dose range (Timar-Gabor et al., 2017;
Anechitei et al., 2018, Veres et al., 2018; Avram et al., 2020). When large laboratory
doses are added on top of the naturally accrued doses, the magnitude of the
measured signal is expected to be at the same level as the saturation signal measured
in the SAR procedure.

Such an experiment has been conducted for sample XY180 on fine and
polymineral fine grains using each protocol investigated in this study. As such, a
beta dose of 5000 Gy was given on top of the natural dose (~200 Gy).

In the case of fine quartz, the ratio between the natural+given dose sensitivity
corrected OSL signal (Ln/Tn)* and sensitivity corrected OSL signal of 5000 Gy (Lx/Tx)
is 0.94+0.04 (Figure 4.4). The ratio between the (Ln/Tn)* and (Lx/Tx) in the case of
PIRIR225 is 1.11+0.04 while in the case of pIRIR2 the ratio is 1.18+0.09 (Figure 4.4).
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Figure 4.4 Laboratory dose response curves constructed for 4-11 um quartz and
polymineral grains measured using pIRIRz2:s and pIRIR290 protocols on sample
XY180. All growth curves were best fitted by a sum of two saturating exponential

functions.The average natural+5000 Gy sensitivity corrected signals (L./Tn)* are
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interpolated onto the DRCs. The percentage indicate the ratio between the (Ln/Tn)*
and the L«/Tx measured for a regenerative dose of 5000 Gy.

These results are pointing out that for large doses fine quartz natural signal
underestimates the true depositional dose. In the case of pIRIR protocols, the results
reinforce the overestimation observed in the dose recovery tests presented above,
indicating that the signals measured during the first measurement cycle slightly
overestimate the signal obtained for a dose with the same magnitude given later in
the SAR protocol. The pIRIR200 overestimation is larger than in the case of pIRIRzs, as

previously reported.

4.4.2 Luminescence ages

All three sets of ages are generally in agreement with each other up to ~70 ka
and no reversals occur (Figure 4.5). The pIRIR ages are consistent with each other up
to 70 ka. In the case of pIRIR2s protocol, ages from 20+2 ka to 65+6 ka were obtained
while pIRIRz200 ages range from 23+2 ka to 67+5 ka (Figure 4.5)
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Figure 4.5 Magnetic susceptibility record and the three sets of ages obtained on
quartz and polymineral fine grains using SAR-OSL and pIRIR protocols,
respectively presented as function of depth.

Based on the results obtained in this study, we are confident that the three
sets of ages on quartz and polymineral fine grains are reliable up to ~70 ka. Beyond
this interval, the quartz SAR-OSL ages should be regarded as underestimated

whereas polymineral pIRIR ages slightly overestimate the true depositional age.
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4.5 Conclusion

High-resolution luminescence dating on 4-11 um quartz and polymineral
grains using SAR-OSL, pIRIR2s and pIRIR20 protocols have been applied on Xiashu
loess deposits accumulated within the drainage area of the Huai River in southern
China. Luminescence characteristics of quartz as well as of polymineral grains
displayed a good behaviour in the SAR procedure for doses up to ~300-400 Gy.
Luminescence ages obtained on fine quartz using SAR-OSL protocol and on
polymineral fine grains using pIRIR2s and pIRIR20 protocols are consistent with
each other up to ~70 ka, and thus confirming that the first layer of aeolian dust
within the investigated region was accumulated during the last Glaciation. For
samples with higher equivalent doses, the SAR-OSL protocol applied on quartz
underestimate the true depositional ages whereas the ages obtained using both
PIRIR protocols are interpreted as overestimate, an interpretation supported by the

results obtained in dose recovery tests.
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5. Investigations on the luminescence properties of quartz and
feldspars extracted from loess in the Canterbury Plains, New Zealand
South Island

5.1 Introduction

Archives in New Zealand play an important role for palaeo-climate
reconstruction in the Southern Hemisphere (Alloway et al., 2007). Despite the well-
established chronology of the North Island, there are few dating studies on the South
Island of New Zealand.

The applicability of the OSL dating has been assessed on relatively few
studies reported on sediments from the South Island of New Zealand. However,
there is evidence that quartz from South Island suffers from major problems that
limit its application, namely the weak sensitivity of the signal, with the signal
apparently arising from many dim grains and the unsatisfactory behaviour in the
SAR protocol (Preusseur et al., 2006).

The aim of this study is to further explore the luminescence properties of
quartz extracted from a loess deposit from Canterbury Plains, in the South Island,
and to assess the applicability of two pIRIR stimulated luminescence protocols on

polymineral fine grains extracted from the same samples.

5.2 Study site
The study site (44.018870°S, 171.882054°E) is located in the southern

Canterbury Plains, on the eastern side of central South Island.
For luminescence investigations, five samples were collected from the top
section of the flank. The uppermost sample was discarded from the analysis due to

its proximity to the modern disturbed surface.

5.3 Methodology

5.3.1 Sample preparation
Sample preparation was carried out under red-light laboratory conditions.
Polymineral fine grains as well as coarse (63-90 um, 90-125 pum, 125-180 um and 180-

250 um) quartz grains were extracted.

5.3.2 Analytical Facilities
All luminescence measurements were carried out using two Rise TL/OSL

readers (model DA-20), equipped with a classic or automated detection and
stimulation head (DASH) (Lapp et al., 2015).
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Raman spectra have been recorded using a Renishaw InVia Reflex Confocal
Raman system with a Leica microscope using the 100x (NA 0.9) long working-

distance objective.

5.3.3 Equivalent dose determination

The single-aliquot regenerative-dose optically stimulated luminescence (SAR-
OSL) protocol (Murray and Wintle 2000, 2003) was applied on coarse quartz grains.
Equivalent doses measured on polymineral fine grains were carried out by applying
two elevated-temperature infrared-stimulation methods based on the SAR
procedure and the pIRIR»s (Buylaert et al., 2009; Wacha and Frechen, 2011;
Vasiliniuc et al., 2012) and pIRIR20 (Buylaert et al., 2011a, 2012; Thiel et al., 2011a)

protocols.
5.4 Results and discussion

5.4.1 Luminescence properties — Quartz
To check if the quartz extracted from the investigated samples is suitable for

OSL dating, the SAR-OSL protocol was applied. The decay of the natural signal and
the signal induced by a dose of 100 Gy was compared to that of the calibration
quartz. The results showed that the fast component does exist in the OSL signal but
its intensity is very weak. All investigated grain sizes displayed low sensitivity, with
no more than 1500 cts recorded in the first 1.2 s of stimulation in the case of the
natural signal.

The SAR protocol has been applied on various grain sizes but significant
sensitivity changes were observed to occur. The response to the administered test
dose was found to vary significantly from one cycle to another, the response in-
creasing significantly during measurement cycles. The SAR protocol is not able to
correct for sensitivity changes and a well-defined dose response curve could not be
constructed; an example of this can be observed in Figure 5.1. Therefore, equivalent

doses could not be confidentially measured.
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Figure 5.1 Representative sensitivity-corrected dose response curve. The sensitivity
corrected natural signal is depicted as a star. Recycling and IR depletion points are
represented as an upward triangle and inverse triangle, respectively.

We have further tested the behaviour of sample NZ3 63-90 um quartz by
performing a dose-recovery test. Three aliquots were bleached with blue diodes
twice at room temperature for 100 s with a 10000 s pause in between the two
stimulations. A dose of 100 Gy was then administered and measured as unknown,
using the SAR protocol. One can ascertain that an increase in sensitivity occurs and
sensitivity changes are not properly corrected by the measurement protocol, as
observed from recycling tests. This results in an unsatisfactory recovered-to-given
dose ratio.

Preusser et al. (2006) have attributed this poor OSL behaviour of quartz to the
short sedimentary history of the grains, as it was reported that sensitisation of the
OSL signal was achieved by repeated bleaching/irradiation cycles.

To test whether OSL properties of the samples investigated here can be
improved by the application of different irradiation and stimulation steps, we have
conducted a dose recovery test on sample NZ3 63-90 um under the same conditions,
except that the whole procedure was carried out subsequent to the application of
three different treatments:

(i) the repetition of 5 bleach (blue diodes stimulation for 100 s at room
temperature)/dose (100 Gy) cycles,

(ii) irradiating the sample with a dose of 100 Gy followed by heating to 500°C five
times and

(iif) simply by repeating five times the heat treatment that consistied of a ramp
heating to 500°C.
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We have not observed an increase in sensitivity or an improvement in the
results of the dose recovery test — in other words, a better behaviour of the material
in the SAR protocol in accordance with the following treatment, namely (i) the
application of repeated bleach/dose cycles. However, the sensitivity is increased by
one order of magnitude following dosing and annealing, with the heat treatment ac-
counting for most of the effect, as can be seen from the results of experiment (ii)
where irradiations have not been carried out. Following the application of the
annealing to 500°C, the behaviour of the OSL signals in the SAR protocol is

improved, with satisfactory recycling and dose recovery tests results.

5.4.2 Luminescence properties — Polymineral fine grains

Equivalent doses

Unlike OSL signals of quartz, the IRSL signals of polymineral fine grains
displayed a satisfactory behaviour in the SAR protocol. The values for the equivalent
doses range from 64 + 2 Gy to 92 + 23 Gy in the case of pIRIR2s protocol and from 83
+ 3 Gy to 120 + 6 Gy in the case of pIRIR20 protocol, respectively.

Residual signals

To quantify residual values, four fresh aliquots from each sample were
exposed to window for 30 days to remove the natural signal and quantify the
residual level. Residual doses measured using the pIRIR2s protocol range from 3.3 +
0.4 Gy to 3.7 + 0.3 Gy, while the values obtained using the pIRIR20 protocol are from
41+0.6 Gy to 13.6 £ 2.5 Gy.

To check whether this is indeed the minimum residual level that can be
achieved as function of exposure time, sets of five fresh aliquots of sample NZ5 were
exposed to window light for different periods of time (from 0.5 h to 192 h). The
results are shown in Figure 5.4. In the case of pIRIR2s protocol, a constant residual
dose of 3.7 £ 0.5 Gy is achieved after 48 h of exposure, while in the case of the
pIRIR20, signals’ residual values reach a constant value of 9.8 + 0.5 Gy only after a
bleaching time of 96 h. These results are in line with the values obtained for the 30-

day-experiment.
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Figure 5.4 Residual doses measured using pIRIR225 (upward triangle) and pIRIR290
(diamond) after different bleaching times. The natural signal was bleached under
natural conditions under window light. The shortest bleaching time was 0.5 h while
the longest was 192 h. pIRIR, post-infrared—infrared protocol.

To investigate whether the residual signal is dose dependent, eight bleached
aliquots of samples were irradiated with different beta doses of 400 Gy, 800 Gy and
1600 Gy and subsequently exposed to windowlight. After an exposure of 30 days,
four aliquots from each sample were measured using pIRIR2s protocol, whereas for
the other four aliquots, the pIRIR20 protocol was used. An increase of the residual
dose with the size of the previously given dose can be observed in the case of both
PIRIR protocols. The magnitude of the residuals range from 5.9 + 0.7 Gy (for a dose
of 400 Gy) to 8.9 =1 Gy (for a dose of 1600 Gy) in the case of pIRIRzs and from 13.9 +
1.2 Gy (for a dose of 400 Gy) to 18.5 + 1.7 Gy (for a dose of 1600 Gy) in the case of
pIRIR20, respectively.

We compare the data obtained for 1600 Gy (8.9 + 1 Gy for pIRIR2s and 18.5 +
1.7 Gy for pIRIR2%) to the values obtained in the bleaching experiment for the natural
signals (corresponding to a measured equivalent dose of =60-120 Gy), namely
average values on all samples of 3.5 £ 0.2 Gy for pIRIR2s and 9.2 + 2.0 Gy for
pIRIR20, respectively. We conclude that (i) different doses accrued by the mineral
grain before the bleaching event should not result in dramatically different residual
doses and (ii) performing bleaching experiments on natural samples instead of using
a modern analogue should not result in an offset of more than a few Grays.
Bleaching corrections should not cause significant inaccuracies unless very young
samples are dated. However, it is advisable to measure a modern analogue for
residual dose estimation, as well. Here, a modern sample was collected from a
nearby site (latitude 44.014973° S, longitude 171.891569° E). Following the same
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methodology, an equivalent dose of 7.5 + 0.5 Gy was measured using pIRIR2s
protocol; on the other hand, using pIRIR20 protocol, a dose of 22.8 + 1.5 Gy was
obtained. Based on the results of the laboratory experiments presented above, we
consider these residual doses as maximum values. We have chosen to perform
residual corrections using both laboratory obtained values, as well as by the modern

analogue approach.

Dose recovery

Dose recovery ratios obtained for the pIRIR2s protocol range from 0.97 + 0.02
(NZ 2) to 1.03 = 0.01 (NZ 5), while for pIRIR20 they range from 1.02 + 0.04 (NZ 2) to
1.09 + 0.05 (NZ 3), suggesting that both pIRIR»s and pIRIRx20 protocols can

successfully recover the laboratory doses given.

Anomalous fading tests

The stability of the pIRIRzs signal was checked by an anomalous fading test
performed on three 4-11 pum polymineral fine grain aliquots of samples NZ 2, NZ 4
and NZ 5. The maximum time delay was 38 days (912 h). A fading rate <1%/decade
was obtained for sample NZ 2 and NZ 5, while for sample NZ 4 a g-value of 2.28 +
0.44%/decade was obtained. Therefore, the pIRIR2s and pIRIR20 ages presented in
this study are not corrected for fading, except for sample NZ 4, for which a fading
correction using the R Luminescence-package (Dietze et al., 2013) according to
Huntley and Lamothe (2001) method was carried out.

Luminescence ages
Only the ages obtained by residual dose correction using the modern analogue

technique are represented as function of depth in Figure 5.5. The pIRIR=s-ages range
from 14 + 1 ka to 25 + 2 ka; on the other hand, the pIRIR20-ages are slightly higher
than pIRIRz2s-ages, but still in agreement within errors for all samples. The pIRIR29-
ages vary between 14 + 1 ka and 29 + 3 ka.

The pIRIR-ages increase down-section, except for an age reversal between the
sample NZ 4 and NZ 5. The ages suggest that loess from this site was deposited
during the last glacial maximum of the Otira glaciation that occurred during 18- 24
ka (Alloway et al., 2007).

5.5 Summary and Conclusion
The difficulty of obtaining reliable luminescence chronologies for loess in New

Zealand South Island is well known. In this context, the applicability of SAR-OSL
protocol on quartz as well as the feldspar-SAR-based pIRIR2s and pIRIR290 protocols

on polymineral fine grains was investigated on four loess samples collected from the
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Southern Canterbury Plains. OSL signals displayed low sensitivity and significant
sensitivity-change during the measurement cycles. While equivalent doses could not
be securely obtained using quartz, the application of pIRIR2s and pIRIR200 methods
were successful in achieving the following outcomes, namely: (i) dose recovery tests
resulted in satisfactory results for both these protocols, results being consistent to
unity at a 95% confidence level; (ii) fading rates of pIRIR2s signals were generally
negligible, with measured values of less than 1%; (iii) although pIRIR2s signals are
more difficult to bleach than pIRIR2s signals, constant residual values of =4 and =10
Gy were achieved after exposure under window light exposure for 48 h in the case of
pIRIR225 and 96 h in the case of pIRIR20 signals, respectively; and (iv) a dependence
of the residual on the previous given dose was observed; however, for a dose as
large as 1600 Gy, the residuals obtained for the two methods are =9 and =19 Gy,
respectively. Thus, the equivalent dose of the sample used in the bleaching
experiment should not have a significant effect when the residual dose is determined
by laboratory experiments. The ages obtained by the application of the two pIRIR
protocols are generally in agreement, with values ranging from 14 + 1 ka to 29 + 3 ka,
suggesting that loess from the investigated site was deposited during the last glacial

maximum.
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6. Summary and conclusion

Optically stimulated luminescence (OSL) dating brought important
contributions to Quaternary chronological research especially since the development
of the single aliquot regenerative (SAR) equivalent dose measurement procedure
that allowed improving the precision of the dating results on sediments from
various environments worldwide. Since quartz and feldspars are the most common
minerals dating protocols based on their luminescence properties were developed.
When quartz is chosen as the preferred dosimeter, SAR-OSL protocol is used.
Contrary to quartz, feldspars are known to suffer from anomalous fading and thus
the development during the last decade of protocols that are able to select signals
that are not prone to fading significantly increased the popularity of using these
minerals in luminescence dating studies. At the moment the most used protocol for
feldspars dating is the post infrared-infrared stimulated luminescence (pIR-IRSL)
protocol with an IR stimulation at 50 °C followed by another IR stimulation at higher
temperature (pIRsIRs0), during which the signal of interest is recorded. The most
common used temperatures of stimulation are 225 °C and 290 °C and the
measurement protocols are generically known as pIRIR2s and pIRIR20, respectively.
In the framework of this PhD project the applicability of SAR-OSL, pIRIRzs and
pIRIR20 protocols on quartz and polymineral fine grains extracted from loess from
three continents, namely Europe, Asia and Oceania, was tested and the results were
critically evaluated.

The first loess-paleosol sequence investigated in the present dissertation was
Batajnica master section located in SE Europe where 5 loess-paleosol alternations are
exposed, that were well documented in terms of magnetic susceptibility variations
and this proxy was orbitally tuned to major episodes of climate change. For OSL
dating, fine (4-11 pm) and coarse (63-90 um) quartz as well as polymineral fine
grains were extracted from 18 samples. Optically stimulated luminescence dating
was applied by using SAR-OSL protocol on fine and coarse quartz while pIRIR2s
and pIRIR20 protocols were used for polymineral fine grains equivalent dose
determination. Because some samples were collected from the major loess-paleosol
transitions that can be confidently assigned to transitions of marine isotope stages
based on the orbitally tuned variations of the magnetic susceptibility proxy,
expected equivalent doses were determined based on the expected ages. The
luminescence characteristics of quartz, both fine and coarse fractions, were shown to
exhibit a good behaviour in the SAR protocol, however the equivalent doses and
ages underestimated the expected ages for samples collected below the S1 paleosoil,

corresponding to marine isotope stage (MIS 5). Using polymineral fine grains
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increase values of 490+21 Gy for pIRIR20 protocol and 377+19 Gy in the case of
pIRIR22s protocol were obtained for a sample collected below S1 paleosol. In order to
check the reliability of the equivalent doses obtained different tests were assessed for
pIRIR protocols. The results showed that the magnitude of the test dose does not
influence the equivalent dose. Moreover, residual doses were determined using both
laboratory bleaching as well by using the modern analogue approach. Fading tests
were carried out and the results lead us to conclude that there is likely no detectable
fading. Further, the results of the dose recovery test showed good performance of
the pIRIR22s protocol for doses up to ~300 Gy while for the pIRIR20 protocol the dose
recovery ratio showed a systematically overestimation of the given laboratory dose
for the entire dose range investigated in this study, namely up to 450 Gy. Finally, for
assessing the dose interval for which each protocol provides reliable luminescence
ages, natural and laboratory dose response curves (DRCs) were compared. The
results showed that in the case of fine and coarse quartz, both curves overlap up to
~150 Gy and ~250 Gy, respectively. For pIRIR2s protocol, an apparent overlap of the
natural and laboratory growth curves up to at least ~500 Gy is observed while in the
case of pIRIR290 protocol, natural and laboratory DRCs are consistent for doses up to
~400 Gy beyond which the natural signals overestimate the laboratory signals.
Another loess profile of interest where the applicability of the aforementioned
three protocols was evaluated, was a loess-paleosol deposit from southeastern
China. The three sets of luminescence ages are in agreement up to ~70 ka, confirming
that the ages obtained in this range are reliable and showing that the Xiashu loess
was accumulated during the last Glaciation. Fine quartz SAR-OSL ages obtained for
samples >70 ka are considered underestimated based on our previous experience
with dating loess worldwide while polymineral fine grains pIRIR ages are
interpreted as overestimates based on the results of the laboratory tests described
below. Luminescence characteristics of quartz were evaluated by applying the SAR-
OSL protocol on fine quartz while the luminescence properties of polymineral fine
grains were assessed by using pIRIR2s and pIRIRx2o protocols. The laboratory
intrinsic test results suggested that SAR-OSL protocol is suitable for equivalent dose
determination on fine quartz. In order to check if the pIRIR protocols can accurately
measure a known laboratory given dose, dose recovery tests were performed. The
results showed that pIRIR2s protocol can successfully recover known doses up to ~
300 Gy while for larger doses (>400 Gy) the measured doses start to overestimate the
given dose. On the other hand, dose recovery results that were performed using
pIRIR20 protocol showed that the dose recovered by the protocol overestimates the

given dose for the entire dose range investigated with a more severe overestimation
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found for doses larger than 400 Gy. Further, fading tests was performed and the
results confirmed our previous finds on Batajnica samples, namely that the fading
rates measured using short-term standard fading measurements cannot be
accurately determined and that there is likely not significant fading.

The last loess deposit investigated in this dissertation is localised in South
Island of New Zealand. Due to the limited number of dating studies, a robust
chronological framework for the South Island was not yet established and previous
studies reported that quartz in this region is not suitable for luminescence dating. As
such, we have conducted a detailed investigation on the luminescence properties of
quartz as well as an evaluation of the suitability of the application of pIRIR protocols
for dating four sedimentary samples from a deposit of loess in South Island by using
polymineral fine grains. In order to assess the luminescence properties of quartz, the
SAR-OSL protocol has been applied on fine (4-11 um) quartz as well as on coarse
(63-90, 90-125, 125-180 and 180-250 um) quartz fractions. The results obtained on
quartz showed that a very weak fast component is present in both natural and
regenerative signals and a dose response curve could not be properly constructed.
Moreover, sensitivity changes during repeated SAR cycle were observed. Therefore,
pIRIR2s and pIRIR200 protocols were applied on polymineral fine grains which
showed a satisfactory behaviour in the SAR procedure. Both pIRIR protocols can
successfully measure given laboratory doses. Fading rates were insignificant here as
well, therefore the ages were not corrected for fading. The residual dose
measurements showed a dependency of the residual dose with the previous given
dose. However, our bleaching experiment showed that for pIRIR2s protocol a
constant residual dose is achieved after 48 h exposure to sunlight while in the case of
pIRIR290 protocol the constant level is obtained after 96 h exposure. The luminescence
ages suggested that the investigated site was deposited during the last glacial
maximum.

Since pIRIR protocols have been applied on polymineral fine grains from
three different continents, a significant amount of data that increases our
understanding on the behaviour of these signals was obtained. It is well known that
feldspars are more difficult to bleach than quartz and therefore residual dose
measurements should be performed prior to age calculation. In order to accomplish
this, several bleaching experiments have been carried out on samples investigated in
this thesis such as: investigating the dependency of the residual as function of the
exposure time to sunlight (form 0.5 h to 30 days), or the investigation of the
dependency of the residual dose on the equivalent dose magnitude, as well as on the

magnitude of various large laboratory given doses (up to 800 Gy). Our results
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showed that pIRIR20 signal is more slowly bleached than pIRIR2s and the residual
doses measured using pIRIRz290 protocol are larger than those measured with pIRIRzs
protocol. Assuming that the residual dose originates from an unbleachable
component that is not dose dependent and the values measured in young samples
are actually the result of insufficient exposure to light, a time which is characteristic
to all samples investigated in a sedimentary context, if the bleaching time is
maintained to a fixed period during solar simulator experiments on different
samples, then a linear dependency is expected between the equivalent dose of the
investigated samples and the measured residual dose values. Therefore, a minimum
residual dose corresponding to the unbleachable part of the signal can be
determined by extrapolating measured residual dose values to an equivalent dose
equal to 0 Gy (De = 0 Gy). In the absence of information from modern analogues,
which is a common scenario in many dating contexts this is the most reasonable
value to be subtracted from the measured equivalent dose when age calculation is
performed.

The results of the fading measurements performed on polymineral fine grains
extracted from Serbia, China and New Zealand loess which were carried out on
quartz as well as a standard, since it is unanimously accepted that quartz does not
suffer from fading, have demonstrated that fading is insignificant for pIRIR2s
signals.

Another controversial issue of the pIRIR protocols applicability is the dose
recovery test performance. The results obtained in the framework of this thesis
showed that the pIRIR2s protocol can successfully recover known doses up to ~300-
400 Gy while pIRIR290 protocols tend to result in doses that slightly overestimate the
given dose in the entire dose rage, with the overestimation being more significant for
larger doses.

While the applicability of the SAR-OSL protocol on New Zealand quartz was
hampered by the poor-luminescence behaviour of the material the application of the
SAR-OSL protocol on quartz has resulted in obtaining robust chronologies for quartz
extracted from Serbian and Chinese loess for ages up to about 70ka. Based on the
natural and laboratory dose response curves constructed for Batajnica samples we
conclude that fine and coarse quartz luminescence ages can be accurately measured
up to doses of ~150 Gy and ~250 Gy, respectively.

Feldspars were shown to be able to extend the datable dose range by our
study up to 400 Gy. However, our results showed that pIRIR2s and pIRIR290
overestimate the expected ages for samples with equivalent doses > ~ 400 Gy and

therefore these ages obtained in this dose range should be interpreted with caution

42



in the absence of independent age control. Overall, keeping in mind the above-
mentioned limitations, the results presented in this thesis have shown that pIRIR
protocols can be applied successfully on polymineral fine grains extracted from loess
deposits over three continents for extending the age range available by quartz

dating.
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