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Abstract

The present study attempts to understand the insights of the luminescence mechanism of
feldspar and its application for radiation dosimetry and dating. Luminescence dating relies
on the principle that natural minerals, such as quartz and feldspar, accumulate charges
(electrons and holes) in crystal defect sites, which are stored for short time periods of a few
seconds to a geologically significant time period of millions of years. On stimulation, the
trapped charges radiatively recombine at appropriate lattice defects and result in stimulated

emission of luminescence proportional to stored charges.

Among the two most widely used minerals, quartz and feldspar, the former has been most
widely used for dating purposes because of well characterised luminescence properties and
the non-fading nature of the signal. Over the past decade, luminescence dating using
feldspar has been studied extensively due to its higher luminescence sensitivity and
saturation dose (~1200 Gy), which is approximately five times higher compared to quartz.
This offers the potential to increase the range of luminescence dating up to millions of
years. Its use has, however, been limited due to anomalous fading of luminescence signal,
which is athermal loss of signal in addition to that predicted by the thermal Kinetic
considerations. The present thesis encompasses a comprehensive exploration of the various
spectral regions of feldspar, assessing their athermal stability through different stimulations
and emissions wavelength bands. The luminescence production mechanism of feldspar is
complex due to its complex defect structure and has not yet been fully understood. The
current understanding of the feldspar luminescence mechanism is based on a single

principal trap, also known as a dosimetric trap.

This thesis rigorously investigated aspects associated with the mechanism of luminescence
in feldspar and studied the traps and recombination centres responsible for luminescence
in feldspar. The athermal stability of luminescence signals in different spectral regions of
feldspar was explored using multispectral stimulation and emission combination studies.
Among all signals, the post violet IR stimulated luminescence (pVIRSL) signal resulted in
the lowest average fading value of 0.0 £ 0.1% per decade, indicating that the signal
originates from stable electron and recombination centres. The TL and OSL experiments
suggest that pVIRSL is a recuperated signal arising from the eviction of charges from deep
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traps by violet stimulation and their recapture by the IR trap. The study showed the role of

deep traps present beneath the principal trap in pVIRSL luminescence emission.

Further, the newly identified pVIRSL signal was characterised for its dosimetric
properties. An optimized single aliquot regenerative dose protocol for the pVIRSL (pVIR-
SAR) protocol was developed for the estimation of equivalent doses. The proposed
protocol fulfils all the essential criteria for the use of a SAR protocol, such as rapid
bleaching (<10% of the equivalent dose in 60 min of daylight exposure), recuperation
<5%, reproducibility within 10%, and dose recovery within 10%. The pVIR-SAR protocol
was tested for several K-feldspar samples from varied depositional environments with age

ranges between 6 to 286 ka. The obtained ages were consistent with the expected ages.

The pVIR-SAR enabled the dating of polymineral fine- and coarse-grain samples, as violet
stimulation bleaches signal from quartz and permits probing of pVIRSL signal from
feldspar. Therefore, the protocol offers the advantage of dating unseparated samples as
well as samples where feldspar cannot be fully separated from quartz, like in the case of
polymineral fine grains and samples of small quantities used for rock surface exposure
dating. The applicability of the pVIR-SAR protocol for such samples was explored. The
ages obtained from polymineral fine and coarse grain samples, which include volcanic ash,
pottery, and fluvial samples, were consistent with geological reasoning and available age
controls. The work suggests that mineral separation can be avoided if pVIR-SAR is used
for dating. A notable result obtained through the pVIR-SAR dating of fine-grained
materials is its potential suitability as an alternative method for samples with low
sensitivity quartz and poorly bleachable feldspar signal. Such samples are often

encountered in glaciated terrains such as the Himalayas and Antarctica.

Additionally, this thesis examines the application of pVIRSL and IRSL for luminescence
dating of old exposed rock surfaces (> 1 ka), shedding light on its utility in glacial studies
and paleo-climate research. Theoretical modeling has suggested that the rock surface
exposure dating technique could potentially be applied to rocks up to 1 million years old.
However, in practice, the technique has yielded reliable ages primarily for younger
samples (<1 ka). For older rock samples, underestimation in the ages are reported. The
same is observed for the samples collected from old glacially polished samples for the
present thesis work. Therefore, possible reasons for such a large discordance, including

the role of desert varnish and structural micro-cracks inside the rocks that modify the

Xiv



apparent transparency of the sample and luminescence depth profiles, are explored and
discussed. SEM-EDS analysis showed the presence of desert varnish and cracks in the rock
samples. The sample used for calibration of the model, however, had no desert varnish or
cracks, indicating that the parameters derived from the calibration sample were not suitable
for estimating the ages of the unknown age samples. It also highlights prospects for
refining luminescence dating techniques and addressing the complexities associated with

surface exposure dating of polished rock samples.

In conclusion, the thesis work contributes to the advancement of luminescence dating by
expanding our understanding of feldspar luminescence and offering a viable alternative for
dating various geological materials. It also sheds light on the challenges and complexities
associated with dating exposed rock surfaces, highlighting the need for continued

refinement of luminescence dating techniques in these contexts.

Keywords: Luminescence; radiation dosimetry; luminescence dating; quartz; feldspar;
stimulated emission; anomalous fading; spectral regions; dosimetric trap; multispectral,

polymineral samples; rock surface exposure dating; desert varnish; microfractures.
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Fig. 3.3: Methodology for the measurement of fading rates [g2days (% per decade)] for single
(a) and double stimulation (b) experiments. * IRSL measurements post green, post blue,
and post violet stimulation were carried out with the sample at 100°C to get a good signal

to noise ratio. 65

Fig. 3.4: Average fading rates [gav (% per decade)] for single stimulation and detection
combinations for the PRLO sample. The x-axis represents the stimulations, and the pattern
of the bar represents the detection window. The height of the bar (y-axis) is the gav-values.

67
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Fig. 3.5: Average fading rates [gav (% per decade)] for double stimulation and detection
combinations for PRLO sample. The x-axis represents the stimulations, and the pattern of
the bar represents the detection window. The height of the bar (y-axis) is the gav-values.
Double stimulation yielded lower fading rates for each second stimulation. The minimum
fading (gmin = 0.0 £ 0.1% per decade) was obtained in the post violet IRSL (pVIRSL) signal.

69

Fig. 3.6: The double stimulation decay curves for both stimulations. Decay curves for a)
GSL and IRSL post green, b) BSL and IRSL post blue, ¢) VSL and IRSL post violet, and
d) IRSL and IRSL post IR. The signal intensities are different because detection were made
in the different windows viz., violet stimulation is recorded in the narrow UV window, both
green and blue are in the broad UV window and IR stimulation is recorded in the blue
window. The optical decay curves for all stimulations measured after ~20 Gy beta dose,
and preheat of 250 °C for 60 s. All the stimulations were carried out at 50 °C temperature

and power normalised. 70

Fig. 3.7: Ratio of IRSL2 to IRSL1 signals as a function of optical bleach energy. The IRSL1
was measured without any optical bleach, and IRSL2 was measured after the optical bleach
with IR, green, blue, and violet stimulations. All the stimulations were carried out at 50 °C
temperature. A maximum signal is obtained in the IRSL after the green stimulation. The
IRSL signal starts to decrease with an increase in the energy of optical bleach. All the

applied stimulations were power normalised. 71

Fig. 3.8: Fading rate [g2days (% per decade)] results for PRLO for pVIRSL signal. a)
Normalised intensity is constant with delay and hence gives near zero fading rate, b) g2days
values for all aliquots are near to the zero line and result in an average fading value near to

Zero. 72

Fig. 3.9: Fading rate (Q2days) measurements for a single aliquot of each sample. The
normalised intensities are constant with delay time for the KF, PRL1, PRL2, PRL3, and
PRL4 samples. 73

Fig. 3.10: Average fading rates [gav (% per decade)] of pVIRSL signal for all samples.
The x-axis represents the sample code. The gav-values are near zero for KF, PRL1, PRL2,
PRL3, and PRL4, and for one sample (PRL5, De =237 + 23 Gy) gav-value is 3.4 + 0.6%
per decade. 74
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Fig. 4.1: Intergrated TL intensity (integrated whole glow curve) intensity variation for

repeated five cycles. 78

Fig. 4.2: a) Measurement protocol to explore the relative intensity of pVIRSL compared to
IRSL for KF sample. b) IRSL decay curves recorded before (IRSL1) and after (IRSL2)
violet stimulation. The signal of IRSL2 is about an order of magnitude smaller than IRSL1.
The inset shows the normalised IRSL intensities for IRSL1 and IRSL2. 81

Fig. 4.3: a) TL glow curve of KF feldspar sample after irradiation of 20 Gy. b)
Measurements carried out to explore the TL emissions after the repeated violet stimulation
without any additional dose of the KF sample. ¢) The background subtracted TL glow
curves are recorded in the blue window. Inset in the figure shows the variation of the
integrated intensity of TL peak at 130 °C (integrated from 120 to 140 °C) and 380 °C
(integrated from 370 to 390 °C) with cycle number. All these measurements were carried

out in an nitrogen environment. 82

Fig. 4.4: TL glow peaks were recorded after violet stimulation following variable annealing

temperatures ranging from 450 to 800 °C. 83

Fig. 4.5: a) The measurement protocol to estimate the population of recombination centres
emitting in BUV and blue window. b) The background subtracted TL glow curves of in
blue window before and after the violet stimulation. ¢) The background subtracted TL glow
curves of in BUV window before and after the violet stimulation. All glow curves were
measured in same aliquot. * represents TL measurement in blue and BUV window. All

these measuremnents were carried out under nitrogen environment. 84

Fig. 4.6: a) Measurement protocol to record decay curves in IRSL, GSL, and BSL after
violet stimulation. * and $ represent detection in blue and BUV, respectively. b) The post
violet - IR, -green, and -blue stimulated decay curves in the blue and BUV detection
window. The stimulation treatments and detection window are mentioned in the legend as
(simulation (detection window)). ¢) Measurements carried out to explore the IRSL
emissions after the repeated violet stimulation without any additional dose. d) IRSL signal
obtained after repetitive violet light stimulation. The IRSL signal intensity is obtained by

subtracting the last 2 s signal from the initial 2 s. 85

Fig. 4.7: a) VSL signal is only observed for cycle-1. VSL decreases with repeated cycles
and a background level was obtained after three cycles. 86
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Fig. 4.8: a) Sequence used to explore the origin of IRSL signal after the violet stimulation
of KF sample. The temperature of both violet stimulation and cut-heat was varied
simultaneously. b) Measurements carried out to explore the origin of IRSL signal. Both a)
and b) sequences are performed on the same and single aliquot. ¢) Variation of IRSL and
pVIRSL with different cut-heat and violet stimulation temperatures. The IRSL is obtained
by subtracting the last 2 s background from initial 2 s signal. IRSL signal was normalised
with respect to its maximum value. To test any sensitivity change, data for IR 50 °C after
all measurements is also presented. 88

Fig. 4.9: Variation of VSL decay curves with increase in stimulation temperature after 20
Gy dose and preheat of 250 °C for 60 s for KF sample. 89

Fig. 4.10: Band model for post violet IRSL signal (modified after Jain et al., 2011).
Transition-1 represents the excitation, recombination, and recapture pathway of violet
stimulation. Electrons from deep reservoir traps are excited using violet stimulation. The
excited electrons go to the conduction band, and some are recaptured to the unoccupied
states of the principal trap. These recaptured charges are further probed using IR
stimulation (Transition-2) and resulted in pVIRSL in the blue window. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of
this article.) 90

Fig. 4.11: a) Measurement protocol to test the bleachability of pVIRSL signal in the reader
at the variable temperature of violet and IR stimulation (bleaching step). b) Percentage of
residual pVIRSL signal (pVIRSL2/pVIRSLL1; test dose normalised) at variable elevated
temperature of violet and IR bleaching for MHK-07-07 sample. Each data point represents
a single aligout with natural dose. At illumination temperature 350 °C, the residual pVIRSL
signal is 4.5%. 91

Fig. 4.12: a) DRC constructed using pVIR-SAR protocol (Table 4.3, Protocol A) for MHK-
07-07 sample. The De, recycling ratio and recuperation are 50 = 2 Gy, 1.06 = 0.04, and 12.0
+ 0.5%, respectively. b) DRC constructed using pVIR-SAR protocol (Table 3, Protocol B)
for the MHK-07-07 sample. The De, recycling ratio and recuperation are 52 + 2 Gy, 1.02 £
0.03, and 4.1 + 0.1%, respectively. 92

Fig. 4.13: a) Variation of recuperation for pVIR-SAR with IRSL stimulation temperature
of the MHK-07-07 sample. Recuperation is <5% for pVIRSL at 200 °C. b) De plateau with

preheat temperature for PRL2 sample. Here, De at each preheat temperature is the mean of

XXV



three aliquots. All De values fall with 5% of each other in the preheat temperature range of
220 to 260 °C. 94

Fig. 4.14: Test dose dependency of dose for MHK-07-07 (a, b) and RTP-18-02 (c, d). At
each test dose, De is an average of at least three aliquots. Test doses were varied from
approximately 5 to 90% of the expected dose. Dose recovery ratios at variable test doses
for MHK-07-07 and RTP-18-02 samples are shown in the inset of (a) and (c). 95

Fig. 4.15: Tx/Tn ratio and DRC for low (~15% of expected dose) and high (~55% of
expected dose) test doses of HMP-18-5: a) The ratio of test dose signal from regenerative
to natural doses recorded during construction of the DRC for low test doses. b) The ratio
of test dose signal from regenerative to natural doses recorded for high test doses. ¢) DRC
constructed at low test doses. The natural normalised intensity lies in the saturation region.
d) DRC constructed at high test doses. The natural normalised intensity lies below the
saturation region, and the obtained De is 580 £ 29 Gy. 96

Fig. 4.16: a) Ratio of regeneration dose net pVIRSL signal (Lx initial signal minus
background) to test dose signal (Tx: initial signal minus background) is plotted against
measurement cycle number for the RSN-01-17. 98

Fig. 4.17: Bleaching curves for a MHK-07-07 sample under UV filtered sun-lamp light and
natural daylight exposure. Each point is an average of three aliquots. The pVIRSL signal
reaches the residual level in ~60 min and ~100 min under daylight and solar lamp light
exposure, respectively. For clarity data for the initial two hours is shown in the inset. 99

Fig. 4.18: Fading rate [g (% per decade)] results for RSN-01-17 sample for pVIRSL at 200
°C. 101

Fig. 4.19: Sensitivity corrected DRC constructed using pVIR-SAR protocol (Table 4.3,
Protocol B) for MHD-02-17 sample along with the natural intensity. The single saturating
exponential function as in analyst was used for the fitting. The recycling ratio and
recuperation are 1.00 £ 0.05 and 2.6 + 0.1%, respectively. The estimated D is 640 + 32
Gy, and saturation dose (2Do) is 970 £ 23 Gy. 102

Fig. 4.20: Ages obtained using pVIR-SAR protocol with the ages constraint using BSL-
SAR and pIRIR-SAR. 103
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Fig. 5.1: a) Weight normalised shine down curves of pVIRSL from potassium feldspar
(KF), sodium feldspar (NaF), quartz and empty disc are shown. b) Normalised

luminescence intensity variation with delay time in NaF. 114

Fig. 5.2: pVIRSL decay curves, dose response curves and variation of normlised intensity
with delay time for all volcanic samples named PRL23-01, PRL23-02, and PRL23-03.115

Fig. 5.3: The pVIRSL decay curves, dose response curves, and variation of normalised
intensity with delay time for all pottery fine grain samples named PRL23-04, PRL23-05,
PRL23-06, and PRL23-07. 116

Fig. 5.4: The pVIRSL decay curves, dose response curves and variation of normlised
intensity with delay time for fine grain fluvial samples named PRL23-10 and PRL23-11.
117

Fig. 5.5: Normalised intensity with delay time for fine grain PRL23-08 and PRL23-09
sample. 118

Fig. 5.6: Average fading rate values for all fine grain polymineralic samples. Fading

corrections in ages for fading rates less than one were not made (Buylaert et al. 2012).122
Fig. 5.7: Alpha efficience of all samples. 124

Fig. 5.8: a) OSL sampling of PRL23-03 volcanic ash sampling site. b) Zoomed view of
deposited volcanic ash layer. The thickness of ash layer is ~30 cm. A sphere of radius 30
cm is considered for volumemetric corrections for dose deposited by gamma radiations.

125

Fig. 5.9: Polymineralic fine grain pVIR ages plotted against the IR and pIRIR ages. The

black lines represent the 20% uncertainty. 127

Fig. 5.10: Comparison of coarse and fine grain pVIR and pIRIR ages with the expected

ages (quartz ages) of fluvial samples. The black lines represent the 20% uncertainty. 130

Fig. 6.1: a) Bedrock surface having striations and chatter marks. b) Sample collected from
the glacially polished bedrock surface. c¢) Polished bedrock surface having dessert varnish

and d) sample collected for calibration with a known age (~15 yrs). 134
Fig. 6.2: Procedure followed for sample preparation for rock surface exposure dating. 135

Fig. 6.3: Fading rate measurements for IR signal for TRTX-cal sample. The weighted mean
of the fading rate is 0.8 £ 0.8%/decade. 137
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Fig. 6.4: Estimation of parameters such as 6@o and p for the calibration sample TRTX-Cal
of known age of 15 yrs for depth profiles for both IR (a and b) and pVIR (c and d) signals
for first and second order kinetics. Normalization was done using the average luminescence

derived from the five deepest depth L./T, values, which were in saturation. 139

Fig. 6.5: Exposure ages estimated using first order kinetics for IR data for TRTX-1, TRTX-
2B, TRTX-3B, and TRTX-4A 140

Fig. 6.6: Exposure ages estimated using second order kinetics for IR data for TRTX-1,
TRTX-2B, TRTX-3B, and TRTX-4A. The potential cause for these substantial

uncertainties may be attributed to data scatter. 141

Fig. 6.7: Exposure ages estimated using first order kinetics for pVIR data for TRTX-1,
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Chapter 1

Introduction

1.1 Introduction

The concerns of climatic changes are constantly raising due to excessively increasing
artificial interferences. With limited instrumental and historic records available about the
formation and evolution of sustainable earth surface processes, studies of past climatic and
tectonic variabilities have become crucial for determining future climatic perspectives.
Such studies have the potential to inform about the natural and temporal variability of Earth
forming processes so that the amplitude of more recent human impact can be understood
and controlled for future courses. Studies of the past comprise a) the use of proxy that
inform on the amplitude of relevant geological processes and b) analysis of samples for
their chronology. Several naturally occurring radioisotopes are used for establishing
chronologies, such as radiocarbon and uranium series. The present study deals with the use

of mineral luminescence and its use as a natural radiation dosimeter.

After the successful identification of luminescence phenomenon and establishment of its
theoretical framework, efforts were initiated to assess its potential for dosimetric purposes.
In the late 1940s, Daniels and co-workers were the pioneers in proposing the utilization of
TL for quantitatively measuring radiation exposure. Initially, their primary focus was on
investigating TL properties in alkali halides and geological specimens (McKinlay, 1981).
Daniels et al. (1953) suggested the feasibility of TL dating for ceramics, but it was not until
1959 that the full potential of this technique was recognized (Kennedy, 1959). During the
1960s and 1970s, TL was developed for archaeological dating, notably in Oxford by Aitken
et al. (1964) and Aitken et al. (1968).

A major breakthrough occurred when Huntley et al. (1985) reported the discovery of
optically stimulated luminescence (OSL) in quartz. This achievement involved the use of
green light to stimulate luminescence emission from quartz in the ultraviolet (UV) range.

The introduction of optical stimulation for stimulating optically sensitive, photo-bleachable
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luminescent signals of ubiquitous minerals quartz, feldspars and many others, opened up
new avenues for dating the most recent depositional events of nearly all types of quaternary
sediments. These sediments are exposed to daylight during the weathering of their parent
rock and undergo multiple episodes of transport, and lose their geologically acquired
luminescence. On burial, a build-up of luminescence signal begins due to irradiation of the
ambient radiation environment, which enables their dating (Aitken, 1998; Rhodes, 2011;
Murray et al., 2021).

Hutt et al. (1988) pioneered the use of infrared stimulation to stimulate luminescence in K-
feldspars. Over the past two decades, luminescence dating has emerged as an important
chronological tool to establish the timing of archaeological and geological events through
its wide ability to provide deposition age of associated sediments (Murray et al., 2021;
Singhvi et al., 2022; Akhilesh et al., 2018; Anil et al., 2023, 2022; Bailiff, 2022). The
sensitivity of mineral luminescence permits it to cover an age range extending from a few

years to several hundred thousand years (Ollerhead et al., 1994; Morthekai et al., 2015).

Luminescence dating relies on the principle that the natural ubiquitous minerals such as
quartz and feldspar have the ability to cumulatively record and store the record of their
irradiation from the ionizing radiation over long geological time periods. They do so
through the accumulation of charges (electrons or holes) in their crystal defects (also termed
traps) due to the decay of naturally occurring radioactive isotopes in the surrounding
environment. Billion-year half-life of natural isotopes ensures that the radiation flux due to

their decay remains constant over million-year timescales.

This chapter provides a brief introduction to luminescence, its production mechanism, and
application in burial and surface exposure dating, the current status and challenges in the
feldspar dating along with the objectives of the present work.

1.1.1 Luminescence

Luminescence is the light emitted by an insulator without the need for high temperatures,
unlike incandescence. This arises from the exposure of crystals by ionizing radiation that
causes ionization and release of free charges in the lattice. A minor fraction of these free
charges are trapped in defects deficient in charges. The mean residence time of these
charges ranges from a few seconds to billions of years (Aitken, 1985). This, on account of
the life-time of the electron trapping centre being T >10% s, is known as phosphorescence

(Garlick, 1949). Phosphorescence is subdivided as a) short delay (t < 10 s) and b) long
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delay (t > 10 s) phosphorescence (McKeever, 1985). This thesis deals with the long delay
of phosphorescence in natural minerals. The stored charges can be stimulated by many
ways. The luminescence processes are termed based on the mode of stimulation, such as
photoluminescence (PL: stimulation by photon absorption), cathodoluminescence (CL;
stimulation by electron bombardment), electroluminescence (EL; stimulation by electric
current), thermoluminescence (TL; material is stimulated by heating) and optically

stimulation luminescence (OSL; stimulation by optical light).

This thesis deals with the TL and OSL of natural minerals.
1.1.1.1 Luminescence mechanism: Band model of solids

Most of the minerals are insulators with a wide band gap of 8-10 eV. The luminescence
mechanism in such cases is explained using the band theory of solids (Fig. 1.1). In an
isolated atom, electrons are restricted to sets of discrete energy levels. In the solid, the
atoms are closer and influence each other. The wave functions of the electrons overlap and
result in the formation of energy bands. The band formed from electron filled energy levels
is known as valence band (VB), and the band formed from empty energy levels is known
as conduction band (CB). The VB and CB are separated by a forbidden gap (Eg). This
configuration exists for ideal pure crystals. However, in reality, the crystals have defects
and impurities which could be both intrinsic and extrinsic, such as interstitial,
substitutional, Schottky and Frankel defects. In naturally occurring crystals, during
crystallization, some of the ions of crystals can be replaced with the impurities present in
the magma. The nature of the impurity incorporated depends upon its ionic radii, density,
concentration, and the chemical and thermal environment existing during crystallization.
The defect and impurities break the periodicity of the crystal structure and form the
localized energy states within the forbidden gap, as shown in Fig. (1.1a). These impurities
can have an attractive potential for certain charge carriers and can retain the charge carriers
depending on the charge environment, acting as traps for the charges. These states are thus
known as ‘traps’ and can either capture a hole (known as a hole trap) or an electron (electron
trap) depending on charge vacancy. Conventionally, electron traps lie above the Fermi

level, and hole traps lie below the Fermi level.

In natural sediments, ionizing radiations (o, B, and y) having energy of order of MeV are
decay products from surrounding long lived radioactive materials such as Uranium (U),

Thorium (Th), and Potassium (K). These interact with the crystal, resulting in the creation
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of electron and hole pairs (Fig. 1.1b). A large fraction of these electrons recombine with
the holes within 10®'s, resulting in fluorescence. A fraction of electrons and holes are
captured in the lattice defects. These captured charges are stable depending upon the life
time of the trap, which depends upon the ionization state of impurity and strength of
attractive potential, i.e., binding energy, also known as trap depth (E). The life time (1) of

charge in a trap is given by

£ (1.1)

T= s‘lexp(ﬁ

Where s is the attempt to escape frequency (~10*° s), k is the Boltzmann constant and T
is the ambient temperature. Life time 7 can vary from a few seconds to 10° years (Singhvi
and Wagner, 1986) and is dependent on the ambient temperature. Typical trap depths range
from 0 to 2 eV (Aitken, 1985). Traps with a lifetime of more than a hundred million years
are of interest for geological and archaeological dating. Charges from traps with low life
times (few hundred years or less) lose electrons on storage over long geological times.

Therefore, charges from these traps are emptied by a suitable preheating.

Pure crystal Tonization and trapping Detrapping and recombination
|CB ’ | | | |
m . .
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Fig. 1.1: a) Band model for a pure crystal. b) Band model for crystals with trace impurities. Due to
impurities and defects crystals have localized energy levels within the forbidden gap. The ionizing
radiations excite the electrons from the valence band to the conduction. Some of the electrons are
trapped in the localized energy levels. c) The trapped electrons are excited using external stimulation

and recombine with holes, resulting in the emission of light from the crystal, known as luminescence.

On stimulation with heat or light, the trapped electrons are evicted and raised to CB (Fig.
1.1c). Some of the electrons in CB radiatively recombine with the holes at a defect state
(called recombination centre). It is noteworthy that stability of trapped charges depends on
the lifetime of the electron trap whereas the spectrum of emitted light is characteristic of
the recombination centre. The intensity of emitted light is proportional to the rate of

detrapping of electrons on stimulations (Nambi, 1977) and is given below:



dn (1.2)
I = CE

Where | is the luminescence intensity, n is the number of trapped electrons at time t, and C
is the proportionality constant.

1.1.2 Thermoluminescence (TL)

Thermoluminescence (TL) is obtained by heating the crystal at a constant rate, and the
resulting curve is known as a glow curve. TL glow curve comprises different peaks of each
trap, and are termed as the glow peaks. The peak temperature of the glow peak is related to
the energy depth of trap. These glow peaks provide the trap distribution of the crystal
(Urbach, 1930). Garlick and Gibson (1948) and Randall and Wilkins (1945a, 1945Db)
established a relationship between the trap depth and TL peak. Randall and Wilkins (1945a,
1945b) computed this relationship using the first-order kinetics theory, considering that on
detrapping, an electron can only recombine with hole and give luminescence. Garlick and
Gibson (1948) developed a formalism for second-order kinetics, which considered the
retrapping of detrapped charges.

The first order kinetics equation is

I = nysexp (— :—T> exp [— (%) fTT exp (:_T) dT] (1.3)

and the second order kinetics equation is

I = nisexp (_lf_T) e [1 ¢ s /NS f:exp - % ) dT]z (1.4)

where | is the intensity, no is the initial concentration of the traps, E is the trap depth, k is
the Boltzmann constant, T is the absolute temperature, N is the concentration of empty

traps, and p represents the heating rate.

The TL glow curve for quartz in the UV window recorded up to 500 °C at a heating rate of

2 °Cls, is shown in Fig. 1.2a. The TL glow curve of feldspar in the blue detection window,
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Fig. 1.2: a) TL glow of quartz recorded in the UV window recorded up to 500 °C at a heating rate
of 2 °C/s. b) OSL decay curve of quartz with blue stimulation and detection in UV window.

is shown in Fig. 1.3a. TL is useful to estimate the Kinetic parameters of the traps, such as

trap depth, order of kinetics, and attempt to escape frequency.

1.1.3 Optically stimulated luminescence (OSL)

OSL is obtained by stimulating the crystal with photons in the UV-visible-IR energy region,
the basic mechanism of which is depicted in Fig. 1.1. When the energy of a photon exceeds
the trap depth, it results in the ejection of electrons from their bound states, facilitating their
transition to the conduction band. Subsequently, some of these freed electrons recombine
with holes, emitting a luminescence signal. The intensity of OSL depends on the intensity
of the stimulation light (¢) and photo-ionization of the trap (o) as
I = C:i—rtl « pa(A) (15)
Where | is the OSL intensity, n is the number of trapped electrons at a time t. The photo-
ionization cross-section is a function of incident wavelength (4). On stimulation, the
concentration of trapped electrons decreases exponentially, hence the OSL. The OSL decay
curve for quartz with blue stimulation and UV detection window is shown in Fig. 1.2b.
OSL can be stimulated in several ways such as continuous wave OSL (CWOSL), pulsed
OSL (POSL), linearly modulated OSL (LMOSL) based on if the stimulation intensity
remains constant or is pulsed or increased with time in a programmed manner. These help

understand the different properties of the traps and their usages in dating.



1.1.4 Natural phosphors/dosimeters

Most applications of luminescence dating use two ubiquitous minerals, quartz and feldspar.
These minerals cover around 60% of the earth’s crust. Other minerals such as calcium
carbonate (CaCOz), gypsum (CaSO4-2H20), olivine, zircon, biotite, and others are also

explored for specific locales.
1.1.4.1 Quartz

Quartz is one of the most abundant minerals comprising approximately 12% of the Earth's
crust by volume. It is widely distributed and found in various rock types, including igneous,
metamorphic, and sedimentary. For dating, most of the studies so far have used quartz due
to its robust luminescence properties in respect to its stability and ease of bleachability.
Quartz has a stable OSL signal, and it offers several advantages over the other minerals.
Quartz is resistant to weathering. Therefore, it is more likely to be present in the sediment
samples (Wintle and Murray, 2006). The daylight exposure time required to remove
electrons from the defects present within quartz is small (1-100 s) compared to K-feldspars
(several hours (Li and Li, 2014)). Therefore, there is usually no past remnant OSL signal
present in quartz. The OSL decay curve for quartz is shown in Fig. 1.2b. Quartz exhibits
spectral emission in the range of 290 nm to 700 nm, spanning from ultraviolet to visible
wavelengths (Krbetschek et al., 1997 and references therein). The OSL decay of quartz
comprises of 3 to 7 components, and the fast component is most used to measure the
radiation doses up to 150-200 Gy (Chawla et al., 1998). Beyond this, the growth of
luminescence with dose exhibits a saturation (Aitken, 1985; Wintle and Murray, 2006).

1.1.4.2 Feldspar

Feldspar minerals account for approximately 60% of the Earth’s crust. Different types of
feldspar present are potassium feldspar (KAISizOg), sodium feldspar (NaAlSizOg), and
plagioclase feldspar, which is a solid solution series between the sodium and the calcium
feldspar (CaAl2Si,Og). Feldspars are important constituents of different rock types,
including igneous, sedimentary, and metamorphic. For luminescence dating, K-feldspar is

widely used because of the following reasons:

1. The luminescence intensity of K-feldspar saturates at several fold higher radiation
dose (~1200 Gy; Buylaert et al., 2012) than those for quartz (150-200 Gy (Chawla
et al., 1998)).



2. The luminescence sensitivity (luminescence/dose/weight) of feldspar is high due to
its inherent impurities and defects (Pye et al., 1995).

3. lIts internal radioactivity of “°K and 8’Rb, makes it suitable for dating younger
samples and provides additional means to check the robustness of ages (Li et al.,
2007b).

4. Another advantage of using feldspar is its sensitivity to IR stimulation. This
removes the need for a rigorous mineral separation, as most other minerals are not
sensitive to IR stimulation (Hutt et al., 1988).

These attributes of feldspars offer the potential to increase the range of luminescence dating
from a few years to around a Ma (Ollerhead et al., 1994; Morthekai et al., 2015). Its use
has, however, been limited due to anomalous fading (Huntley and Lamothe, 2001): the
athermal loss of luminescence signal in addition to that predicted by the Kinetic
considerations. This loss of luminescence signal is attributed to the quantum mechanical
tunnelling effect (Jain and Ankjergaard, 2011; Visocekas, 1979). The TL and IRSL decay
curve detected in the blue window of potassium feldspar is shown in Fig. 1.3a and 1.3b.
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Fig. 1.3: a) TL glow of potassium feldspar (KF) recorded in the blue window. b) IRSL decay curve
of KF detected in blue window.

1.1.4.2.1 Crystal structure

Feldspar crystal lattice consists of (Al, Si)O4 tetrahedra connected to four other similar
tetrahedrons through shared oxygen ions at their vertices. These lead to a continuous,
interconnected structure. The framework has four tetrahedral positions (two each of T1 and
T2) occupied by Si #* or Al 3*. A significant number of the large cations (primarily K*, Na*,

and Ca?*) occupy cavities in the framework termed as M-sites, resulting in a net negative



charge (Deer et al., 2013). Typically, feldspars contain three end members with distinct
cations at the M-sites: KAISi3Og (K-feldspar), NaAlSizOg (Na-feldspar), and CaAl2Si;Og
(Ca-feldspar).

1.1.4.2.2 Band model of feldspar

The IRSL production of feldspar was explained using the two stage excitation model by
Hatt et al. (1988), given that the excitation energy of IR (1.44 eV) is lower than the
estimated trap depth (~2-2.5 eV). The IR stimulation excites the electrons from the ground
state of the trap to its excited state at 1.44 eV. The excited electrons are thermally assisted
to reach the conduction band and thereafter recombine with holes to give the IRSL. Poolton
et al. (2002a) reported the existence of localised states below the conduction band and
attributed them to structural disorders, different bond angles, thermal vibrations, and
random distribution of impurities. These states are known as band-tail states. The band
model for feldspar luminescence production was refined by Jain et al. (2011) based on a
single trap (also known as a principal trap) and spatially distributed recombination centers
(Fig. 1.4). The excited state of the principal trap overlaps with the band-tail states,
facilitating the transfer of excited-state electrons to the band tails through phonon-assisted
diffusion (PAD). This process leads to recombination with holes in the recombination
centers, resulting in luminescence. The IRSL is a consequence of the recombination of

electrons and holes in close proximity to each other.

Further using low temperature Infrared-Photoluminescence (IRPL) excitation-emission
spectroscopy, Kumar et al. (2020) elucidated the nature of the principal trap of potassium
rich feldspar through two distinct trapping centres, emitting IRPL at 1.31 eV and 1.41 eV.
These trapping centres have different thermal stabilities and different ground and excited
state energies, but their dose response curves (DRC) and relaxation times are identical.
Based on their IRPL data, they suggested that these are the manifestation of the same centre
but with a in slightly different crystal field environments. They reported there are alteast
three resonating peaks, namely peak 1, peak 2, and peak 3, for each centre (Fig. 1.5). Peak
1 and 3 are the excited states of the trap, which exist below and above the conduction band.
Peak 2 represents the transition to CB edge, which is the trap depth of the principal trap
(Kumar et al., 2020).

In the past, there have been theoretical and experimental studies to understand the

luminescence mechanism of potassium feldspar. The optical trap depth for the principal
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trap is in the range of 2.0 to 2.5 eV (Hutt et al., 1988; Kumar et al., 2020; Riedesel et al.,
2019, 2021). Energies of the first excited state, sub-conduction band-tail widths (i.e.,
Urbach width, E,) and the width of the band tail states accessible from the ground state
(AE) ranges from 1.44 to 1.48 eV (Htt et al., 1988; Riedesel et al., 2019), 0.26 to 0.81 eV
(Poolton et al., 2009; Riedesel et al., 2019) and 0.16 to 0.46 eV (Poolton et al., 2009;
Riedesel et al., 2019), respectively (Table 1.1). Feldspar exhibit spectral emissions in the
range of 280 nm to 860 nm, spanning from ultraviolet to near-infrared wavelengths

(Krbetschek et al., 1997 and references therein).
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Fig. 1.4: Band model for K-feldspar luminescence (Redrawn after Jain et al. (2011)). Transition 1
is representing the resonating transition from principal trap (dosimetric trap) of feldspar.
Transition 2 is non-resonating transition to the conduction band from high energy stimulations,
e.g., blue (~2.63 eV) and violet (~3.06 eV). Transition 3 is recapture from the excited state of
principal trap to the ground state. Transition 4 is representing the direct recombination of electron

and hole due to quantum mechanical tunnelling.
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Table 1.1: Summary table of the excited state energy, sub-conduction band-tail width (i.e., Urbach width, E,), and width of the band-tail states, which are

accessible from the ground state of the defect (AE) and optical trap depth reported in the previously published studies. Here, potassium feldspar and sodium

feldspar are named as KF and NaF, respectively

Method Mineral Excited Band tails width (eV) Optical trap depth References
state (eV)
energy Eu(eV) AE (eV)
(eV)
Optical excitation or the relationship between Microcline ~1.45 ~2.25 Hdtt et al., 1988
optical and thermal activation energies
Photostimulated luminescence excitation KF <25 Clark and Sanderson,
spectroscopy 1994
Estimated based on hydrogenic nature of the KF 1.44 Poolton et al., 1995b
trap
IR stimulation spectroscopy NaF and ~1.48 and Godfrey-Smith and
microcline ~1.47 Cada, 1996
Estimated based on hydrogenic nature of the NaF and KF 1.48 1.97 (NaF) and 1.99 Poolton et al., 2002a,b
trap (KF)
Correlation between the shape and intensity of | Wide range of | 1.44-1.45 >2.5 Baril and Huntley, 2003
the OSL signals or OSL excitation Feldspar
spectroscopy
Fitting of excitation spectra (photo-transferred | NaF and KF NaF: 0.28 and NaF: 0.12-0.09 2.0-25 Poolton et al., 2009
OSL and TL) measured at 10 K (Ey) 0.32 KE: 0.30t0 0.16
Fitting the non-resonant rising continuum 0.67 and 0.54
excitation spectrum at 300, 200, 100 and 10 K
(AE)
Time-resolved OSL Orthoclase >2.4 Jainetal., 2011
Red-IR spectroscopy Orthoclase 1.44-1.47 Andersen et al., 2012
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Fitting of excitation spectra at 10 K NaF and KF 0.18 and 0.23 ~2.1 (NaF) and >2.5 Kars et al., 2013
using an equation for the photoionization (KF)
cross-section of a deep defect
IR-Photoluminescence excitation spectra at 7, Oligoclase 0.32 Prasad et al., 2016
100 and 295 K
IR-Photoluminescence excitation spectra at KF and NaF 0.29-0.51 Prasad et al., 2018
295 K
Fitting of excitation spectra at 10 K Feldspar 1.44 0.26 t0 0.81 0.21- 0.46 ~2.04 Riedesel et al., 2019
using an equation for the photoionization (Irrespec_t|ve of
chemical

cross-section of a deep defect

composition)

IR-Photoluminescence excitation spectra at Feldspar IRPL130 1.90 to 2.21 Kumar et al., 2020a
cryogenic temperature IRPL41 2.15 to 2.38
IR-Photoluminescence excitation spectra at 7 Feldspar IRPL1.302.04 t0 2.20 Riedesel et al., 2021

K

IRPL41 2.16 t0 2.46

*IRPL130 and IRPL1.41 mean photo-luminescence spectra are detected in 1.30 eV and 1.41 eV, respectively.
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1.1.4.2.3 Anomalous fading

A key impediment in the routine use of feldspar for dating of samples has been the
presence of anomalous fading, which limits its usage. Wintle (1973) detected this for the
first time in volcanic feldspars. Anomalous fading is the athermal loss of luminescence
signal in addition to that predicted by the kinetic considerations (Aitken, 1985; Spooner,
1992, 1994; Wintle, 1973; Visocekas, 1979). Thus, signals that are expected to be stable
over geological timescales decay over days and weeks. The fading leads to an

underestimation of age.

When an electron is trapped in a potential of finite depth, then according to quantum
mechanics, there is a finite probability of escape of electron from the potential well via
tunnelling. It loses its luminescence over time even at very low temperatures (~77 K).
There are several possible ways of tunnelling in feldspar as shown in Fig. 1.6. Transition
a represents direct tunnelling from trap to hole centre without any thermal assistance and
hence called athermal or anomalous fading. In transition b, trapped electron will get finite
temperature and then tunnel to hole centre. Similarly, in ¢ and d transitions, electrons will
get thermal energy and will go either to the hole centre or the conduction band. All these
possibilities of tunnelling ultimately lead to a decrease in luminescence signal. Quantum
tunneling depends on the distances between the trap centers and the recombination centers.
The probability of tunneling increases if the trap centres and recombination centres are
near to each other and vice versa. As feldspar has many impurities, therefore, electron and
hole centres are closely spaced, resulting in the direct recombination of electrons and holes
(Visocekas, 1985). The tunneling probability or transmission coefficient is given by the
following equation (Griffiths, 1995):

L E)e<'2W<W>>

- i

T
|4

Eq. 1.6 can be expressed in a simplified form as

T « exp—aW)

Where ‘E’ is the energy of the incident particle, ‘V’ is the potential height, ‘W’ is the

distance between the electron and hole, and ‘a’ is a constant. For randomly distributed
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defects, a range of tunneling probabilities can arise. Eq. 1.7 indicates that quantum
tunneling probability is dependent on the distance between the donor (electron) and the
acceptor (hole) and it decreases as distance increases. Therefore, tunneling begins with the
proximal donor-acceptor pairs, and as time progresses, the distant pairs recombine
(Poolton, 1994). The rate of recombination of electron and hole is inversely proportional to
time elapsed (t) after the irradiation. The light intensity observed after the recombination
of electron hole pairs is termed as ‘afterglow intensity’ and is given below (Huntley and

Lamothe, 2001) as

After glow intensity o ()71 (1.8)

Conduction Band

Trap depth

1

Trap

Fig. 1.6: Escape routes from a trap; a) athermal tunnelling; b) thermal assisted tunnelling; c, d)

thermal eviction.

Integration of the above suggest that the intensity depends on the logarithm of time. The
relationship between intensity and time elapsed after radiation can be given as (Huntley
and Lamothe, 2001):

-G )
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Where ‘tc’ is any characteristic time and l¢” is the intensity measurement at that time. #”is
the delay time since irradiation and ‘I’ is the delayed intensity. ‘g’ is the fading rate and is
the fractional decrease in the intensity from tc to 10t.. The unit of ‘g’ is in percentage per
decade (% per decade). The g-value can be estimated from the slope of graph plotted

between delayed intensity and delay time on semi-logarithmic scale (Eq. 1.9).

Two approaches are most widely used to correct or circumvent the athermal fading. These
include
a) laboratory estimation of the fading rate with samples stored for various delay times
and correcting the measured ages considering fading rates (Huntley and Lamothe,
2001; Auclair et al., 2003)
b) probing the stable (deeper) traps that are not faded in nature (Buylaert et al., 2011,
2012; Biswas et al., 2012; Morthekai et al., 2015).

The fading corrected ages using Huntley and Lamothe's prescriptions are restricted to the
linear portion of the dose response curve (DRC) and therefore are limited to an age range
of 20 to 50 ka (Huntley and Lamothe, 2001). For older samples, further corrections were
made by Huntley (2006) and Kars and Wallinga (2009). These fading correction methods
lead to higher uncertainty in the age calculations. In addition, models for fading correction
assume that the fading rates estimated over laboratory time scales can be extrapolated to
geological time scales. However, this assumption is questioned several times and is difficult

to test in laboratory conditions (Li and Li, 2014).

In the second approach, luminescence signals from stable recombination centres are
measured. As suggested signals may come from the distal pairs which comparatively have
a larger tunnelling life time and therefore show lower fading rates (Jain et al., 2015;
Poolton, 1994). Such signals have been variously probed e.g., a) post-IR IRSL (pIRIRSL,;
Buylaert et al., 2009; 2011, 2012; Biswas et al., 2013; Thomsen et al., 2008), b) multiple
elevated temperatures pIRIRSL (MET-pIRIRSL; Li and Li, 2011), c) thermally
redistributed IRSL (RD-IRSL; Morthekai et al., 2015), d) infrared photoluminescence (IR-
PL; Kumar etal., 2018; Prasad et al., 2017a) and e) infrared and blue light stimulated photo-
transferred thermoluminescence (PTTL,; Kalita and Chithambo, 2021; 2022). The pIRIRSL
signal is widely used for luminescence dating as high temperature IR stimulation (225 and
290 °C) measured after IR 50 °C bleach, yields negligible or low fading rates (Biswas et
al., 2012; Buylaert et al., 2011, 2012; Morthekai et al., 2015).
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IRPL also offers a good prospect to probe non-fading emission from the IR traps in feldspar
(Prasad et al., 2017; Kumar et al., 2020) and is suggested to be a promising signal. The
PTTL signal induced by blue and infrared lights shows negligible anomalous fading (Kalita
and Chithambo, 2021). Currently, both IR-PL and PTTL methods are being refined, since,
they offer prospects for obtaining stable luminescence signals from feldspar (Kalita and
Chithambo, 2022; Kumar et al., 2021; Prasad et al., 2017a).

1.1.5 Luminescence for geological dating

Luminescence has been used for the determination of burial age and exposure ages of the
associated geological events. The events that can be dated using luminescence are: a) last
heating events (pottery, bricks, volcanic ash, and fire events, etc.), b) recent daylight
exposed events (sediments transported by water, wind, glacier, debris, and rock exposed by
deglaciation), and c) crystallization events (gypsum, carbonates, salts and volcanic ashes,

etc.).
1.1.5.1 Burial age determination

Luminescence dating is now an established tool to date buried sediment, and the event
dated is the most recent burial event. In sediments, minerals like quartz and feldspar are
surrounded by ambient radioactive nuclides (U, Th, and K). These nuclides emit alpha (o),
beta (B), and gamma (y) radiations having energy of the order of MeV. Along with these
radiations, there is also a small contribution from cosmic rays (CR). These ionizing
radiations interact with the minerals, create the electron-hole pairs in the crystal, and
deposit their energy in the form of trapped charges. The energy deposited per unit mass is
known as dose (Units Gray: Gy = Joule/Kg). The charges captured in the traps having life
time greater than Ma are used for luminescence dating.

On thermal and optical stimulation, charges in traps are de-trapped and recombine with
holes to give luminescence. The luminescence intensity (photons/s) is proportional to the
number of trapped charges, which in turn is proportional to the radiation dose acquired by
the crystal and the surrounding radiations during its burial. Therefore, by estimating the
luminescence intensity, the dose acquired by the crystal can be estimated. The half-lives of
radioactive nuclides are of the order of 10° years (Ga) (Aitken, 1985). Therefore, for million
years timescale, the decay of these nuclides is negligible, giving a constant rate of
deposition of energy. This is called dose rate and is normally expressed as Gy/ka, i.e.,
energy deposited per thousand years. The decay series of these radioactive nuclides is
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shown in Fig. 1.7. There is also a small contribution from 8Rb and cosmic rays, which
should be added while estimating the dose rates. In addition to dose rate contribution to
minerals from the surrounding sediments, the radioactivity present inside the minerals also
contributes significantly for the coarse grains (>90 um). For quartz, internal radioactivity
contribution is negligible (Murray and Roberts, 1997), however for K-feldspar, the internal
radioactivity is 14% due to the inherent “°K isotope and it can contribute up to a few percent
of the total dose rate (Mejdahl, 1987). The radioactive nuclides emit a-particles, B-particles,
and y-radiations. The a-particles deposit their energy in the crystal through ionization and
excitation, resulting in generation of electrons, which further deposit energy. These are
heavy mass particles and, hence, travel in straight paths. These particles have +2 charge,
and hence have high linear energy transfer (LET). A large number of electron-hole pair are
generated along their straight path, resulting in saturation to the available traps. Most of the
charges are lost and dissipate their energy in the heating of the crystal. Therefore, the
luminescence generation efficiency of a-particles is lower and needs to be considered
during the dose rate estimations. The [-particles interact with orbital electrons through
coulomb interaction and by ionization. These particles travel in scattered paths and hence
deposit the energy uniformly in the crystals. The y-radiations are neutral and interact with
matter by the photoelectric effect, Compton scattering and pair production, and further
deposit their energy similar to the p-particle. In addition to these, very high cosmic particles
(> GeV) can enter into the earth's atmosphere. Most of them are absorbed in the atmosphere.
However, secondary cosmic particles, such as soft electromagnetic radiations and muons

reach the earth's surface. These particles interact with matter and hence deposit the dose in
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Fig. 1.7: Decay chain of “°K, 2®U and #*?Th nuclides.
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the minerals. Therefore, their contribution to the total dose rate needs to be estimated

considering their dependency on latitude and geographical latitude.

The dose rate is calculated by estimating the concentration of radioactive nuclides in the
sample, their stopping powers, and the concentration of their daughter products. The
contribution from cosmic rays is derived from known fluxes, burial depth, latitude, and
altitude (Prescott and Hutton, 1994). Estimating both dose and dose rate enables the

estimation of time (age) of irradiation of the sample as:

Equivalent dose (D,) (1.10)
Dose rate(D,)

Age (ka) =

Here, the equivalent dose (De) is the dose absorbed from laboratory beta radiations that
induces the same luminescence intensity as that from the dose absorbed in nature. The dose
rate (Dr) is the dose deposited by unit time. The unit of dose is Gy, and the dose rate is

expressed as Gy/ka. Age is generally reported in kilo years (ka) or years (a).

Resetting
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Fig. 1.8: Variation of luminescence signal in nature. After crystallization, minerals inside the rock
store the energy in the form of electrons from the surrounding radioactive elements. The stored
energy is released by daylight exposure. After the burial, crystal again starts to accumulate dose

from ambient radioactivity. The timing of the burial event can be estimated by collecting samples.

Fig. 1.8 shows the variation of luminescence signal in nature. After the crystallization of
the sample, minerals start to acquire dose from the surrounding radioactive nuclides. The
signal increases till saturation/equilibrium as the burial time increases. At
saturation/equilibrium, the signal becomes constant because the traps cannot be filled any

further, and it remains so till exposure to either daylight or heating to few hundred °C takes

19



place. During weathering, erosion and transport, mineral grains constituting sediment are
exposed to daylight, and this bleached the geological signal to a near zero residual level
(beyond which the signal cannot be bleached). If sample gets buried again luminescence
acquisition begins again due to irradiation from its ambient radioactivity. This dose
accumulation continues till excavation. There can be multiple cycles of exposure (resetting)
and burial (dose accumulation) of the sample during its journey in nature. Generally, the
last burial event can be dated using the luminescence dating technique (Fig. 1.8). Therefore,
this technique provides the estimate of the time elapsed since the sediments were last

exposed to the sun.

In the laboratory, by estimating the dose accumulated and the rate of deposition of the dose
(dose rate), the age of the last burial event can be estimated. For older samples near
saturation/equilibrium, a minimum age can only be estimated. Reliable depositional ages
were obtained for a wide variety of sediments from a few years old to several hundred
thousand years (Ollerhead et al., 1994; Morthekai et al., 2015). Murray et al. (2021) provide
a compilation of all the ages with controls and show that luminescence can provide reliable

ages.
1.1.5.2 Exposure age determination: Rock surface dating

Luminescence rock surface exposure dating (LRSED) is a method used to estimate the time
since when a rock surface has been exposed to daylight. This technique utilizes the
luminescence properties of minerals present in rocks to estimate the duration of their
exposure to daylight. LRSED has emerged as a valuable tool for investigating the age of

geological and archaeological events and processes.

Exposure of a rock surface to daylight bleaches the daylight luminescence signal
immediately on the surface. The rate of bleaching depends on the flux and energy of the
daylight exposure. The daylight flux on the surface decreases exponentially with depth as
per the Lambert-Beer law. Thus, the rate of resetting in the interior progressively becomes
slower. As a result, the residual luminescence increases with depth and reaches saturation,
where the daylight cannot reach further (Sohbati et al., 2011). The profile follows the
sigmoidal function with depth, and this profile penetrates deeper into the rock with time.
The light penetration depth and, thus, the resetting depth depends on rock type,
radioactivity content, and duration of daylight exposure. As radioactivity content and type
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of rock do not change, the duration of exposure time of the rock surface can be estimated

from the dose depth relation of the sigmoidal profile (Sohbati et al., 2011).

Over the past few years, studies on the use of OSL to date rock surfaces have increased,
due to the possibility of its varied applications in archaeology, geomorphology and
tectonics, as it can help date rock falls, landslides and glacial events, and enable the
understanding of long term evolution of landscapes. In archaeological sciences, it enables
the dating of rock art, stone gargoyles or lithic implement’s features. This method provides
valuable insights to elucidate the manner in which people have used the landscape and how
it has evolved over time. In geology, the ice rock surfaces polished by ice movements and
boulders deposited as glacial moraines during glacial advancements, help in studying the
glacial cover over the region and thence used for paleoclimatic studies. Further gravels or
boulders deposited during extreme flood events can help us develop the flooding history of

the region.

Conventionally, the exposure dating is done using cosmogenic radioactive nuclides (CRN)
(Lal, 1991), and attempts are being made using LRSED technique to establish the same.
The former technique is based on the production of radionuclides from cosmic rays, and is
based on the concentration of these nuclides. It gives the time since when rock has been
exposed to the cosmic rays. The latter approach requires the resetting of the luminescence
signal with the exposure time of the rock, and is based on the depth of resetting. It gives
the exposure time of the rocks. Theoretically, LRSED technique appears to be much
simpler and effective than CRN, as the sample is still preserved after the measurements.
However, the technique is still in a developmental stage, and a lot more needs to be done
to achieve the practical applicability of the technique. LRSED mainly uses the OSL and
the IRSL for dating, due to their rapid bleachability than the TL signal (Liritzis and
Galloway, 1999). LRSED offers following additional advantages over CRN dating method:

1. Study of multiple events of exposure and burial
2. Estimation of erosion rates
3. Applicability to estimate exposure times on non-terrestrial bodies for in situ
measurements.
In luminescence based dating of rock surface, multiple sequential events to daylight
exposure can be detected and dated by plotting the optical luminescence signals as a

function of depth into rock surfaces. In geology, it can tell events of glaciation and
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deglaciation from a single piece of rock provided not much erosion has occurred. In
archaeology, this method informs about the burial/used events the stone tools faced and the

manner of their use (Galganic et al., 2018; Freiesleben et al., 2015).

LRSED is used to quantify the erosion rates of the rocks. Erosion rate can be estimated
using luminescence surface exposure dating and cosmogenic radionuclide method. The
cosmogenic radionuclide method is less sensitive to erosion as the mean free path for
cosmic rays is 50 cm. In contrast, the luminescence signal is sensitive to incident daylight
and depth. The absorption mean free path of sun-light is on the scale of mm (Sohbati et al.,
2012b). Therefore, any loss in the rock surface due to erosion can be detected from the
luminescence depth profile provided that an independent age of the same event is available.
The erosion of the earth surface is caused by a combination of physical, chemical and
biological weathering. These weathering products are removed by aeolian and fluvial
processes. Erosion rates and timings of such events on spatial and temporal scale determine
the contribution of each process and hence, understanding of the evolution of landscape
(Sohbati et al., 2018).

In addition to the above, LRSED has the potential to provide luminescence based exposure
ages for lunar, planetary, and asteroid surfaces (Sohbati et al., 2012a). This helps for
understanding the evolution of modern surfaces. For instance, Martian surfaces exhibit a
lot of aeolian, fluvial and volcanic events. For such surfaces, crater density method is used
to find the age. This technique has an uncertainty of ~1 Ma. Therefore, for events of age
within million years, OSL surface exposure technique provides a viable method for in-situ
measurements of time scales of surface processes operating on Mars. Use of the CRN
dating technique is not possible for non-terrestrial bodies due to a long chemical procedure,
precise sample preparation requirements, and incapability to transport the accelerator mass
spectrometer (AMS) system to such bodies (Sohbati et al., 2012a).

The luminescence rock surface dating method has also been used to estimate the burial ages
of the gravels deposited by tsunamis and glaciers etc. (Galganic et al., 2018; Jenkins et al.,
2018). In the luminescence sediment dating, there is always an assumption that the sample
is bleached prior to burial. This assumption can directly be tested on the burial rocks by

selecting the suitable surface (Galganic et al., 2018; Jenkins et al., 2018).

The use of LRSED was first explored on freshly excavated marble objects using

thermoluminescence (TL), but the results showed overestimation in the ages (Polikreti et
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al., 2003). This discrepancy was attributed to residual TL signal persisting after prolonged
exposure to daylight, which additionally limited its use for the young samples (Liritzis &
Galloway, 1999). In those days, optical bleaching of luminescence was not well known.
Development of sediment TL dating and then of the optically stimulated luminescence
(OSL) made it possible to examine only the optically sensitive signal, which paved the way
to date exposure of rock surfaces (Greilich & Wagner, 2005; Habermann et al., 2000;
Vafiadou et al., 2007). The most promising outcomes were obtained from the use of OSL
and IRSL signals from quartz and feldspar for surface exposure studies, respectively
(Greilich & Wagner, 2005; Sohbati et al., 2012a, 2012b, 2015; Vafiadou et al., 2007).
Luminescence measurements are conducted on polymineral samples as limited quantity of
samples are available from the slices. The OSL (blue stimulation) stimulates both quartz
and feldspar. However, the IRSL stimulates only feldspar luminescence, which is
intrinsically more sensitive than quartz (Baril and Huntley, 2003). Therefore, recent studies
have used IRSL for surface exposure studies (Freiesleben et al., 2015; Meyer et al., 2018;
Sohbati et al., 2018)-

1.1.5.2.1 Models for OSL and IRSL dating

Previous studies have made significant developments in the LRSED (Freiesleben et al.,
2015; Meyer et al., 2018; Sohbati et al., 2011, 2018 and references therein). A kinematic
model to describe the resetting of luminescence with depth and as a function of time, was
developed by Sohbati et al., 2011. The LRSED is based on the resetting of charges in the
presence of natural daylight. When rocks are buried beneath the Earth's surface, they are
shielded from the daylight. During this burial, minerals in the rocks, such as quartz and
feldspar, accumulate energy from ionizing radiation in the environment, primarily from
radioactive isotopes (such as U, Th, and K) present in the surrounding sediments. If the
rock is buried and shielded from the sun for millions of years, the electrons trapped in the
minerals are in the field saturation due to finite trapping capacity. When the rock is exposed
at the Earth's surface due to erosion or other geological processes such as exhumation and
fracture, it is subjected to the daylight. The photons from the daylight provide an external
energy source that can stimulate the trapped electrons present within the minerals. The
population of the trapped electrons begins to deplete as the daylight exposure bleaches the
light-sensitive traps to a near zero residual value. The detrapping rate of electrons decreases
with depth because of attenuation of daylight flux with depth, which follows Beer-

Lambert’s law, i.e.,
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I, = [e™#* (1.11)

Where u is the attenuation coefficient, I and L, is the daylight intensity at surface and at
depth x. Attenuation coefficient defines the slope of the profile and hence, depth and
exposure age. The rate of change of population of electrons at any depth and time depends
on two effects: a) eviction of electrons due to daylight exposure, b) filling of electrons at
the trapping centres due to ambient environment of ionizing radiations. Therefore, the
residual luminescence forms a sigmoidal profile with depth, and it travels deeper and
deeper into the rock as the time progresses until the time, where the electron de-trapping

rate and the electron trapping rate become equal.

The instantaneous concentration of electrons n (mm®) at depth x (mm) and time t (ka) is
(Sohbati et al., 2012a):

dn(x,t)
dt

(1.12)

= (N —n(x, t))F(x) — n(x, t)E(x)

Where N is the concentration of electron traps and E(x) and F(x) are the de-trapping and
trapping rates, respectively. E(x) decreases with depth due to the attenuation of daylight

intensity as:
E(x) = o¢,e hx (1.13)

Where o ¢, represents the de-trapping rate at the surface of the rock. The de-trapping rate
defines the rate at which a photon can eject the electron from the trap. This de-trapping rate
decreases with depth, according to Beer Lambert’s law.

The coefficient F(x) in Eq. 1.12 is the trapping rate constant:

D, ,
P = 2 (1.14)

(o]

Where D, (Dose rate; Gy/ka) is the dose rate and D, (Gy) is an intrinsic property of the
dosimeter, which characterise the dose rate for any dosimeter. The dose rate can be
estimated from the concentration of U, Th, and K, and D, can be calculated from the

laboratory generated dose response curve (DRC) of the sample.

Integration of Eq. 1.12 with time yields

24



)= [: COE (%) — F(x)(N — ny(x))]e " E@+F@)E 4 F(x)N (1.15)

n(x E(x) + F(x)

Here, n;(x) is the initial concentration of trapped electrons. For terrestrial bodies, electron
trapping rate is negligible during daylight exposure (Sohbati et al., 2011). Therefore, F(x)
is negligible compared to E(x), and hence, can be neglected. If the rock is buried and
shielded from the sun for millions of years, the trapped electrons in the minerals are in the
field saturation; hence the initial concentration (n;(x)) is maximum (N). For the terrestrial
rock surface dating, Sohbati et al. (2012b) developed a model describing the resetting of
luminescence profile with depth in rocks during daylight exposure. In this model, trap
filling rate was not considered as it is negligible compared to de-trapping rate due to

daylight flux.

This case is for glacially exposed bedrocks, rock fall events, landslides, and fault

movement. Here n; = N, so Eq. 1.15 modifies as:
n(x) = NE(x)e (E®)t (1.16)

The luminescence intensity is proportional to the concentration of trapped electrons. By

using the value of E(x) from Eq. 1.13, the above equation can be written as:

L, = Lye~ 9%ote™ (1.17)

Where t is the exposure time, L, and L, are the luminescence intensity at saturation and at
depth x, respectively. This equation represents luminescence depth profile inside rock
surface. The variation of normalised residual luminescence profile with depth is shown in
Fig. 1.9, fitted with Eq. 1.17. The point of inflection of the luminescence profile is known

as bleaching depth (x;,,) and is used to estimate the exposure time as:

= ie“xip (1.18)

oo
The age model takes cognizance of a) the optical attenuation coefficient of the rocks, b)
daylight photon flux at the surface of the rock, c) the photoionization cross-section of the
electrons and d) charge trapping probability. The model assumed that the optical
attenuation coefficient is wavelength independent and the daylight flux is independent of
wavelength. In addition, the trapping probability is negligible compared to detrapping and

hence, neglected for terrestrial samples (Sohbati et al., 2012a).
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Fig. 1.9: Variation of luminescence profile with depth at different exposure times (graph taken from
Sohbati et al, (2012a).

1.1.6 Challenges
1.1.6.1 Burial dating

Luminescence signals from K-feldspar are prone to anomalous fading and can lead to
underestimation in ages if not properly accounted. Various correction methods, such as
measurement of the fading rate or employing correction models, are employed to mitigate
this issue, but it remains a challenge to accurately quantify and correct for the anomalous
fading in K-feldspar luminescence dating. Therefore, pIRIR-SAR protocol, which probes
the signal with minimal fading of K-feldspar, is a valuable technique for estimating the age
of sedimentary deposits. Li et al. (2011) reported that with the increase in stimulation
temperature of IRSL, the bleaching rate and the dose saturation limit decrease. Therefore,
high stimulation temperature IRSL probes the slowly bleachable charges, which gives high
residual doses even after several hours to tens of hours of exposure to unfiltered daylight
for pIRIR-SAR (Duller, 1991; Liu et al., 2016; Yi et al., 2016; Colarossi et al., 2018; Li
and Li, 2011; Li et al., 2014b). The residual dose is subtracted from the estimated dose to
obtain the actual dose. However, it has been found that residual dose subtraction leads to

the underestimation of the true De values (Li et al., 2013).

In the past, there have been many attempts, both theoretical and experimental, to understand
the luminescence mechanism of K-feldspar, which has enriched our understanding
significantly. Most studies use the blue detection window (320-520 nm) to measure the

IRSL. Other emission bands of K-feldspar have also been explored (e.g., Biswas et al.,
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2013; Duller, 1997; Jain and Singhvi, 2001; Kalita and Chithambo, 2022; Kumar et al.,
2020; Thomsen et al., 2008), but their use in routine dating has been limited. Therefore,
other spectral regions of feldspar need to be explored for their athermal stability. Further,
the dosimetric properties of the use of stable signal, need to be explored for their use in

luminescence dating.
1.1.6.2 Rock surface exposure dating

Luminescence rock surface exposure dating (LRSED) technique is in a developmental
stage. LRSED technique is mainly based on luminescence depth model fitting (Eq. 1.17)
and is highly sensitive to attenuation coefficient and de-trapping rate. The luminescence
depth model has some assumptions, a) trap filling rate is negligible during daylight, b) the
attenuation coefficient is independent of wavelength and depth, and ¢) a¢,, is independent
of wavelength. The first assumption is only valid under the low dose rate environments.
Using a correlation between p from direct measurement and p estimated from the fitting of
IR at 50 °C and pIRIR at 225 °C profile, Ou et al. (2018) reported that p is different for
both IR at 50 °C and pIRIR at 225 °C signal. Previous studies have estimated o¢, only for
IR at 50 °C signal not for pIRIR at 225 °C .

For fitting of the data, previous studies (e.g., Freiesleben et al., 2015; Sohbati et al., 2012b)
used first order kinetics (FOK) for data fitting of IRSL of feldspar. This assumption is true
for quartz but not for feldspar. In feldspar, retrapping of the charges to the principal trap is
observed (Bailiff and Poolton, 1991). In feldspar, there is a certain probability that an
electron from the conduction band can become trapped again in the electron trapping
centres, and this process is known as retrapping. The recent studies by Freiesleben et al.
(2022) and Biswas et al. (2023) have suggested the use of general order kinetics (GOK) for

feldspar as it incorporates the retrapping of charges.

To estimate the parameters (W, a¢,) of the luminescence depth profile model, two methods
have been used a) using the first principle and b) calibration with a known age sample. The
parameters estimated from the first principle were not physically realistic, particularly for
o, (Sohbati et al., 2011). In the second approach, calibration of the model with a known
age sample was used for the estimation of the parameters. A calibration sample is a sample
with a known age collected from the site of sampling. This sample is used to determine
model parameters such as the detrapping rate and attenuation coefficient of the rock

samples. These estimated parameters were then used to find the unknown ages of samples,
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provided both samples have the same geological conditions, i.e., lithology, compositions,
and opacity. This technique gives reliable ages for younger samples (< 1 ka). The
theoretical modelling has suggested that LRSED can potentially be used for samples up to
1 Ma (Sohbati et al., 2012a). However, studies are limited for older samples due to the
difficulties in finding suitable calibration samples, and underestimation in the exposure
ages has been reported (Galganic et al., 2018; Freiseleben et al., 2023). The mineralogical
composition of the rock can significantly affect the luminescence depth profile (Meyer et
al., 2018). Hence, in heterogeneous rocks, a slight change in depth can considerably change
the calculated ages. Very recently, Andricevi¢ et al. (2023) reported that cracks observed
in the rocks significantly affect the light flux. Several other geological factors, such as
desert varnish (an orange-yellow to black coating on exposed rock surfaces) and erosion,
can significantly affect the luminescence depth profile. All these parameters need to be
considered in the experimental and model fitting approaches for the application of older

samples.
1.1.7 Objectives of the present thesis

This thesis focuses on using multispectral luminescence studies to circumvent the athermal
fading issue in the K-feldspar and its implication for robust dating protocol and rock surface

exposure dating.
The objectives of the thesis were:
1. Investigation of different spectral regions of feldspar to explore low fading signals.

2. Development of dating protocols for signals identified with minimum fading for

routine dating.

3. Establishing rock surface dating methodology and carrying out a comparative study
of new and previously used signals to explore the potential of applicability of

luminescence surface exposure dating for glacially polished samples.

Due to the potential of K-feldspar to increase the luminescence dating limit, this thesis
explored several possible combinations of stimulation wavelengths and detection windows
in order to identify the optimum configurations that could provide a signal with minimal
athermal fading. The post violet infrared stimulated luminescence (pVIRSL; IRSL at 100
°C after violet bleach at 50 °C) has a near zero fading. Therefore, the thesis developed the

single aliquot regenerative dose protocol for pVIRSL (pVIR-SAR) and explored the
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mechanism for the pVIRSL. In the pVIR-SAR, the violet stimulation bleached signal from
other minerals such as quartz, and hence the followed photo-transferred IRSL yielded
signal only from feldspar. The protocol thus offers the advantage of dating the particular
samples where feldspar cannot be fully separated from quartz, i.e., when feldspar is present
in quartz as inclusion, polymineralic fine grains, and a small amount of sample (e.g., rock
surface exposure studies). Therefore, the thesis explores the applicability of pVIR-SAR for
samples of such kinds. The final objective of the thesis is to explore the potential
applicability of LRSED for old glacially polished samples with desert varnish. The effect
of desert varnish is studied on the samples and the challenges faced in dating them were
explored. The suitability of existing methods for rock surface dating, their limitations, and
geological factors affecting the luminescence depth profiles along with the model fitting
parameters are explored and discussed.

1.1.8 Thesis outline

During my doctoral research, the mechanism of luminescence in feldspar was investigated,
and the traps and recombination centres responsible for luminescence in feldspar were
studied. It was established that post-violet IR stimulated luminescence (pVIRSL) is non-
fading and has desirable luminescence properties for dating applications. Furthermore, a
single aliquot regenerative dose protocol for pVIRSL (pVIR-SAR) was developed and its
applicability to museum samples, natural specimens, and polymineral samples was
demonstrated. Additionally, the potential of IRSL and pVIRSL (new signal) for surface

exposure dating of glacially polished rocks from the Himalaya was examined.

The thesis comprises of seven chapters, which details the background of the work, the
experimental techniques pursued, characterization of the new signal, and development of
pVIR-SAR protocol and its performance and application for luminescence of surface
exposure dating. The following provides the chapter-wise outline and the content of

individual chapters.
Chapter 1: Introduction

The chapter discusses the motivation, objective, and outlines the structure of this thesis. It
introduces the basics of luminescence and its mechanism using the band model and then
discusses the applications of luminescence in archaeological and geological sample dating
using quartz and feldspar. The use of luminescence for sediments and exposed rock

surfaces dating is then discussed.
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Chapter 2: Experimental Details and Methodology

This chapter discusses the instrumentation techniques for luminescence dosimetry and
dating. The system used for dosimetry in this thesis comprised of commercial Risg
TL/OSL readers with a detection and stimulation head (DASH) comprising of a software
controlled facility for the use of light emitting diodes (LEDs) emitting in various spectral
regions and an automated detection filter changer assembly (Lapp et al., 2015). Further,
the chapter details the laboratory procedures followed for sample preparations along with
different types of protocols used for measurements. This includes a methodology for
fading rate estimation and measurement protocol for the estimation of annual dose using a
high purity germanium (HPGe) detector. The chapter also discusses different analytical
techniques, such as Electron Dispersive Spectroscopy-Scanning Electron Microscope
(EDS-SEM), and X-ray Diffraction (XRD) used for mineralogical/petrological analysis.

Chapter 3: Multispectral Studies in K-Feldspar

This chapter discusses the experimental results of fading rates using varying combinations
of single and double stimulations and luminescence detection windows. The chapter
reports athermal fading rates in K-feldspar grains extracted from sediments of varied ages,
depositional environments and provenances. Multiple combinations of stimulation and
emission spectral regions helped to identify an optimum combination that provided a
luminescence signal (pVIRSL) with minimal athermal fading. The stimulation
wavelengths were infrared (855 + 33 nm), green (525 + 30 nm), blue (470 + 20 nm), and
violet (405 £ 15 nm), and detection windows comprised of broad-UV (260-400 nm),
narrow-UV (327-353 nm), and blue (320-520 nm). Athermal fading rates using both
single stimulation and sequential double stimulation combinations were measured. For
single stimulation, the average fading rates (gav) ranged from 6.6 to 7.9% per decade.
Sequential double stimulation comprising post green-blue (pGB), post blue-violet (pBV),
post blue-IR (pBIR), and post violet-IR (pVIR) gave fading rates ranging from 2.0 to 0.0%
per decade. The minimum fading rate value of gav = 0.0 £ 0.1% per decade was obtained
for post Violet Infrared stimulation, which is a new signal for dating the sediments. These
results are discussed in detail in this chapter. The results in this chapter were published in
Radiation Measurements DOI: https://doi.org/10.1016/j.radmeas.2022.106804.

Chapter 4: Post Violet-Infrared Stimulated Luminescence (pVIRSL) Dating Protocol
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This chapter explored the mechanism and suitability of the post violet IRSL (pVIRSL)
signal for dating applications. Experiments to explore the source traps responsible for the
pVIRSL signal, the electron transfer processes, and the nature of recombination centres,
were conducted. An optimized Single Aliquot Regeneration dose protocol using pVIRSL
was developed and its successful application was demonstrated on samples with varied age

ranges and depositional environments.

Results obtained in this chapter suggest that pVIRSL is a recuperated signal arising from
the eviction of charges from deep traps by violet stimulation following their recapture by
the IR trap. The methods, therefore, probe the deep traps through a charge transfer process.
The pVIRSL fulfils all the criteria for the use of a SAR protocaol, i.e., rapid bleaching (<
10% in 60 min of daylight exposure), recuperation (<5%), reproducibility (within 10%),
and dose recovery (within 10%). A post violet IR single aliquot regenerative dose (pVIR-
SAR) protocol was tested for several K-feldspar samples from varied depositional
environments and ages in the range of 6-286 ka. The results accorded with the independent

ages.

This work IS published in Quaternary Geochronology. DOl:
https://doi.org/10.1016/].quageo.2023.101487.

Chapter 5: Application of pVIR-SAR Protocol for Polymineral Natural Samples

This chapter discusses the potential of pVIR-SAR protocol for polymineralic fine-grained
and coarse-grained samples. The pVIR-SAR enables the dating of polymineralic samples,
as violet stimulation bleaches signal from quartz and permits probing of pVIRSL signal
from feldspar. The protocol therefore, offers the advantage of dating the samples where
feldspar cannot be fully separated from quartz, i.e., when feldspar is present in quartz as
inclusion or polymineralic fine grains, and minute quantities of sample is available for the
rock surface exposure dating. The applicability of pVIR-SAR for samples from such cases
was explored. Use of pVIR-SAR protocol on varied samples, provided ages of dating
polymineralic fine-grained and coarse-grained sediments from 2 ka to ~68 ka. These ages
were consistent with geological reasoning and available age controls. The work suggests
that mineral separation can be dispensed if pVIRSL is used for measurements of sediments

and rock samples.

This study also investigated the bleaching behaviour of different grain size for fluvial

samples and their impact on the precision of age. Results demonstrate that coarse grain
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feldspars exhibit poor bleachability and can lead to overestimation of ages. Further, for the
fluvial samples, analysis of polymineral fine-grain samples using both pVIR-SAR and
PIRIR-SAR reasonably accorded with an expected error of 10% or 20% in the obtained
ages. Thus, it is suggested that the use of pVIRSL will be valuable for samples where
quartz grains have low sensitivity and feldspars show inadequate bleachability, as is the

case for samples from the Himalaya and Antarctica.

The work presented in this chapter will be submitted shortly as Devi et al. (in preparation).

Chapter 6: An Attempt to Date Glacially Polished Samples using Luminescence Surface

Exposure Dating

This chapter discusses the results of studies examining the potential use of rock surface
dating to glacially polished samples with age controls (Ganju et al., 2018). The results
brought to the fore possible complications that may arise in this application. In this study,
the sensitivity of the model to different parameters was examined, and the results obtained
were different from the expected ages. Possible reasons for such a discordance were
examined. These included the role of desert varnish and structural micro-cracks inside the
rocks that modify the apparent transparency of the sample and luminescence depth profiles.
Scanning electron microscope with electron dispersive spectroscopy (SEM-EDS) analysis
showed the presence of desert varnish and cracks in the rock samples. The calibration
sample, however, had no desert varnish or cracks, suggesting that the parameters estimated
from the calibration sample could not be used for age estimations. A survey of potential
factors that could be affecting the depth profile of luminescence signal for the dating is

discussed.

The work presented in this chapter is being prepared for publication and will be submitted

as Devi et al.
Chapter 7: Summary and Future Prospects

This chapter summarizes the results presented in all the chapters discussed earlier and

provides few suggestions for future studies.
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Chapter 2

Instrumentation and Experimental
Methods

2.1 Introduction

In Chapter 1, we discussed the mechanism of luminescence and its use in dosimetry and
dating. The current chapter serves as a bridge between the theoretical concepts discussed
in the first chapter and the practical aspects of luminescence dating. In this Chapter, an
overview of different instruments used to measure dose and dose rates is provided. The
working principle of a TL/OSL reader for the measurement of equivalent dose is discussed,
along with the details of a high purity germanium (HPGe) detector for the measurement of
the concentration of radioactive nuclides. Additionally, the principles of X-ray diffraction
(XRD) and scanning electron microscope with electron dispersive microscopy (SEM-EDS)
used for mineralogical and petrological studies are discussed. The chapter also discusses
the sampling methodology and the chemical treatments for extraction of minerals (both fine
and coarse grains) of interest. Detailed discussions on the methodologies for dose and dose
rate estimations are presented. Methodologies used to estimate fading rates and various

corrections applied in luminescence ages are discussed.

2.2 Instruments

To estimate luminescence ages, the following instruments are used:

1. TL/OSL reader for the measurement of equivalent doses.
2. HPGe detector for the measurement of concentration of natural radioelements.
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2.2.1 TL/OSL reader equipped with detection and stimulation head
(DASH) system

The thermoluminescence/optically stimulated luminescence (TL/OSL) reader is cardinal to
the measurement of the luminescence signals emitted by the sample. All luminescence
measurements were carried out in ‘Risg TL/OSL DA-20 Readers’. This system comprises
three units: a) the TL/OSL reader unit, b) a controller that interfaces the TL/OSL reader
with a PC, and c¢) a PC equipped with the required software programs, viz., the sequence
editor and the control program (Fig. 2.1a). The TL/OSL reader comprises three parts:
stimulation unit, light detection unit, and irradiation unit. The reader contains a software
controlled system known as detection and stimulation head (DASH) (Lapp et al., 2015).
DASH comprises the facility to change stimulation LEDs and detection filters through a
software driven control. The software permits the choice of sequence, preheat and
irradiation in a desired sequence. A schematic of the luminescence measurement system in
the reader is shown in Fig. 2.1b. The system allows 48 samples to be analyzed multiple

times in varied ways within a single run.

Detection Filter

Fig. 2.1: a) The setup used to perform experiments was ‘The Riso TL/OSL Reader’ and b) schematic

of measurement system in TL/OSL reader.

2.2.1.1 Stimulation

The TL/OSL reader provides controlled and reproducible heating (for TL) and controlled
exposure to light (for OSL) of a sample. The stimulation system consists of two units: a)
Heating and b) Light stimulation.
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2.2.1.1.1 Heating system

The heating system comprises a Kanthal or Nichrome heating plate, universally used for
resistive heating. In the Risg reader, the heating element has two functions: a) lifting the
sample into the measurement position and b) heating the sample. Typically, this heating
system can heat to 700 °C at predefined software controlled heating rates in the range of
0.2 to 10 °C/s. In order to reduce the thermal delay between the transfers of heat from the
heater plate to the aliquot to grains, a heating rate was kept at 2 °C/s. The heat transfer was
further facilitated by continuously flowing ultrapure nitrogen. To ensure accurate
temperature control, a Chromel-Alumel thermocouple based feedback loop was employed
that controlled the heating at a desired rate. This system enabled a reproducible heating rate

to within 1%. The temperature is increased at a constant rate.
2.2.1.1.2 Light stimulation system

The light stimulation system provides a controlled and reproducible optical stimulation to
the sample. The stimulation system includes light-emitting diodes (LEDs) and laser diodes
that provide the required optical stimulation. The choice of a light source depends on the
specific needs of the research and the sample being analyzed. Typically, for the stimulation
of quartz, blue LEDs emitting at around 470 nm and green laser light from Nd:YAG
sources at 525 nm were employed. For feldspars, infrared LEDs emitting at either 880 nm

or 930 nm were used.

The automated DASH system comprises four different stimulations: IR (855 + 33 nm),
Green (525 = 30 nm), Blue (470 + 20 nm), and Violet (405 + 15 nm). The emission spectra
of each stimulation source are shown in Fig. 2.2a. Long-pass filters are employed in front
of each LED to reduce the incidence of directly scattered stimulation light from reaching
the light detection system. The filters used in front of LEDs are a) GG420 in front of blue
LEDs, b) GG475 in front of green LEDs, ¢) RG780 in front of IR LEDs, and d) AHF F49-
402 and ITOS GG395 in front of violet laser diode.

The light stimulation system offers the following operating modes:

1. Continuous wave (CW) mode with an intensity range of 0-100%.
2. Linear modulated (LM) mode with an intensity range of 0-100%.
3. Pulsed (POSL) mode with adjustable on/off times starting from 5 ps with a 0.1 ps

resolution.
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In this thesis, blue stimulation was applied for quartz, while IR, green, blue and violet
stimulations were employed for feldspar. All stimulations were used in continuous wave
mode, and the light intensity remained constant during and between repeated

measurements.
2.2.1.2 Detection unit

The detection unit measures the luminescence emitted by a sample. The reader is equipped
with photomultiplier tube (PMT) with a suitable combination of detection filters provided
in DASH to measure luminescence from the irradiated sample. The TL/OSL reader has a
blue/UV sensitive quartz window bialkali PMT (ET 9107B) with spectral response in near
UV to red wavelength region (160-630 nm). The PMT has a maximum detection efficiency
between 200 and 400 nm. The PMT is operated in photon-counting mode to provide an
improved signal to noise ratio. Photons striking the photocathode are converted to electrons
that interact with dynodes, and secondary electrons are generated. The PMT multiplies the
photon received to provide a measurable signal. To discriminate the stimulation light
entering the PMT, optical filters are used in front of the PMT. The intensity of the
stimulation light is approximately 18 orders of magnitude greater than the emitted
luminescence (Riso TL/OSL reader manual). To effectively measure the emitted
luminescence, it is necessary to employ detection filters to block any scattered stimulation
light from reaching the PMT. Additionally, it is essential to ensure a clear separation
between the spectrum of stimulation and detection windows. The filters employed were
Hoya U-340, Schott BG3, Schott BG39, and Semrock Brightline HC 340/26 nm. These
filters are used in combination as 260-400 nm (Hoya U-340 (broad-UV)), 327-353 nm
(Hoya U-340 + Semrock Brightline HC 340/26 (Narrow-UV)), and 320-520 nm (Schott
BG-39 + Schott BG-3 (Blue)). Transmission spectra of the detection filters are shown in
Fig. 2.2b. An automated DASH system incorporates a filter changer, enabling the seamless
switching of stimulation filters (with 4x4 filter combinations available) within a
measurement sequence. The detection filter changer comprises two filter changer wheels,
each capable of holding up to four detection filters, allowing for a maximum of 16 filter
combinations to be used in any given measurement sequence. The filter changer facilitates
the automatic choice of detection filters throughout a measurement sequence. These
detection filter changers accommodate individual or stacks of filters, with a maximum

thickness of 7.5 mm and a diameter of 25 mm.
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Fig. 2.2: Different excitation and detection windows a) Emission characteristics of the stimulation
LEDs and violet laser diode. Stimulations were carried out using 850 nm IR, 525 nm green, 470
nm blue LEDs, and 405 nm violet laser. b) Transmission characteristics of three different detection
filter combinations. Detection were appropriately made through 260-400 nm [U-340 (Broad-UV)],
327-353 nm [U-340 + brightline 340/26 (Narrow-UV)], and 320-520 nm [BG-39 + BG-3 (blue)]
transmission windows. (Emission data of LEDs were taken from the Risg product catalogue 1811a.
The data on transmission spectra of different filters were taken from https://hoyaoptics.com/wp-
content/uploads/2019/10/U340.pdf).

2.2.1.3 Irradiation Unit

The irradiation unit in a TL/OSL reader irradiates samples through a beta source in a
controlled manner. Risg TL/OSL reader is equipped with a ceramic *°Sr/*°Y beta source
(end point energy of 2.27 eV) having a half-life of 28.5 years. The long half-life and
compactness of the beta source enable ease of its use. The dose rate calibration of the
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system is done using a calibration quartz sample supplied by Risg National Laboratory,
Technical University of Denmark, Denmark. A 0.125 mm thick beryllium window between
the irradiator and the measurement chamber is used to serve as a vacuum seal for the
measurement chamber. The current dose rate for quartz coarse grains (90-150 um) of the
source is 0.094 Gy/s on a stainless steel disc. Similarly, the beta source is calibrated for
fine grain (4-11 pm) measurements on aluminum discs, and the corresponding dose rate is
0.065 Gyl/s.

For alpha efficiency measurements, a six seater alpha irradiator with 2*!Am alpha source
having a half-life of 432.6 years is used. “*Am exhibits a combination of alpha and gamma
emissions. The primary alpha energy is 5.49 MeV, constituting 85.1% of its emissions,
while the dominant gamma energy is 59 keV. Because the alpha particles emitted by **Am
have a short range (~20 pum), all the measurements were made in vacuum to reduce the

attenuation of alpha particle energy from the air (Singhvi and Aitken, 1978).
2.2.2 High purity Germanium (HPGe) detector

High purity Germanium (HPGe) detector was used to estimate the concentration of
radioactive nuclides present in the sediment sample, which is used for the estimation of
dose rate. HPGe contains a particle detection and counting system. HPGe is a high
resolution semiconductor diode featuring a p-i-n structure based gamma spectrometer. In
this configuration, the intrinsic (I) region within the detector is responsive to ionizing
radiations (gamma rays). These are manufactured from ultrapure germanium (impurity
concentration ~ 10'° atoms/cm?®) and have depletion depths of several centimetres. If the
remaining low-level impurities are acceptors, the electrical properties of the semiconductor
are mildly p-type. Alternatively, if donor impurities remain, then n-types is the result.
Generally, for gamma spectrometry HPGe detectors in coaxial shape are preferred as they
provide large active volumes (up to 800 cm®) (Knoll, 2010). Electrodes are created on the
surface of the germanium crystal. For coaxial detectors, a central p-type electrode is
formed, surrounded by n-type outer electrode. The HPGe detectors are fabricated from P-
type germanium with an outer contact of diffused Li and an inner contact of ion-implanted
boron. HPGe detectors are typically operated at cryogenic temperatures, usually around 77
K, using liquid nitrogen. To reduce background radiation interference, HPGe detectors are
housed within lead shields.
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Fig. 2.3: Block diagram of HPGe detector.

The working schematic of HPGe is shown in Fig. 2.3. As photons interact with the material
within this depleted volume, they generate charge carriers, which include holes and
electrons. The applied high electric field (reverse bias) allows the electrons and holes to
move in opposite directions toward the respective electrodes. The electrodes are connected
to a preamplifier, which amplifies the electrical signals. The amplified signal is further
processed by pulse shaping electronics, which is then sent to a spectroscopy amplifier that
amplifies the pulses and filters out unwanted noise. Signals are sent to a multichannel
analyser, which digitizes the pulse amplitudes and assigns them to specific energy bins. It
creates a histogram of pulse amplitudes, generating an energy spectrum that represents the
distribution of gamma ray energies. To identify and quantify the radioactive isotopes in a
sample, the energy spectrum is compared to calibration standards. By comparing the
intensities of the gamma ray peaks from the sample to the intensities of the corresponding
peaks in the calibration spectrum, the concentrations of radioactive isotopes in the sample

are estimated.

2.3 Petrological Analysis

Petrological analysis is essential to reveal the mineral constituents of rocks, which help to
determine the types and relative proportions of minerals present. In the present thesis,
samples were characterised using X-ray diffraction (XRD) and scanning electron
microscope with electron dispersive microscopy (SEM-EDS). This detailed analysis with
XRD and SEM-EDS helps us better understand the minerals in the rock samples. The
details of the instruments are provided below:
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2.3.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) technique is used to determine the atomic arrangement in the
crystalline materials and hence identify a mineral or compound based on lattice structure.
The XRD measurements were carried out at Physical Research Laboratory, Ahmedabad. It
is based on the principle that when X-rays interact with the crystal lattice of the sample,
they undergo scattering at specific angles due to interactions with the atoms in the crystal
lattice. The scattered X-rays interfere with each other, creating a diffraction pattern,
consisting of peaks at various angles. These peaks correspond to the crystallographic planes
and lattice spacing of the minerals present in the sample. The scattered waves interfere

constructively if the Bragg's law is satisfied:
nA = 2d sin(), (2.1)

where n is an integer (the order of the diffraction peak), A is the wavelength of the X-rays,
d is the distance between adjacent crystal lattice planes, and 4 is the angle between the
incident X-ray beam and the crystal lattice plane. A detector in the XRD instrument records
the diffraction pattern produced by the sample. The positions and intensities of the
diffraction peaks are used to identify the minerals present in the sample. The diffraction

pattern also provides information about the crystal structure and lattice parameters.

In the present thesis, XRD technique was used to characterize the type of feldspars. The
sample was powdered to a grain size of less than 10 um for better resolution, and about 600
mg of powdered sample was used for measurements. The sample was evenly distributed
onto a thin flat plate sample holder. The sample holder was placed in the XRD instrument's

sample chamber, and measurements were made.

2.3.2 Scanning electron microscopy with Energy dispersive spectroscopy
(SEM-EDS)

Scanning electron microscopy (SEM) is used to determine the mineral compositions and
high resolution images of rock samples used for surface exposure studies. The SEM-EDS
measurements were carried out at Physical Research Laboratory, Ahmedabad. It involves
the interaction of a focused high energy electron beam (a few hundred eV to tens of keV)
with the sample to produce images with high resolution. An electron gun (tungsten
filament) produces a narrow and coherent electron beam accelerated by applying a high
voltage, typically in the range of a few kilovolts to several tens of kilovolts.
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Electromagnetic lenses focus and shape the electron beam to a few nanometres to tens of
nanometres in diameter. When the electrons interact with the sample, secondary electrons
are emitted from the surface of the sample due to inelastic scattering and are the primary
source of image formation in SEM. The emitted secondary electrons are collected using the
semiconductor detectors. These signals are amplified and converted into electrical signals
and are fed into a computer, which processes the signals to generate a visual representation
of the sample surface and is used for surface imaging. SEM with Energy Dispersive
Spectroscopy (EDS) facility provides information about the elemental composition of a
sample, which is useful for material characterization. When the high-energy electron beam
from the SEM interacts with the atoms in the sample, it causes the inner-shell electrons of
the atoms to be ionized. The outer-shell electrons transition to the inner-shell vacancies,
releasing energy in the form of characteristic X-rays. The X-rays emitted by the sample
have characteristic energies specific to the elements present in the sample. The solid-state
detector (lithium-drifted silicon detector) produces the electrical pulses corresponding to
each emitted X-rays. The energy information collected from the X-rays is used to generate
an energy spectrum. Each peak corresponds to a specific element present in the sample. To
determine the elemental composition quantitatively, the intensities of the X-ray peaks are
typically calibrated using standards of known composition. This calibration allows for the

calculation of the concentration or weight percent of the elements present in the sample.

2.4 Luminescence Dating: Experimental Methods

As discussed in Chapter 1, when the minerals are buried and shielded from light, they begin
to accumulate dose from the ambient radioactivity. The rate of deposition of dose is
determined by the surrounding radioactive materials. By measuring the accumulated dose
and dose rate, the burial age of the sample or event can be calculated. Sediment materials,
such as sand, silt, and clay from the Quaternary period (the past ~2.6 million years), and
archaeological artefacts, such as ceramics and pottery, are commonly studied using

luminescence dating.
2.4.1 Sample collection

In luminescence dating, the selection of samples and collection procedures is most
important. Sedimentary deposits were carefully chosen to prevent the mixing of different

layers, reducing the risk of contamination from multiple geological or archaeological
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events. This careful process aims to maintain the order of sediment layers and ensure that
luminescence signals from samples truly represent their unique deposition history. Ideally,
the samples with specific grain sizes, ranging from 4 to 11 um for fine-grain and 90 to 150
um for coarse-grain, were preferred for the multigrain aliquot measurements. Sampling is
carried out under conditions of reduced ambient illumination, specifically in dim lighting
or within the spectral range of red light. To prevent any exposure to daylight, stainless steel
or aluminium light-tight pipes were used for the sample collection. Latitude, longitude,
elevation, and sample depth were noted precisely for each sample to estimate the cosmic

ray’s contribution to dose rate, a crucial factor in accurate age determination.
2.4.2 Sample preparation

In the thesis, various samples, including sedimentary, fluvial clay, volcanic ash, pottery,
brick, and rock samples were utilized. The Indian map showing the geological locations of
the all samples used in thesis is shown in Fig. 2.4. The selected samples encompassed
geographical locations across India. More details about the samples are provided in the
individual chapters. The sedimentary, fluvial clay, and volcanic ash samples were collected
using stainless steel pipes and opened under subdued red light (Chandel et al., 2006). The
top and bottom ~3 cm portion of sample of the pipe, which may have been accidentally
exposed to sun-light, was used for moisture content and radioactivity measurements. The
water content of the sample was measured immediately after the sample pipe was opened
to avoid any moisture loss caused by exposure to the air. To determine the water content,
the weight of the sample, both as received and in saturation, was measured, then the same
sample was dried and weighed. For radioactivity measurements, the sample was dried and
pulverized to talcum powder size. The powdered sample was sealed in an airtight holder
for more than three weeks to establish equilibrium in the radioactive decay series of 238U
and 22Th. Following this, the sealed sample was used for the estimation of the
concentration of radioactive elements present in the sediment. Radioactivity concentration
was measured in the High Purity Germanium (HPGe) detector. The standard used for
calibration is reported by Shukla et al. (2002).

A sediment sample in the interior of the stainless steel pipe was used for equivalent dose
measurements. Sample pre-treatment comprised a reaction with 1N HCI for 30 min and
30% H20- for one day to remove the carbonates and organic matter, respectively. These

carbonates and organic materials were expected to be post depositional and could result in
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spurious signals during the thermal and optical measurements. The following chemical

reaction takes place in the procedure:
2HCI + CaCO3 —»CaCl> + H20 + CO..

Depending on the availability of grain sizes, we have used two grain size fractions, viz.,
coarse grains (90-150 um) and fine grains (4-11 pm). The detailed sample preparation
process for these two fractions is discussed below:
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Fig. 2.4: Map of India showing the geological locations of all samples used in Thesis.
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2.4.2.1 Coarse grain

To obtain the coarse grains of size 90-150 um, the sample was dry sieved after the removal
of carbonates and organic material from the sample. The obtained grains were treated with
10% hydrofluoric (HF) acid for 10 min to remove any iron coating from the sample and
remove the alpha irradiated skin from feldspar (Goedicke, 1984). To dissolve the fluorides
precipitated during HF treatment, the sample was treated with 12N HCI for 30 min. The
iron coating facilitated the separation of quartz and feldspar. While quartz is diamagnetic,
the presence of the Fe coating makes it behave as paramagnetic. The quartz and K-feldspar
grains were separated using Frantz® magnetic separator at magnetic fields of ~7 and ~18
kGauss (Porat et al., 2015). Some samples were separated using sodium polytungstate (p
= 2.65 g/cm? for quartz and p = 2.58 g/cm?® for feldspar) and these samples underwent HF
treatment only after the separation process. The quartz and feldspar grains were etched with
40% HF acid for 80 min and 10 min, respectively (Goedicke, 1984). Again, 12N HCI
treatment was provided for 30 min to dissolve the insoluble fluorides. Quartz purity was
tested using IR stimulation. The sample with an OSL IR depletion ratio within 10% of unity
was considered for quartz measurements (Duller, 2003). The obtained quartz and feldspar
samples were mounted on the stainless steel discs using silicon spray and used for

luminescence measurements.
2.4.2.2 Fine grains

For brick, pottery, and volcanic ash samples, 4 to 11 um (fine grains) grain size was used.
For pottery and brick, the upper few millimetre of outer skin, which may have been exposed
to daylight, was removed and used for dose rate measurements. The interior was used for
the equivalent dose estimation. After the removal of carbonates and organic material, the
sample was treated with 0.01N sodium oxalate solution to deflocculate the fine grain size
particles, which may have coagulated due to static charges. The desired grain size of 4 tol1
pm was obtained using the Stokes Law. The sample solution was added in the 6 cm column
of alcohol, and grains present in the suspension were obtained using gravity settling for 1.5
min. The obtained grains have size of less than 11 um. Further, this solution was mixed
with alcohol in the 6 cm column, and the sample obtained from the bottom part of the
column solution after the gravity settling for 15 min contained the fine grains with size 4
to 11 um. To make a single layer of the sample on a clean aluminium disc, we mixed the

solution with alcohol until it became translucent. The 1 ml solution of sample and 1 ml
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alcohol was added in the glass vial of diameter 1 cm, this vial also contained aluminium
disc. The sample was dried in the oven at a temperature of 45 °C for 2-3 days. The
luminescence signal was measured from the polymineral sample due to the difficulty in the
separation of minerals from fine grain size samples. Therefore, IRSL was used for feldspar

measurements as only feldspar responds to IR stimulation (Hditt et al., 1988).
2.4.2.3 Rock surface exposure dating

To determine the ages of exposed rock surfaces using luminescence dating, samples from
the Nubra Valley in Ladakh, Himalaya were collected. These rock samples were wrapped
in aluminium foil immediately after collection in the field to shield them from exposure to
light. Samples were prepared for measurements under the red subdued light. The cores were
extracted, leaving a 3 cm distance from the edges of the rock samples, in order to prevent
contamination from the light-exposed surfaces. Using a water-cooled diamond-tipped core
drill, the cylindrical cores with a diameter of 10 mm and a length of approximately ~30 mm
were extracted from the rock samples. These cores were then sliced into pieces ~1.0 mm
thick using a water-cooled diamond wafer saw which itself was 300 pum thick. This resulted
in a net slice spacing of about 1.3 mm. The slices were crushed in alcohol to prevent
luminescence loss due to heating. The grains of size 90-150 um were then treated with 10%
HF for 10 min to remove the alpha irradiated surface layer, weathering products, and Fe-
coatings. HF etching was followed by a treatment with 37% HCI for 30 min to convert the
fluorides into water soluble chlorides and were washed. The sample was dried at 45 °C and
used for luminescence measurements. The dried samples were then placed on the stainless-

steel discs using the silicon oil and mounted in the TL/OSL reader for the measurements.
2.4.2.4 Sample preparation for SEM-EDS measurements

The sample preparation steps for SEM-EDS measurements are shown in Fig. 2.5. Cores of
diameter 1 cm and length 2 cm were drilled from the rocks and placed into aluminium
holders of 2.5 cm diameter. A solution of epoxy and hardener, mixed with Milli-Q water at
a ratio of 20 parts epoxy to 9 parts hardener, was poured into the moulds containing the
cores and left overnight to settle. The sample was gently removed using alcohol, and its
surface was polished using fine-grained sandpaper grade. To achieve the desired level of
surface quality, the polished samples underwent a series of polishing steps using different
polishing clothes with varying abrasiveness starting from 3 um to 0.25 um. Each polishing

step lasted for 3 hours. This process continued until the surface was shiny and reflective.
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Finally, all the polished samples were cleaned in Milli-Q water for 10 min in an ultrasonic
bath to remove any contaminants from the epoxy. To avoid charging effects during

imaging, a 25 pum thick gold coating was applied using vacuum evaporation.
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Fig. 2.5: Sample preparation steps for SEM-EDS measurements.

2.5 Methodology

Luminescence measurements were carried out in a commercial Risg-TL/OSL DA-20
reader with a DASH system comprising a set of stimulation LEDs and detection filters
(Botter-Jensen et al., 2010; Lapp et al., 2015). Details of stimulation and detection windows

are presented in subsection 2.2.1.
2.5.1 Dose estimation

The equivalent dose (De) is the laboratory beta dose, which induces a signal intensity in
the sample similar to that of the sample as received (natural signal). Methods for De
estimation can broadly be classified into two categories: a) the additive dose and b) the
regenerative dose methods. The multiple aliquot additive dose (MAAD) method uses
several identical aliquots of the same sample (Aitken, 1985; Singhvi and Wagner, 1986;
Ward et al., 2003). In order to obtain an equivalent dose, these aliquots are divided into
several identical aliquots and given known laboratory doses in addition to natural doses
ranging from zero, B1, B2, B3 ...pN. A growth curve is constructed by plotting the
luminescence signal against the applied doses. The De value is determined by analysing the
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growth and extrapolating it to the negative x-axis. Various normalization methods were

used for normalization between aliquots.

Single aliquot regenerative dose (SAR) protocol is widely used for De estimation (Murray
and Wintle, 2000). It involves multiple measurements on the same aliquot with due care
for changes in luminescence sensitivity. The SAR protocol is the preferred approach
because it allows for the exploration of various heterogeneities within samples, thereby
enabling more precise age estimation and enhanced accuracy. In this thesis, SAR protocol
IS used.

2.5.1.1 A single aliquot regenerative dose (SAR) protocol

SAR method was suggested by Murray and Roberts (1997) and later improved by Murray
and Wintle (2000). A visual depiction of the steps followed in SAR protocol is displayed
in Fig. 2.6a. In SAR protocol, De is estimated on a single aliquot with the assumption that
the luminescence behaviour during laboratory and in nature is similar and any change in
luminescence response during measurement can be corrected using test dose normalisation.

In SAR protocol, natural intensity of samples is recorded, and then, a dose response curve

Natural Sample
|
__|Preheat (220 °C, 10's) 6 ' ' ' ' —
! (1St
BSL (125 °C, 40s) |1 2"
— :/ 4 L
= 1
S &
- Test dose Z 3N
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= | |Preheat (220 °C, 10's) g | E
RO De o
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Laboratory dose (Gy)

Fig. 2.6: a) Single aliquot regenerative dose (SAR) protocol for equivalent dose estimation. b) De

value estimation using SAR protocol.

is constructed using regenerative doses in incremental order (Fig. 2.6b). The De is estimated

by interpolating the natural luminescence of the sample to the regeneration growth curve
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generated through a cycle of measurements. A preheat is applied before every regenerative
dose to remove the charges that are not stable during their geological antiquity and their
lifetimes are less than or nearly same of age of the sample (Roberts et al., 1994; Murray
and Wintle, 1999). The preheat temperature is determined using preheat plateau test
(Murray and Wintle, 2000). In the preheat plateau tests, the SAR doses are estimated using
different preheat temperatures and the estimated doses are plotted with preheat temperature.
The region of temperatures where the plateau of doses occurs is used as for preheat
temperature. Any change in luminescence sensitivity during the repeated cycles of
preheating, optical stimulation, and irradiation is corrected using a test dose after each
regeneration dose. It is assumed that any sensitivity change during the repeated
measurement cycles gets reflected in the test dose luminescence. Therefore, normalising
the luminescence signal with the test dose signal corrects it for any sensitivity change

occurring during measurements.

Dose response curves are constructed by using three doses for regeneration. Two additional
doses are given to test for the robustness of the correction procedure of the SAR protocol.
An identical regeneration dose is administered twice to assess the validity of sensitivity
correction through a test dose. This is referred to as the recycling ratio, which should ideally
lie within 10% of unity (Murray and Wintle, 2000). In the second test, the thermal transfer
of charges is tested by administering a zero regeneration dose. The ratio of luminescence
signal at zero dose to natural dose gives the amount of thermal transfer and is known as

recuperation, and it should be less than 5% (Murray and Wintle, 2000).

D. measurement steps using SAR protocol for blue stimulated luminescence (BSL-SAR),
IRSL (IR-SAR), and post IR IRSL (pIRIR-SAR) are shown in Tables 2.1, 2.2, and 2.3,
respectively. The exact procedures for De measurements for different samples are provided

in the relevant section.
2.5.1.2 Natural correction factor (NCF)

The SAR protocol addresses the sensitivity changes that occur during each regeneration
cycle of the measurement. However, when measuring natural OSL, sensitivity fluctuations
can be problematic. The standard SAR protocol works well if both the OSL measurement
and the consecutive test dose OSL are conducted under identical sensitivity conditions or
if they experience the same level of sensitivity change during these two consecutive

measurements within each cycle. However, natural OSL is typically measured under
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laboratory sensitivity conditions, while immediate test dose OSL is measured under
controlled laboratory conditions. In this modified protocol, Singhvi et al. (2010) introduced
an adapted SAR protocol known as NCF-SAR. This modified protocol involves additional
steps, such as measuring the sensitivity of the 110 °C peak both before and after the natural
OSL measurement following a test dose. The ratio of two TL peaks (after/before) is then
multiplied by the intensity of natural OSL (Ln/Tn). Subsequently, the modified sensitivity-
corrected natural point is interpolated on the regeneration growth curve to determine the
De. Further details of the protocol can be found in Singhvi et al. (2011) and Chauhan et al.
(2015).

Table 2.1: Parameters of the BSL-SAR protocol (Murray and Wintle, 2000).

Step Treatment Observed measurement

1 Natural signal

2 Preheat, 10 s at 220 °C Removes thermally unstable signal
3 Blue stimulation, 40 s at 125 °C Lx (measured luminescence)

4 Test dose

5 Preheat, 10 s at 220 °C Removes thermally unstable signal

6 Blue stimulation, 40 s at 125 °C Tx (measured test dose luminescence)
7 Blue stimulation, 100 s at 200 °C Bleach

8 Give dose and return to step 2

Table 2.2: Parameters of the IR-SAR protocol (Wallinga et al., 2000).

Step Treatment Observed measurement

1 Natural signal

2 Preheat, 60 s at 250 °C Removes thermally unstable signal

3 IR stimulation, 100 s at 50 °C Lx (measured luminescence)

4 Test dose

5 Preheat, 60 s at 250 °C Removes thermally unstable signal

6 IR stimulation, 100 s at 50 °C Tx (measured test dose luminescence)
7 IR stimulation, 200 s at 100 °C Bleach

8 Give dose and return to step 2
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Table 2.3: Parameters of the pIRIR-SAR protocol (Buylaert et al., 2009).

Step Treatment Observed measurement

1 Natural signal

2 Preheat, 60 s at 320 °C Removes thermally unstable signal

3 IR stimulation, 100 s at 50 °C

4 IR stimulation, 100 s at 290 °C Lx (measured luminescence)

5 Test dose

6 Preheat, 60 s at 320 °C Removes thermally unstable signal

7 IR stimulation, 100 s at 50 °C

8 IR stimulation, 100 s at 290 °C Tx (measured test dose luminescence)
9 IR stimulation, 200 s at 325 °C Bleach

10 Give dose and return to step 2

2.5.1.3 Dose Distribution Analysis

In the SAR protocol, each aliguot gives a value of De. Each individual grain within a sample
can have a distinct exposure history to natural radiation and daylight. Therefore, analysis
of several single aliquots from the same sample provides a spectrum of De values. The
variation in De could be because of the heterogeneous distribution of “°K radioactive
isotopes, variable bleachability of grains before deposition, and measurement uncertainty
(Mayya et al., 2006; Chauhan et al., 2021). Statistical models are then employed to

calculate representative De values, and these are:

1. Common age model

Common age model estimates a common (average) age for all the samples, assuming that
they were exposed to similar environmental conditions and received the same dose
(Galbraith et al., 1999). This model relies on the theoretical premise that samples within

the same context would have the same age.
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2. Central age model (CAM)

The CAM employs the weighted mean as a measure of central tendency to compute a
representative De value (Galbraith et al., 1999). In this model, the true De values of
individual aliquot, 6; (for a grain i with estimated De is 8;) are not equal, but are a random
sample from a normal distribution with mean 6 and standard deviation ¢. The spread in the
dose could be due to beta heterogeneity. The spread due to both causes can be considered

to be o and the experimental error €, which is normally distributed.

If € is normally distributed, it follows that d; is also normally distributed with mean & and

o, which can be estimated by standard maximum likelihood methods. The maximum

likelihood estimates are denoted by & and . The values of 3 and o satisfy the equations:

_ i=1 w;8; (2.2)

S =
Z?=1 Wi

and,

(2.3)

n n
Dts=55 =Y.
i=1 i=1

where w; = 1/(c? + s?); si is standard error.

In this thesis, the central age model is used for De estimation because only samples that

should have been well-bleached were used.

3. Minimum age model (MAM)

In cases involving partially bleached samples, the minimum age model (MAM) is a
preferred method for estimating De values. It assumes that in an ensemble of De values, the
minimum De would correspond to those aliquots/grains that would have been bleached well
(Bailey and Arnold, 2006). MAM identifies the minimum age estimate within a set of
statistically plausible ages by considering the minimum luminescence signal (Galbraith et
al., 1999). MAM extracts De values from a truncated normal distribution, with the lower

truncation point corresponding to the De values of most bleached grains.

4. Finite mixture model (FMM)
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The finite mixture model (FMM) is based on the premise that the D¢ distribution comprises
many components, each with a normal distribution, depending on the population of grains
with varying doses (Galbraith and Green, 1990). The model considers the existence of
several grain populations within a single sample. It statistically fits the dose distribution by
combining numerous Gaussian functions, and it calculates the proportion of grains that
contribute to a dose value based on these functions. Through this process, it estimates the

true burial dose value.
2.5.2 Anomalous fading

As discussed in Chapter 1, two approaches are used to account for athermal fading. These
include (a) laboratory estimation of the fading rate (g-value) and correction of the measured
ages for fading (Auclair et al., 2003; Huntley and Lamothe, 2001; Kars et al., 2008), and
(b) probing of traps and recombination centres that are less prone to fading (Buylaert et al.,
2011, 2012; Krbetschek and Trautmann, 2000; Prasad et al., 2017; Zink and Visocekas,
1997).

2.5.2.1 Correction procedure: Huntley and Lamothe (2001)

The Huntley and Lamothe (2001) model characterises athermal fading over time and
corrects the ages for it in feldspar minerals. They suggest that the athermal fading rate (g-
value) can be estimated using the following equation:

_ _9 i)] (2.4)
I=le [1 100 9810 (tc

where | is OSL intensity measured at time t, t is the delay time, t¢ is characteristic time, and
Ic is the intensity when t = tc and g-values are normalised to a tc = 2 days. Athermal fading
rates are determined by analysing the slope of the semi-logarithmic graph between
luminescence intensity and time delays (Auclair et al., 2003) (Fig. 2.7). The procedure
involves the following sequence, daylight of blue light optical bleaching to minimize
residual, a laboratory beta dose closer to the equivalent doses, preheat, and measurement
of OSL intensity for multiple time delays, ranging from a few minutes to several days. A
test dose is administered after each regenerative dose to normalise the signal for all samples.
During analysis, photon counts from the first 2.40 s are taken as the signal, while photon

counts in the final 20 s of the decay curve are the background. Following method outlined
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in Huntley and Lamothe (2001), this fading rate is then used to calculate the true age of the

sample using the following equation:

hei-aln(E)-

Here T is the faded age, and T is the true age. Faded age is the age estimated using

equivalent doses, and these are corrected for fading using g values.
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Fig. 2.7: Fading rate (g-value) measurements for a sample.

2.5.2.2 Correction procedure: Kars and Wallinga (2009) model

For older samples, prescriptions by Huntley (2006), Kars et al. (2008), and Kars and
Wallinga (2009) are used, which use a power-law dependence of athermal fading with time.
Kars and Wallinga, (2009) model assume that recombination centres are randomly
distributed with a density p and electrons can tunnel only to their nearest recombination

centre (Huntley, 2006). They developed a relationship:

I = Ioe—p'ln(l-Sst)3 (2.6)
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where | and lo are the luminescence intensities at time t and immediately after irradiation,
i.e., t =0 and p' is the fading parameter related to the number density of luminescence
centres in the crystal, and s is the attempt to escape frequency, assumed as 3.0 x 10% s!
(Huntley, 2006). The measurement process involves measuring the natural luminescence
signal and constructing a dose response curve (DRC). Each regenerated OSL is adjusted
for fading during laboratory irradiation considering irradiation source dose rate and
corrected time. This corrected time is calculated as 0.5 times the regeneration beta dose
exposure time plus the time delay between irradiation and prompt measurements. The
corrected DRC is fitted to a single saturating exponential function to determine the
saturating limit (o) and the onset of saturation (Do). Further, a DRC is constructed assuming
a natural dose rate, with lo considered as the limit for the OSL. The natural normalised OSL
intensity is interpolated on the simulated DRC, which is representative of DRC during

natural irradiation.
2.5.2.3 Probing non-fading signal

Models used to correct for fading assume that the rates of fading estimated in a laboratory
setting can be extended to geological timescales. Nevertheless, this assumption has faced
scrutiny from various researchers (Li and Li, 2014). The next approach attempts to isolate

luminescence signals with low or minimal athermal loss of charges.

Production of the IRSL signal in feldspar was explained using donor-acceptor model
(Poolton, 1994), which states that electron tunnelling occurs from the excited state of the
IRSL trap at 1.4 eV. Extending previous studies by Visocekas (1985), Jain et al. (2011)
suggested a mechanism of K-feldspar luminescence that involves a trap and spatially
distributed recombination centers. The excited state of the trap overlaps with the band tail
states beneath the conduction band. Stimulation with IR (1.44 eV) moves charges from the
ground state of the trap through a resonant excitation to an excited state; thereafter, these
charges are thermally assisted to the band tail states to recombine, resulting in IRSL. IRSL
in K-feldspar depends on the tunnelling probability from the excited state which decreases
exponentially with increasing donor-acceptor distance (Hdtt et al., 1988; Jain et al., 2015;
Poolton, 1994). Therefore, during IRSL, proximal charge pairs are consumed first, and
distal ones are accessed later. Luminescence from the distal pairs has a large tunnelling
life-time and, therefore, has lower fading rates (Jain et al., 2015; Poolton, 1994). Such
signals have been variously probed, e.g., a) post-IR IRSL (pIRIRSL; Buylaert et al., 2009;
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2011, 2012; Biswas et al., 2013; Thomsen et al., 2008) and other methods discussed briefly
in the chapter 1. Using spectroscopic measurements, Andersen et al. (2012) suggested that
both IRSL and pIRIRSL arise from the same trap and that the pIRIRSL results from the
recombination of distant charge pairs. Most widely used protocol is pIRIR-SAR for K-
feldspar dating as described in Table 2.3 (Buylaert et al., 2009).

In the thesis, multiple combinations of stimulation wavelengths and detection windows
were explored to identify the optimum configurations that could provide a signal with
minimal athermal fading. Details of the experiment conducted and the obtained results are

discussed in Chapter 3.
2.5.3 Measurement of the dose rate

Dose rate is the rate of energy deposited per unit mass in natural minerals by ionizing
radiations emitted by radioactive nuclides such as 23U, 2%U, 2%2Th, and *°K present in the
surrounding sediment. The number of particles emitted by these nuclides and the average
dose deposited per year are shown in Table 2.4.

The total dose rate is given below:
D = aDy+ Dg+ Dy + Der
Here D,y is the dose rate contribution by cosmic rays and a is the alpha efficiency of

luminescence production per unit Gy by a dose with respect to the £ dose. The a-values

were estimated using the relations given in Aitken (1985, pp. 308-317) and is given below:

4= Dg 2.7
13sT,’

where Dg is the beta equivalent dose, which produces same amount of luminescence as
produced by the alpha dose in T, minutes and s is the source strength. The a-value is
important to consider for dose rates where the grain size is smaller than the range of a-

particles such as fine-grains (4-11 pum).

Along with these factors, the moisture content of soil also needs to be considered for dose
rate estimations. The water in the void spaces in sediment attenuates the ionizing radiations
coming from radioactive nuclides. Therefore, corrections in the dose rate are required, and
the corrections in the dose rates are made using the following equations (Zimmerman,
1971):
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, Doy (2.8)
Dy= ————
1+ 15WF

, D ary (2.9)
DB - -
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D y,dry

, (2.10)
p,= —2
1+ L14W,F

Here, W and W, is the saturation water content of the sample and soil, respectively. F is

the average soil water content as a fraction of saturation water content.

Table 2.4: Number of a, B particle, and y rays emitted and average energy per decay and average
dose per decay deposited by radioactive nuclides present in the sediment.

Radio Decay Average energy per decay Average dose per decay
nuclide particle (MeV) (Gy/Ka)
o B Y Total o B Y Total
25 8a, 68 | 427 228 |1.78 |46.76 | 2.68 |0.14 [ 0.11 | 2.94
and y
45 To, 4 | 41.1 | 127 | 0.67 |43.04 |16.60 |0.52 | 0.27 | 17.38
and y

i 60, 48 | 357 | 133 [232 [39.35 | 0.73 [0.03 | 0.05 | 0.81
and y

40K 89% P 0.50 | 0.15 0.61 0.78 | 0.24 1.02
and 11%

Y

While estimating the dose rates, it is assumed that radioactive nuclides are secular
equilibrium throughout their burial means that the activity of all daughter products are the
same. However, if any member of the radioactive series is lost, such as Radon which is
gaseous and can escape out of the system, disequilibrium can take place. To measure the
extent of disequilibrium in radioactive series, all radioactivity measurements were made in

the high resolution HPGe detector. All the samples used in the thesis showed equilibrium.
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The dose rates are calculated using the standard assumption of infinite matrix assumption
in offline Dose Rate calculator (DRc) software (Tsokolas et al. 2016). The conversion
factors used in DRc software are those published by Guérin et al. (2011). The a-value and
beta attenuation factors were estimated using Guérin and Mercier (2012) and Nathan and
Mauz (2008), respectively. The dose rate assumed internal potassium (*°K) of 12.5 + 0.5%
(Huntley and Baril, 1997) and 400 + 100 ppm Rubidium (8’Rb) (Huntley and Hancock,
2001). The cosmic ray contribution to dose rate was estimated according to Prescott and
Hutton (1994).
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Chapter 3

Multispectral Studies in K- Feldspar

3.1 Introduction

As discussed in Chapter 1, K-feldspar has a higher saturation dose, and thereby offers the
prospects of dating samples up to a few millions of years. However, athermal fading that
leads to an underestimation of the age (Spooner, 1994; Visocekas, 1985; Wintle, 1973) and
is attributed to quantum mechanical tunnelling of the charges leading to loss of
luminescence signal, hence restricts its applicability (Aitken, 1985; Jain and Ankjeargaard,
2011; Poolton et al., 2002a, 2002b; Visocekas, 1979). As discussed in Chapter 2, two
approaches are used to circumvent the effect of athermal fading. In the first approach, the
fading correction models assume that the fading rates estimated over laboratory time scales
can be extrapolated to geological time scales. However, this assumption has been
challenged by various researchers and is challenging to validate experimentally (Li and Li,
2014).
The second approach attempts to isolate stable luminescence signals having low or minimal
athermal fading. As discussed in Chapter 1, many signals have been reported with low
fading rates (< 5% per decade). Among them all, pIRIR signal is widely used feldspar
dating. In the pIRIR technique, luminescence signals with IR stimulation at higher
temperatures (150 to 290 °C) are measured after an IR 50 °C stimulation (Buckland et al.,
2019; Buylaert et al., 2009; Jain and Ankjergaard, 2011; Reimann et al., 2011, 2012;
Thomsen et al., 2008). The MET-pIRIR protocol uses the premise that the fading rate of
feldspar can be progressively reduced using multiple IR stimulations with increasing
stimulation temperature from 50 to 250 °C (Li and Li, 2011). In both protocols, the IRSL
at elevated temperatures shows lower athermal fading (Buylaert et al., 2012; Li and Li,
2011; Thiel etal., 2011). Previous studies also reported that the elevated temperature pIRIR
and MET-pIRIR signals are harder to bleach than the IRSL (50 °C) signal, which can result
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in the overestimation of ages (Buylaert et al., 2012; Li et al., 2014; Poolton et al., 2002a).
Morthekai et al. (2015) proposed that distant pairs can be redistributed by a thermal
treatment, and such re-distributed trapped electrons can be accessed through IRSL
measurements at 320 °C. The IR-PL and PTTL methods are also being developed as these
show the promise for a non-fading luminescence signal. Other efforts included optimization
of the detection window to identify more stable signals, such as red TL emissions (Biswas
et al., 2013; Fattahi and Stokes, 2003; Zink and Visocekas, 1997). The red
thermoluminescence emission (590-750 nm) has low fading and higher saturation dose as
compared to that for conventional blue (360-590 nm) TL emission (Fattahi and Stokes,
2000, 2003; Zink and Visocekas, 1997).

The charges in distant donor-acceptor recombination pairs are expected to be more
athermally stable. Sequential stimulation by increasing energies can probe the
luminescence from the distant donor-acceptor pairs, hence can results in lower fading rates.
Additionally, the use of different detection wavelengths also offers another opportunity to
access the more stable emissions (i.e., recombination centres). In this chapter, we explore
the multiple combinations of stimulation and emission spectral regions to identify an
optimum combination that provides a luminescence signal with minimal athermal fading.
Stimulation wavelengths used were IR (855 + 33nm), Green (525 + 30 nm), Blue (470 +
20 nm), and Violet (405 £ 15 nm), and detection windows were broad-UV (260-400 nm),
narrow-UV (327-353 nm), and blue (320-520 nm) (Fig. 2.2). We report athermal fading

rates in feldspar grains extracted from sediments of varied ages and provenances.

3.2 Samples

A total six potassium-rich feldspar samples from sediments with diverse depositional
histories and provenances were investigated. These samples belong to aeolian and fluvial
deposits. Table 3.1 provides the list of samples used and their depositional environments.
The equivalent doses (De) of the samples investigated ranged from 10 Gy to 240 Gy. These
De-values were estimated using the existing protocols, such as blue light stimulated
luminescence SAR (BSL-SAR) of quartz and pIRIR (50, 290 °C)-SAR for feldspar (Table
2.1 and 2.3). In addition, a museum specimen of potassium feldspar (KF: microcline),
whose mineralogy was confirmed using XRD technique, was investigated (Fig. 3.1). We
carried out detailed investigations of fading rates for all stimulation and detection

combinations on PRLO sample due to its higher luminescence sensitivity and sufficient

60



amount of sample available. Thereafter the optimized combination of spectral windows
with minimal fading rate was used to measure the fading rates for other geological samples
with varying ages from different depositional environments. By testing the applicability of
optimized combination with minimal fading on these samples, we tested the universality of
the signal for minimal fading and how its luminescence properties change with varying

ages and provenances.
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Fig. 3.1: The XRD spectrum of museum KF sample (microcline).

Table 3.1: List of samples used and their location, depositional environment, and equivalent doses.

Sample Location Depositional De (GY) Protocol
code environment
KF - Museum sample - -
PRLO Tamil Nadu Fluvial 11.1+ Quartz NCF-
0.3 SAR
PRL1 Rajasthan (Thar Aeolian 15+1 Feldspar
desert) pIRIR
PRL2 Narmada valley Fluvial 36.0+  Quartz SAR
0.1 OSL
PRL3 Odisha Fluvial 77+3  Quartz SAR
OSL
PRL4 Andhra Pradesh Fluvial 217+ 3 Feldspar
pIRIR
PRL5 Chennai Fluvial 237 £ Feldspar
(Attirampakkam) 23 pIRIR
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3.3 Measurements

The coarse grain potassium feldspar grains were extracted using the methodology discussed
in Chapter 2 (subsection 2.4.2). To explore the athermal stability of different spectral
regions of feldspar, different combinations of stimulation and detection windows were
made. The details of the stimulation sources and detection windows are provided in
subsection 2.2.1. The combinations were made such that there is no overlap between the
transmission of stimulation and the detection filter. Following this, the IR stimulation was
detected in both Broad-UV and blue windows. The green and blue stimulations were
detected in both Broad-UV and Narrow-UV, whereas violet stimulation was only detected
in Narrow-UV. Table 3.2 summarizes the different combinations of stimulation and

detection windows considered for investigations.

Experiments were conducted to assess the emission of the samples in different detection
windows, namely the open window (BG39, 3 mm; transmission range: 330-650 nm), blue,
broad-UV, and narrow-UV detection windows (Fig. 2.2). All TL measurements in different
detection windows were carried out on the same aliquot after approximately 1 Gy dose for
each sample. Fig. 3.2 shows that luminescence is emitted in variable wavelengths which
can be observed via different optical transmission filters. For samples KF and PRL2, the
maximum emission of TL is around 100 °C for all detection windows (Fig. 3.2a and c). In
case of samples NaF and PRLO, the maximum TL emission is near 100 °C in the blue
window but it is between 250 and 280 °C in the broad-UV and narrow-UV windows (Fig.
3.2b and d). The results indicate that signal from specific recombination centres can be
picked up using particular detection windows for exploring their athermal behaviour.
Therefore, further experiments were conducted to characterise the athermal behaviour of

luminescence emission from different detection windows.

For fading measurements, a laboratory dose equivalent to the paleodose was administered
after the samples bleaching in the TL/OSL reader. The samples were bleached with the
stimulation wavelength for which the fading rates were to be estimated. The bleaching
temperature was kept 50 °C higher than the stimulation temperature used for fading rate
estimations to ensure that the traps corresponding to each stimulation were emptied out.
After irradiation, the sample was preheated to 250 °C for a duration of 60 s. The OSL signal
from the sample was then measured at various time intervals, ranging from a few minutes

to several days. To ensure accurate measurements, a test dose was given following each
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regenerative dose. The g-values (% per decade) were measured from the slope of a plot
between delayed luminescence intensities and delay times on a logarithmic scale (Auclair
et al., 2003). Fig. 3.3(a, b) provides a generalized measurement sequence. The average
fading rate [gav (% per decade)] is a mean of fading values on 15 aliquots. Photon counts
from the initial 2.40 s were used as the signal, and the normalized averaged photon counts
during the final 20 s of the stimulation were taken as the background. This process was
adopted for all fading measurements for all different combinations of stimulation and

detection windows.

The fading rate measurements were carried out using both single stimulation and double
stimulation experiments to identify the combination with minimal athermal fading. The
stimulation and detection combinations used in the fading rate measurements of the single
stimulation experiments are listed in Table 3.2. For ease of understanding, a given

stimulation and detection combination is written as [stimulation, detection]. The
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Fig. 3.2: Thermoluminescence glow curves of a) KF, b) NaF, ¢) PRL2, and d) PRLO recorded in open
window (BG39, 3 mm; transmission range: 330-650 nm), blue, broad-UV, and narrow-UV detection

window (Table 3.2).
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measurement sequence for single stimulation experiments is shown in Fig. 3.3a. Following
the results from the single stimulation, the double stimulation fading measurements were
carried out. In the double stimulation experiments, the successive stimulation of sample
aliquots by two different sources was provided and named stimulations-1 and 2, as shown
in Fig. 3.3b. The purpose of the double stimulation experiments was to first deplete the
proximal charge pairs using stimulation-1, then subsequent stimulation-2 probes the distant
charge pairs and hence will result in lower fading rates. In the double stimulation
experiments, the first five fading measurements were carried out by applying stimulations
in the increasing order of their excitation energies (IR-green, IR-blue, IR-violet, green-blue,
and blue-violet). The subsequent three experiments were performed using stimulation in a
decreasing order of their excitation energies (green-IR, blue-IR, and violet-IR). The

measurement combinations for double stimulations are provided in Table 3.3.

Table 3.2: Stimulation and detection spectral region combinations used for fading rate
measurements along with their estimated average fading rates [gav (% per decade)] for single

stimulation experiments.

Sr. Stimulation  Stimulation  Detection (Filter ~ Transmission gav
no. wavelength name) range (nm) (% per
(nm) decade)
1 Infrared 855 + 33 Hoya U-340 260-400 nm 7.5%0.3
(Broad- UV)
BG-39 +BG-3 320-520 nm 6.9+0.3
(Blue)
2 Green 525+ 30 Hoya U-340 260-400 nm 79+0.3
(Broad-UV)

Brightline (FF- 327-353nm  7.4+05
340/26) + U-340
filter (Narrow-
uv)
3 Blue 470 £ 20 Hoya U-340 260—-400 nm 70+03
(Broad-UV)
Brightline (FF-  327-353nm  6.7%05
340/26) + Hoya
U-340 (Narrow-
uv)
4 Violet 405+ 15 Brightline (FF- 327-353 nm 6.6£05
340/26) + Hoya
U-340 (Narrow-
uv)
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Fig. 3.3: Methodology for the measurement of fading rates [g2days (% per decade)] for single (a)
and double stimulation (b) experiments. * IRSL measurements post green, post blue, and post violet

stimulation were carried out with the sample at 100 <C to get a good signal to noise ratio.

65



Table 3.3: Combinations of stimulation and detection windows used for double stimulation
experiments along with the measured gav-values. The double stimulation experiment comprised

sequential stimulation by two wavelengths: stimulation-1 and stimulation-2.

Sr Stimulation Detection  gav(%  Stimulation Detection  gav(%

no per per
' decade) decade)
Stimulation-1 Stimulation-2
1 IR Blue 7.0+0.2 Green Narrow- 23+0.2
uv
2 IR Blue 71+0.1 Blue Narrow- 32+0.2
uv
3 IR Blue 57+0.1 Violet Narrow- 40+04
uv
4 Green Narrow 7.8+0.2 Blue Narrow- 1.1+0.1
uv uv
5 Blue Narrow 7.3+0.3 Violet Blue 1.3+0.2
uv
6 Green Narrow 8.2+0.3 IR Blue 29+0.2
uv
v Blue Narrow 79+0.2 IR Blue 20+0.2
uv
8 Violet Narrow 6.1+0.2 IR Blue 0.0+x0.1
uv

3.4 Results and Discussion

3.4.1 Single stimulations

The fading rates corresponding to each stimulation with allowed detection window were
measured. The average fading rates (gav) for each single stimulation measurement are
presented in Table 3.2 and shown in Fig. 3.4. Fading rates for all the stimulation and
detection combinations lie between 6.6 to 7.9% per decade. These results demonstrate that
the fading rates for all the stimulation and detection combinations were high and similar
(~7% per decade). The green (~2.3 eV), blue (~2.6 eV), and violet (~3.1 eV) excitation
energies are equal to or higher than optical trap depth of the principal trap of feldspar which
lies between 2.0 and 2.5 eV (Hutt et al., 1988; Kumar et al., 2020; Riedesel et al., 2019,
2021). This leads to a direct transfer of charges from the ground state of principal traps to
the conduction band in case of green, blue and violet stimulation. However, the energy of
IR is ~1.4 eV and lower than the optical trap depth (Jain and Ankjeergaard, 2011).
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Therefore, the IR stimulation transfers the electrons to the first excited state of the principal
trap due to resonance excitation (Hutt et al., 1988), and thereafter the electrons further move
to the band tail states of feldspar. Low mobility of electrons in the band tail states facilitates
the proximal donor-acceptor recombination (Jain and Ankjeergaard, 2011). Due to high
mobility of electrons in the conduction band, electrons will also recombine with the distant
holes; therefore, it is expected that green, blue, and violet stimulated luminescence will
show lower fading rates than IR stimulation. However, the similarity of fading rates for the
single stimulation and detection combinations indicate that either similar types of traps and
recombination centres are involved in the luminescence production or a population of the
proximal donor-acceptor (unstable) pairs is significantly higher than distant donor-acceptor
(stable) pairs. Therefore, the population of unstable charges dominating the luminescence

signal resulted from all stimulation and detection combinations.
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Fig. 3.4: Average fading rates [gav (% per decade)] for single stimulation and detection
combinations for the PRLO sample. The x-axis represents the stimulations, and the pattern of the

bar represents the detection window. The height of the bar (y-axis) is the gav-values.
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An intriguing observation of the study was the progressive decrease in fading rates from
broad-UV to narrow-UV, and finally to blue detection window for the same stimulation, as
illustrated in Fig. 3.4. These results accord with Thomsen et al. (2008) and Clarke et al.
(1997). The results indicate that the charges resulting in luminescence in broad-UV are
more closely spaced than that emitting in blue window. Further, lower fading rates for
narrow-UV compared to broad-UV indicate that the charges stored in recombination
centres, which emit in the lower UV wavelengths, fade more. Following the lower fading
results for blue and narrow-UV detection windows from single stimulation experiment
results, these were considered for estimating fading rates for double stimulation

experiments.
3.4.2 Double stimulations

Considering the results from signal stimulation experiments, further attempts were to
separate the stable component of the luminescence signal from the unstable component
using double stimulation experiments. Table 3.3 and Fig. 3.5 provide the gav-values for

each double stimulation and detection combination.

The results from double stimulation experiments showed that fading rates for stimulation-
2 were significantly lower as compared to that through stimulation-1 (Fig. 3.5). These
results indicate that the nearest donor-acceptor pairs are consumed using the low energy
stimulation-1 for IR-green, IR-blue, IR-violet, green-blue, and blue-violet. Therefore, the
distant donor-acceptor pair participates in the luminescence signal of stimulation-2 and
yields low fading rates. These results accord with the donor-acceptor model, which states
that the initial IRSL signal arises from the proximal donor-acceptor recombination pairs,
and the latter IRSL signal originates from distant pairs (Jain et al., 2015; Poolton, 1994).
Hence, the luminescence signal following the IR stimulation originates from the distant

pairs, resulting in lower fading rates.

It is also noteworthy when stimulations were applied in the increasing order of energies,
i.e., for IR-green, IR-blue, IR-violet, green-blue, and blue-violet, the fading rates for
stimulation-2 were higher for higher excitation energy (violetgav >bluegav >greengav) (Fig.
3.5). The possible reason for the increase in fading rates could be the recapture of electrons
from the high energy stimulation-2 to the ground state of the principal trap (Jain and
Ankjergaard, 2011; Kumar et al., 2020) and the instability of charges in recombination
centres emitting in the UV window (Clarke and Rendell, 1997; Thomsen et al., 2008).
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Fig. 3.5: Average fading rates [gav (% per decade)] for double stimulation and detection
combinations for PRLO sample. The x-axis represents the stimulations, and the pattern of the bar
represents the detection window. The height of the bar (y-axis) is the gav-values. Double stimulation
yielded lower fading rates for each second stimulation. The minimum fading (gmin = 0.0 £ 0.1% per

decade) was obtained in the post violet IRSL (pVIRSL) signal.

Recaptured electrons from the green, blue, and violet stimulation participate in the next
fading measurement along with charges generated from the fresh irradiation during the
fading measurements. Hence, an increased population of charges participates in the fading,
and the probability of quantum mechanical tunnelling from the ground state also increases,
resulting in a higher fading rate of high stimulation energies. Another possible reason for
an increase in fading rate could be instability of UV centres as stimulation-2 is detected in
the narrow-UV window in all the cases. Higher excitation energies transport a significantly
greater proportion of electrons (20% at room temperature) to the conduction band (Jain and
Ankjergaard, 2011). Hence, more UV emitting centres participate in the luminescence of
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higher excitation energies and lead to an increase in the fading rates. These observations

need further exploration.
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Fig. 3.6: The double stimulation decay curves for both stimulations. Decay curves for a) GSL and
IRSL post green, b) BSL and IRSL post blue, ¢) VSL and IRSL post violet, and d) IRSL and IRSL
post IR. The signal intensities are different because detection were made in the different windows
viz., violet stimulation is recorded in the narrow UV window, both green and blue are in the broad
UV window and IR stimulation is recorded in the blue window. The optical decay curves for all
stimulations measured after ~20 Gy beta dose, and preheat of 250 °C for 60 s. All the stimulations
were carried out at 50 °C temperature and power normalised.

A significant signal in IRSL after green-, blue-, and violet stimulation was observed.
Optical decay curves for all stimulations are shown in Fig. 3.6. Fig. 3.7 provides the ratio
of IRSL signal for the sample as received (IRSL1) and IRSL post green, blue, violet, and
IR stimulation (IRSL2). It is noteworthy that IRSL2 was an order of magnitude lower after

the green bleach, whereas the IR signal was reduced by two orders of magnitude after the
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blue and violet bleaching. On the contrary, only a slow decaying portion of the IRSL signal

was obtained after IR bleach. This finding is particularly intriguing because it contradicts
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Fig. 3.7: Ratio of IRSL2 to IRSL1 signals as a function of optical bleach energy. The IRSL1 was

measured without any optical bleach, and IRSL2 was measured after the optical bleach with IR,
green, blue, and violet stimulations. All the stimulations were carried out at 50 °C temperature. A
maximum signal is obtained in the IRSL after the green stimulation. The IRSL signal starts to
decrease with an increase in the energy of optical bleach. All the applied stimulations were power

normalised.

the expected outcome. Typically, after optical bleaching of a sample using higher energies,
the generation of IRSL signal is not anticipated. This is suggestive of retrapping of charges
from the conduction band to the ground state of the principal trap (Jain and Ankjeergaard,
2011; Kumar et al., 2020). These retrapped charges then provide luminescence in
stimulation-2, i.e., IRSL in the blue window. Other possible reason for the IRSL2 signal
could be the existence of at least two types of traps (Ditlefsen and Huntley, 1994; G.A.T.
Duller, 1993; Jain and Singhvi, 2001) or multiple traps (Biswas et al., 2018; Ditlefsen and
Huntley, 1994; Jain and Singhvi, 2001; Morthekai et al., 2015). Further, the fading rates of
above mentioned IRSL signals, i.e., green-IR, blue-IR, and violet-IR were measured, and
lower fading rates were obtained for each IRSL (Fig. 3.5). The fading rate of IRSL (blue
detection window) was 2.9 £ 0.2 and 2.0 £ 0.2 after green and blue stimulation, respectively

(Table 3.3). A more noteworthy observation is that IRSL (blue detection window) after
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violet stimulation (pVIRSL) gave a gav = 0.0 + 0.1% per decade which is near zero (Fig.
3.5). The sensitivity corrected intensity remained constant with delay time for the pVIRSL
signal (Fig. 3.8a). Fading rates [g2days (tc = 2 days)] for 15 aliquots were found to be in the
range of -0.7 to 1.1% per decade (Fig. 3.8b). These results suggest that the pVIRSL signal
results from the stable electron trapping and recombination centres. A decrease in the
fading rate for stimulation-2 (IRSL) with an increase in the excitation energy of
stimulation-1 (green-IR, blue-IR, and violet-IR) could be due to the fact that higher energy
of stimulation-1 leads to the participation of a larger number of distant donor-acceptor pairs
participating in the IRSL signal of stimulation-2. As the energy of violet light is highest
among all the excitations used, the resulting pVIRSL signal comes from the distant donor-

acceptor pairs and yields zero fading.
3.4.3 Fading rate of pVIRSL signal for natural samples

We further conducted testing of the pVIRSL signal on different geological samples as
detailed in Table 3.1. Typical gav-values for these samples were near zero, as illustrated in
Fig. 3.9 and 3.10 and summarized in Table 3.4. However, we encountered an intriguing
exception in one sample named PRL5, which had an equivalent dose of 237 + 23 Gy. For
this sample, the average fading rate was approximately 3.4 + 0.6% per decade, as depicted
in Fig 3.9 and reported in Table 3.4.
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Fig. 3.8: Fading rate [g2days (% per decade)] results for PRLO for pVIRSL signal. a) Normalised
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intensity is constant with delay and hence gives near zero fading rate, b) g24ays values for all aliquots

are near to the zero line and result in an average fading value near to zero.

At the present moment, it will be difficult to specify the reason for this high value, and it
needs to be explored more. Nevertheless, the results obtained from most of the geological
samples, as well as controlled museum samples, are quite promising. These findings
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suggest the potential for the development of a pVIRSL protocol suitable for routine

measurements, allowing us to obtain ages with minimal athermal fading effects.

Table 3.4: Observed gav-values for all samples. Here Q and F represents quartz and feldspar,
respectively. The paleodoses were estimated using the independently existing protocols such as
BSL-SAR and pIRIR-SAR.

No. Sample code Known De (Gy) gav (% per decade)
1 KF 0 (F) -0.7+0.1
2 PRLO 11.1+£0.3(Q) 0.0x0.1
3 PRL1 15+ 1 (F) -1.2+0.3
4 PRL2 36.0+£0.1(Q) -0.2£0.2
5 PRL3 77+3(Q) 0.1+0.1
6 PRL4 217 £ 3 (F) -0.1x0.7
7 PRL5 237+ 23 (F) 3.4+06
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Fig. 3.9: Fading rate (g2days) measurements for a single aliquot of each sample. The normalised
intensities are constant with delay time for the KF, PRL1, PRL2, PRL3, and PRL4 samples.

73



6 T T T T T T
4} 1
2 !
=
3
>
o,
| P g
> e
o ¢
2F 1

KF PRL1 PRL2 PRL3 PRL4 PRL5S
Sample #

Fig. 3.10: Average fading rates [gav (% per decade)] of pVIRSL signal for all samples. The x-axis
represents the sample code. The gav-values are near zero for KF, PRL1, PRL2, PRL3, and PRL4,
and for one sample (PRL5, De =237 £ 23 Gy) gav-value is 3.4 + 0.6% per decade.

3.5 Summary

In this study, the different spectral regions of potassium feldspar were explored for their
athermal stability and an attempt to probe the non-fading traps using multispectral
luminescence studies is made. Athermal fading rates were estimated for both single and

sequential double stimulation combinations. Key findings of the study are as follows:

1. Single stimulations using infrared, green, blue, and violet light all resulted in similar
fading rates, approximately around 7% per decade.

2. Fading rates varied depending on the detection wavelength, with broad-UV emissions
exhibiting higher fading rates, followed by narrow-UV, and the blue window showing
the least fading rates.

3. Inthe double stimulations, the fading rates for the second stimulation were significantly
reduced (Fig. 3.5). This suggests that the initial stimulation consumed the nearest
donor-acceptor recombination population, and the second stimulation probed more

distant pairs.
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. When both stimulations were applied with increasing order of energies (e.g., IR-green,
IR-blue, IR-violet, green-blue, and blue-violet), the fading rates for each second
stimulation increased with an increase in the excitation energy of the second stimulation
(Fig. 3.5). The possible reason could be the recapture of electrons from the high energy
stimulation (Jain and Ankjeergaard, 2011; Kumar et al., 2020) and the instability of
recombination centres emitting in the UV window (Clarke and Rendell, 1997; Thomsen
et al., 2008). These observations need further investigation and can hint towards a new
understanding of the feldspar luminescence production mechanism.

. A significant signal in IRSL post green, blue, and violet light stimulations was
observed. The obtained IRSL signal exhibits low fading rates. The possible reason
might be that with an increase in the energy of stimulation-1, more distant donor-
acceptor pairs participate in the IRSL signal of stimulation-2.

. The minimum fading rate value (gav = 0.0 = 0.1% per decade) was obtained for pVIR
stimulation, and this highlights it as a potential candidate for dating natural sediments
such that the tedium and time of fading measurements can be minimized.

. The pVIRSL signal gave near zero fading rates for several geological samples used in
the study. However, one sample named PRL5 exhibited an average fading rate of 3.4 £
0.6% per decade, the cause of which remains to be understood.

. These findings provide valuable insights into the behaviour of luminescence signals in
geological samples, shedding light on their fading characteristics. Further experiments
on the suitability for dating and the dose-response of the pVVIRSL signal are reported in
Chapter 4.
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Chapter 4

Post Violet-Infrared Stimulated
Luminescence  (pVIRSL)  Dating

Protocol

4.1 Introduction

Chapter 3 discussed multispectral luminescence studies of K-feldspars and compared
athermal fading rates for different luminescence signals. The measurements using varied
combinations of stimulation and detection wavelengths suggested that post-violet-infrared
stimulated luminescence (pVIRSL: IRSL at 100 °C after a violet bleach at 50 °C) of K-
feldspars, generally has a near zero athermal fading rate. The present chapter is dedicated
to the understanding of pVIRSL luminescence mechanism and its properties relevant to
dating application. Further, an optimized post violet IR single aliquot regenerative dose
(pVIR-SAR) protocol was developed and tested for seven K-feldspar samples from varied

depositional environments with ages ranging from 6 ka to 286 ka.

4.2 Samples

In this study, investigations were conducted on seven samples with known ages collected
from various depositional environments. Feldspar grains were extracted from the natural
sedimentary samples using the sample preparation procedure discussed in Chapter 2
(subsection 2.4.2). Samples from both fluvial and aeolian deposits were used. These
samples covered a wide range ages, spanning from 6 ka to 286 ka, with corresponding
estimated equivalent doses ranging from 11 Gy to more than 956 Gy. The expected ages of
these samples were determined using well established quartz BSL-SAR (Table 2.1) and K-
feldspar pIRIR-SAR (Table 2.3) techniques. The expected ages, geological locations and

77



depositional environments of all the samples are provided in Table 4.1. Dose rate details
are provided in Table 4.2. Sample RTP-18-02, had an additional age control as it was
collected from the bottom layer of the Youngest Toba Tuff (YTT) deposit, which had been
securely dated to approximately 75 ka using K-Ar and pIRIR-SAR dating methods
(Ninkovich et al., 1978; Anil et al., 2023). An aeolian surface samples (DH1) was used to
test the bleachability of pVIRSL signal natural daylight exposure. Furthermore, to gain
insights into the mechanisms underlying the pVIRSL signal, experiments were conducted
using a museum specimen of potassium feldspar (KF). As discussed in Chapter 3, XRD

analysis confirmed it to be a microcline.

4.3 Measurements

As discussed in Chapter 3, a significant signal was observed during IR stimulation applied
after high energy green, blue and violet stimulations. Among these signals, IRSL observed
after violet stimulation originated from stable charges, hence resulted in near zero fading.
The current study aimed to investigate the characteristics and behaviour of the pVIRSL
signal and its use in dosimetry. To understand the source of the pVIRSL signal, the
luminescence mechanism, and its suitability for routine dating, sequential laboratory
experiments were conducted. To understand the mechanism of pVIRSL, all measurements
were made on the KF sample. Inter aliquot variability was minimized by stabilizing the
sensitivity through five repeated cycles of dose (~20 Gy) followed by TL glows to 500 °C.
The TL reproducibility was within 1% (Fig. 4.1). Two such sensitized aliquots were used

for subsequent experiments in sections 4.4.1.1 and 4.4.1.2. The measurement conditions
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Fig. 4.1: Intergrated TL intensity (integrated whole glow curve) intensity variation for repeated

five cycles.
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were VSL and IRSL at 50 °C, a uniform test dose of 20 Gy. The TL glows to 500 °C at 2

°Cl/s, and preheat of 250 °C for 60 s was detected in the blue window. The choice of

luminescence measurements at 50 °C was to minimize any thermal effects due to

temperature.

Table 4.1: List of samples along with geological location and history, and age controls. In the table

NCF-refers to natural correction factor.

Sr | Sample | Location Deposition | Expected | Age Reference
no | code Latitude al history age (ka) controls
Longitude
1 KF - Museum - (Devi et al.,
2022)
2 DH1 Rajasthan (26 Aeolian Zero age This study
47'59.20" N, 72 (surface
18'42.00" E) sample)
3 PRLO | Tamil Nadu (10° | Fluvial 61 Quartz This study
38'5.388" N,79° NCFBSL-
49'45.012" E) SAR
4 PRL2 Narmada valley Fluvial 25+ 2 Quartz (Mishra et al.,
(22°13'44" N BSL-SAR 2013)
76° 01' 36" E)
5 MHK- | Narmada valley Fluvial 31+3 Quartz (Mishra et al.,
07-07 | (22°13'44"N BSL-SAR | 2013)
76° 01' 36" E)
6 RTP- Andhra Pradesh Fluvial 76 + 6* PIRIR-SAR | (Anil et al.,
18-2 (15.590630°N, Feldspar 2023)
79.194290° E) (Ninkovich et
al., 1978)
7 RSN- Raisan (23° 9' Fluvial 129 + 16* | pIRIR-SAR | This study
01-17 59.4" N, 72° 39' Feldspar
38.16" E)
8 HMP- | Andhra Pradesh Fluvial >247 + PIRIR-SAR | (Anil et al.,
18-5 (15° 27' 56.9016" | (archaeologi | 32* Feldspar 2022)
N, 79° 23' cal)
59.0388" E)
9 MHD- | Mahudi (23° 30' Fluvial >286 + PIRIR-SAR | This study
02-17 | 0"N, 72° 47' 60" 13* Feldspar
E)

*The ages are fading corrected.
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Table 4.2: Dose rate details of all samples.

Sample | U (ppm) Th (ppm) K (%) Dose rate” | Water Depth

(Gy/ka) content | (cm)
(%)

PRLO 0.76+0.15 [ 3.08 +0.53 |1.79+0.19 | 1.66 +0.12% | 15 1200

PRL2 1.98+0.37 [ 3.82+1.26 |0.83+0.08 | 1.43+0.14° | 15 190

MHK- 2.05+0.70 [ 3.90+1.28 |0.87+0.07 | 1.39+0.18% | 15 950

07-07

RTP-18- | 2.6 +0.6 11.7+£2.2 1.40+£0.09 | 3.07+0.21 |20 110

02

RSN-01- | 6.46 +0.11 | 20.24 +0.50 | 0.91+0.05 | 3.97+0.16 |15 67

17

HMP- 1.9+04 82+14 0.50+£0.06 | 207 +0.12 |17 260

18-5

MHD- 2.73+0.04 | 14.05+0.28 | 1.49+0.03 | 3.35+0.15 |15 81

02-17

$ are dose rate calculated for quartz. *Dose rates are calculated using standard infinite
matrix assumption using offline Dose Rate calculator (DRc; Tsokolas et al., 2016). The
conversion factors used in DRc software are by Guérin et al. (2011). The a-value and beta
attenuation factors were estimated using Guérin and Mercier (2012) and Nathan and Mauz

(2008), respectively.
The experiments were categorised as follows:

1. Identification of source traps

In this experiment, attempts were made to identify and characterize the traps responsible
for producing pVIRSL signal in feldspar. Understanding the nature of traps is crucial for

understanding the luminescence mechanism and stability of the signal.

2. Mechanism of charge transfer

The experiments were conducted to understand the mechanism through which charges are
transferred in the IR traps after violet stimulation and how they get trapped in the IR traps.

3. Dosimetry and dating parameters of pVIRSL

This category is concerned with assessing the dosimetric properties of the pVIRSL signal,
including its bleachability, recuperation, and reproducibility. These parameters are critical
for using the pVIRSL signal in dating applications.
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Fig. 4.2: a) Measurement protocol to explore the relative intensity of pVIRSL compared to IRSL

for KF sample. b) IRSL decay curves recorded before (IRSL1) and after (IRSL2) violet stimulation.

<

The signal of IRSL2 is about an order of magnitude smaller than IRSL1. The inset shows the
normalised IRSL intensities for IRSL1 and IRSL2.

4.4 Results and Discussion

4.4.1 Source traps and pVIRSL mechanism

4.4.1.1 Post violet TL/IRSL measurements

To quantify the IRSL signal obtained after the violet stimulation, experiment mentioned in
Fig. 4.2a was conducted. After irradiation and preheat, IRSL was recorded before (IRSL1)
and after (IRSL2) the violet stimulation. The results are shown in Fig. 4.2b. The initial part
of decay curve of post violet IRSL2 increased threefold compared to end of decay curve of
IRSL1. Therefore, experiments were carried out to understand the production mechanism
of pVIRSL. TL glow curve of the KF sample was recorded with 20 Gy dose and it
comprises two peaks at 130 °C and 380 °C (Fig. 4.3a). The measurements for identifying
the source traps for pVIRSL were carried out following the sequence detailed in the
protocol in Fig. 4.3b. After irradiation, all the traps were emptied out using thermal
stimulation up to 500 °C. Following this, TL was recorded after repeated five cycles of
violet stimulation without any additional dose and named pVTL-i, where i is the cycle
number. Fig. 4.3c provides the results and shows TL glow curves recorded after a 500 °C

TL wash and a violet stimulation step. The result suggests photo-transfer of charges from
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traps > 500 °C to shallower traps at 130 °C and 380 °C. Repetitive VSL and TL
measurement without intervening irradiation, produced a finite TL, suggestive of deep
reservoir traps supplying charges for each post violet TL (pVTL). Inset of Fig. 4.3c plots
the integrated intensity of PTTL glow peaks at 130 °C (integration from 120 to 140 °C) and
380 °C (integration from 370 to 390 °C) with the repeated cycles of violet stimulation. The
data showed the depletion in PTTL for repetitive VSL and TL measurements, but still signal
was obtained after multiple cycles, indicating that charges from deep traps were not
depleted during repetitions.
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Fig. 4.3: a) TL glow curve of KF feldspar sample after irradiation of 20 Gy. b) Measurements
carried out to explore the TL emissions after the repeated violet stimulation without any additional
dose of the KF sample. ¢) The background subtracted TL glow curves are recorded in the blue

window. Inset in the figure shows the variation of the integrated intensity of TL peak at 130 °C
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(integrated from 120 to 140 °C) and 380 °C (integrated from 370 to 390 °C) with cycle number. All

these measurements were carried out in an nitrogen environment.

Further, an experiment was conducted to determine the upper bound of temperature range
up to which violet stimulation can affect. In our standard TL OSL reader, it is not possible
to stimulate the samples to very high temperature, so the experiments were conducted in
external muffle furnace with controlled temperature. All measurements were carried on a
single aliquot. In this experiment, the sample was initially irradiated with a dose of nearly
20 Gy, then annealed at temperatures ranging from 450 to 800 °C. Subsequently, violet
stimulation at 50 °C was applied for 100 seconds, and the corresponding photo transferred
signal was recorded using TL in the blue window up to 450 °C. The results showed a
decrease in the photo transfer of charges with increasing annealing temperatures, with
negligible photo transfer observed at 800 °C (Fig. 4.4). This indicates that violet stimulation
accesses TL traps below 800 °C and suggests the upper limit of TL peaks accessible by

violet stimulation at 50 °C.
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Fig. 4.4: TL glow peaks were recorded after violet stimulation following variable annealing

temperatures ranging from 450 to 800 °C.
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Further, to observe the luminescence from the photo-transferred charges, two types of
experiment were conducted, a) the recombination centres remaining in broad-UV (BUV)
and blue window after the violet stimulation and b) different stimulations viz. IR, green,
and blue were recorded after the violet stimulation (pVIRSL, pVGSL, and pVBSL) in the

allowed detection windows. For the first experiment, the recombination centres left in BUV

a) s b) [ag] 20 T T T T
"{L;O[()jc S pVIRSL (BUV)
(i) /s —
- g3 pVGSL (BUV)
©n — =pVBSL (BUV)
20 Gy Beta 15 —pVIRSL (Blue) 1
I o
Preheat G.H)
Preheal
@ 250 °C/60 s = 10
| g
VSI1,
@ 50°C/100 s =
[ o
: , — 5T .
TRSL*(or GSLS,BSL¥) -
@ 50 °C/100 s =
-
8 Ornm--n-:-n‘nwnﬁlnnnn-m-n:nmn—-mﬂl-ﬂ-ﬂm

0 20 40 60 80 100
Time (s)
o e q) 8 E — T T
@2 °Cs 7
I T |E
=
20 Gy Bela < 9™ i
o
l o
Preheat < 1
@ 250 °C/60 s o ‘1 ol
L — |
L S 4 1 g 3 <+ “
VSL (=R I = wn A A o o~ -
@ 50°C/100 s o] v E 2 2 > g i
[&] 1 —
. : | e = = 5 £ =2 2
2| | IRSL@ 50°C/100s S2r ° o = 2, 5
b (pVIRSL-i) o o I " ° o -y
- | — ' Voo gy ’a ! e L J
| ! ) i \ 7 \ 7 \ ¥ \ 4 \\ VRN
IRSL I.'_, g vy - v g \\ SN
@ 50°C/100's ole ¥ v g g g g i

IR stimulation no.

Fig. 4.5: a) The measurement protocol to estimate the population of recombination centres emitting
in BUV and blue window. b) The background subtracted TL glow curves of in blue window before
and after the violet stimulation. ¢) The background subtracted TL glow curves of in BUV window
before and after the violet stimulation. All glow curves were measured in same aliquot. * represents

TL measurement in blue and BUV window. All these measuremnents were carried out under
nitrogen environment.
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and blue window were observed using the protocol mentioned in Fig. 4.5a. The TL (500°C)
glow curves were recorded in the BUV and blue window after irradiation, preheat, and

violet stimulation. The same procedure was repeated without violet stimulation. Fig. 4.5b

and ¢ compare the results of pVTL intensity in broad-UV and blue detection windows.
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Fig. 4.6: a) Measurement protocol to record decay curves in IRSL, GSL, and BSL after violet
stimulation. * and $ represent detection in blue and BUV, respectively. b) The post violet - IR, -
green, and -blue stimulated decay curves in the blue and BUV detection window. The stimulation
treatments and detection window are mentioned in the legend as (simulation (detection window)).
c) Measurements carried out to explore the IRSL emissions after the repeated violet stimulation
without any additional dose. d) IRSL signal obtained after repetitive violet light stimulation. The

IRSL signal intensity is obtained by subtracting the last 2 s signal from the initial 2 s.
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The TL in a blue window is approximately two orders of magnitudes higher than centres
emitting in the BUV window. During violet stimulation, about 80% of centres emitting in
both broad-UV and blue windows were consumed. This resulted in a further reduction of
BUV centres (Fig. 4.5b and c), hence a small population of recombination centres emitting
in BUV was left after the violet stimulation. For the second experiment, the different
stimulations were applied to probe the photo-transferred charges. The pVIRSL signal was
observed in both BUV and blue window, whereas the pVGSL and pVBSL were detected
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Fig. 4.7: a) VSL signal is only observed for cycle-1. VSL decreases with repeated cycles and a

background level was obtained after three cycles.

only in the BUV window because of overlapping transmission with blue window. Fig. 4.6b
shows pVIRSL, pVGSL, pVBSL decay curves in the BUV and blue detection window. The
luminescence detected in BUV window from all stimulations after violet, i.e., pVIRSL,
pVGSL, and pVBSL, were near the background. This observation was supported by results
shown in Fig. 4.5b that all the recombination centres in the BUV window were consumed
during violet stimulation. Therefore, further measurements were carried out using blue
detection window of pVIR stimulation. The pVIRSL detected in the blue detection window

yielded a luminescence signal (Fig. 4.6b) as sufficient recombination centres emitting in
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the blue window were left after the violet stimulation (Fig. 4.5c). Therefore, any detection

made in the BUV window resulted in near background luminescence.

The possibility of photo-transfer of charges by violet stimulation to IR light sensitive traps
was also examined using the protocol in Fig. 4.6¢. The IRSL was measured after the violet
stimulation repeatedly for eight times without any intervening radiation dose. In each
cycles, IRSL was followed by another IR treatment, to check that IRSL signal has reached
to the background level. The results of this experiment are shown in Fig. 4.6d. Over 20%
IRSL following repeated violet stimulations and without any intervening radiation dose
was seen (Fig. 4.6d). At the end of each violet and IR stimulation, the IRSL was reduced
to the background level as it can be seen from Fig. 4.6d. Repeated pVIRSL followed a trend
similar to repeated pVTL i.e., the IRSL signal intensity decreased with repetitive cycles to
an asymptotic value of about 20% of their initial value. VSL decay curves after each
repeated cycle are also shown in Fig. 4.7 and it can be seen that after the third cycle, VSL
residual was near background levels. These results are also supported by the above
observation, shown in Fig. 4.5b that recombination centres emitting in the narrow-UV
window get consumed during the violet stimulation. The signal in IRSL after repeated
cycles of violet stimulation indicates that electrons from deep reservoir traps were still

being photo-transferred to IR traps (Fig. 4.6d).
4.4.1.2 Source of post violet IRSL (pVIRSL) signal

As shown in Fig. 4.3c, the pVTL glow curve comprised TL glow peaks at 130 and 380 °C.
Relation between pVTL and pVIRSL was examined through violet stimulation at
increasing stimulation temperatures and cut-heats. The measurement protocol is shown in
Fig. 4.8a. IRSL at 50 °C was measured after each violet stimulation and cut heat. The IRSL
intensities were normalised to the IRSL after preheat, violet stimulation, and a cut-heat,
both at 50 °C. The sample was monitored for any sensitivity change by repeating first
measurement step after all cycles, and no sensitivity change was observed. Fig. 4.8¢c
provides normalized IRSL with increasing cut-heats after a violet exposure. The pVIRSL
decreased by about 20% from 50 °C to 100 °C, followed by an increase of 15% up to 250
°C violet stimulation and cut-heat. At cut heat of 500 °C, it reached 0.3% of the initial (Fig.
7¢). The initial decrease (up to 100 °C) is possibly due to decrease in phosphorescence from
glow peaks below 130 °C. An increase in IRSL up to 250 °C temperature of violet

stimulation and cut-heat suggests the increased photo-transfer of charges to IR traps during
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the violet stimulation. It can be seen from Fig. 4.9 that the slow component of the VSL
decay curve increases with stimulation temperature due to an increase in thermal assistance
at high temperatures. Consequently, charges recaptured in IRSL traps increase and lead to
higher IRSL. Stimulation temperatures greater than 250 °C start depleting TL peaks

sensitive to IR light, leading to a decrease in IRSL (Fig. 4.8¢c).
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Fig. 4.8: a) Sequence used to explore the origin of IRSL signal after the violet stimulation of KF
sample. The temperature of both violet stimulation and cut-heat was varied simultaneously. b)
Measurements carried out to explore the origin of IRSL signal. Both a) and b) sequences are
performed on the same and single aliquot. c) Variation of IRSL and pVIRSL with different cut-heat
and violet stimulation temperatures. The IRSL is obtained by subtracting the last 2 s background
from initial 2 s signal. IRSL signal was normalised with respect to its maximum value. To test any

sensitivity change, data for IR 50 °C after all measurements is also presented.

For reference, the variation of conventional IRSL with varying cut-heat temperatures was
also explored using the protocol in Fig. 4.8b. The variation of normalised IRSL with cut-
heat temperatures is shown in Fig. 4.8c. IRSL shows a very gradual decrease (~10%) up to
the cut-heat of 100 °C and nearly constant up to 200 °C. A faster decrease thereafter up to
500 °C and reduces to 0.01% of the initial value at 500 °C. Most of the decrease in the
IRSL occurs between 250 and 400 °C, indicating that it is more associated with a broad TL
peak at 300 to 350 °C, which is consistent with the observation from Li and Li (2011). A
rapid decrease of IRSL with increasing cut-heats and violet stimulation temperature after

250 °C suggests the depletion of charges during thermal treatment that provides IRSL.
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Fig. 4.9: Variation of VSL decay curves with increase in stimulation temperature after 20 Gy dose
and preheat of 250 °C for 60 s for KF sample.

4.4.2 Mechanism for pVIRSL

Fig. 4.3c suggests that TL glow peaks < 500 °C are populated through photo-transfer of
charges from deep traps (peaks > 500 °C) during a violet stimulation. These photo-
transferred charges were detected in the blue window as recombination centres emitting in
broad-UV were depleted during violet stimulation (Fig. 4.5c). Since only IR stimulation
can be detected in the blue window. Therefore, only post violet IR stimulation, detected in
blue window vyielded the luminescence from photo-transferred charges. The continuous
supply of charges observed in TL and IRSL after repeated violet stimulation suggests that
violet stimulation repopulates the IR traps each time. The efficiency of photo-transferred
charges progressively diminishes with each cycle, reaching an asymptotic value of
approximately 20% of initial pVIRSL signal (Fig. 4.6d). Based on Kalita and Chithambo
(2022), Jain and Ankjeergaard (2011), Kumar et al. (2020), and the present observations, a
possible mechanism for pVIRSL is that charges in deep reservoir traps are stimulated to
the conduction band by violet stimulation, and a fraction of these are trapped at IR traps

and give pVIRSL. Fortuitously, dose proportionality is retained in this complex process.
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Fig. 4.10 summarizes the mechanism of pVIRSL and a band model modified after Jain et
al. (2011). Transition-1 is the excitation of charges during violet stimulation, where charges
from all traps get excited to the conduction band, some of the charges are recaptured at the
IR trap, and others produce VSL. Subsequently, IR stimulation (Transition-2) probes the
recaptured charges and provides pVIRSL. As the fading measurements were made without
any delay of IRSL after violet stimulation, therefore, post violet IRSL yields a near zero
fading (Devi et al., 2022). Violet stimulation also empties charges from IR traps acquired
during geological antiquity and ensures that pVIRSL resulted from photo-bleached charges

in the IR traps.
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Fig. 4.10: Band model for post violet IRSL signal (modified after Jain et al., 2011). Transition-1
represents the excitation, recombination, and recapture pathway of violet stimulation. Electrons
from deep reservoir traps are excited using violet stimulation. The excited electrons go to the
conduction band, and some are recaptured to the unoccupied states of the principal trap. These
recaptured charges are further probed using IR stimulation (Transition-2) and resulted in pVIRSL
in the blue window. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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4.4.3 Dating using pVIRSL

To assess the suitability of pVIRSL for geochronology, factors such as athermal fading
rates, bleachability under daylight, recuperation, recycling, and dose recovery ratio were

measured, and the results are discussed below:
4.4.3.1 Bleachability of the deep traps

Luminescence dating relies on a light-bleachable signal, enabling the resetting of its
luminescence signal through light exposure facilitating the estimation of age of the event
associated with the most recent resetting. Bleachability of pVIRSL by daylight was tested
on surface sediment (DH-1) from modern dune sand using the protocol in Table 4.3,
Protocol B. The details of the protocol used are discussed later in section 4.5. The average
pPVIR-SAR dose for a modern desert dune DH1 sample is 0.09 £ 0.14 Gy (n = 10), which
is near zero. The results suggest that pVIRSL signal has effectively bleached by natural
daylight exposure and hence, the signal holds potential for dating the resetting events.
Further, to develop a SAR protocol for equivalent dose estimation in the laboratory, a signal
should also be bleachable under laboratory conditions to mimic natural daylight bleaching.
Given that during SAR measurements, a sample undergoes multiple cycles of irradiation
and bleaching, it is important that the carryover of pVIRSL from one SAR cycle to the next
is minimal. But as it can be seen from Fig. 4.6d, even after eight repeated cycles of violet

Natural samplc ] VSL — Test dose (50% of’ b 40 N
a) (@ 50°C/100's expected dose) ) MHK-07-07
I I T =
Preheat IRSL@ 100 °C/100 s Preheat Saal 0
@250 °C/60 s (pVIRSL1-Tx) @250 “C/60 s =30 0
I 1 I 7 o
VsL VL VSL &4
@ 50°CMN00s @ T°CI200s {50 °C/100 s ‘>1‘20
| T =5
— - [}
IRSLA 100 *C/100 s IRSL IRSL@ 100 °C/100 5 =
(PVIRSLI-Lx) @T*C2005 (PVIRSL-Tx) =z o
' L 510 (350.4.5)
Test dose (50% of vSL = O ’
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Fig. 4.11: a) Measurement protocol to test the bleachability of pVIRSL signal in the reader at the
variable temperature of violet and IR stimulation (bleaching step). b) Percentage of residual
pVIRSL signal (pVIRSL2/pVIRSL1; test dose normalised) at variable elevated temperature of violet
and IR bleaching for MHK-07-07 sample. Each data point represents a single aligout with natural

dose. At illumination temperature 350 °C, the residual pVIRSL signal is 4.5%.
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and IR stimulation, still 20% of the charges are left from the deep reservoir traps. Therefore,
the bleachability of the pVIRSL signal was explored in the TL/OSL reader. The
measurement protocol used is provided Fig. 4.11a. The bleaching steps contains both violet
and IR stimulation for 200 s at variable temperatures ranging from 150 to 450 °C. The
pVIRSL signal measured prior to bleaching is denoted as pVIRSL1, while pVIRSL
measured subsequent to bleaching is represented as pVIRSL2. The ratio of
PVIRSL2/pVIRSL1 measures the residual pVIRSL after the reader bleaching at
temperatures in the range of 150 to 450 °C, and results are shown in Fig. 4.11b. The ratio
of pVIRSL2/pVIRSL1 decreases with violet and IR stimulation at increasing temperatures.
Bleaching at 350 °C for 200 s reduces the residual signal to 4.5% of the initial value, and
hence, in the SAR protocol, 350 °C was used to bleach pVIRSL at the end of each dose

measurement cycle.
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Fig. 4.12: a) DRC constructed using pVIR-SAR protocol (Table 4.3, Protocol A) for MHK-07-07
sample. The D, recycling ratio and recuperation are 50 + 2 Gy, 1.06 + 0.04, and 12.0 + 0.5%,
respectively. b) DRC constructed using pVIR-SAR protocol (Table 3, Protocol B) for the MHK-07-
07 sample. The D¢, recycling ratio and recuperation are 52 + 2 Gy, 1.02 £ 0.03, and 4.1 + 0.1%,

respectively.

Based on the foregoing, a regeneration protocol for the pVIRSL was explored (Table 4.3,
Protocol A). This differs from the SAR protocol of Murray and Wintle (2000) in respect of
stimulations and bleaching steps (steps 3, 4, 7, 8, 9, and 10). In the present work, two step
stimulation (violet (50 °C, 100 s) and IR (100 °C, 100 s)) and bleaching (violet (350 °C,
200 s) and IR (350 °C, 200 s)) were used. A preheat of 250 °C for 60 s was used after each
irradiation based on preheat plateau (Fig. 4.13b). The dose response curve (DRC) for an
aliquot of MHK-07-07 gave a recycling ratio of 1.06 = 0.04 and the equivalent dose for this
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DRC is 50 + 2 Gy (Fig. 4.12a) concurred with the expected K-feldspar dose of 56 = 7 Gy.
This, however, gave a recuperation of 12%, ideally, it should be less than 5% (Murray and
Wintle, 2000). Bleaching temperature above 350 °C reduced the recuperation, and but it
was set at 350 °C temperature to avoid sensitivity changes due to heat. Therefore, further
optimization on the stimulation temperature of IR following a violet bleach, preheat
temperature, and test dose were made. All optimization measurements were made on
MHK-07-07, having an equivalent dose of 56 + 7 Gy. The dose response of pVIRSL was
explored for optimized parameters, and their applicability was further explored on all

natural samples mentioned in Table 4.1.

Table 4.3: Parameters for preliminary pVIR-SAR protocol (A). Parameters for optimized pVIR-

SAR protocol (B) for the equivalent dose estimation. The text in bold are optimized parameters.

Step Protocol (A) Protocol (B) Remarks
1.  Natural signal Natural signal
2.  Preheat (250 °C for 60 s)  Preheat (250 °C, 60 s) Remove unstable signal
3. VSL (50 °C, 100 s) VSL (50 °C, 100 s)
4. IRSL (100 °C, 100 s) IRSL (200 °C, 100 s) Ln, Lx
5. Test Dose (10-20% of Test Dose (50-80% of
De) De)
6. Preheat (250 °C, 60 s) Preheat (250 °C, 60 s) Remove unstable signal
7. VSL (50 °C, 100 s) VSL (50 °C, 100 s)
8. IRSL (100 °C, 100 s) IRSL (200 °C, 100 s) Th, Tx
9. VSL (350 °C, 200 s) VSL (350 °C, 200 s) Illumination
10. IRSL (350 °C, 200 s) IRSL (350 °C, 200 s) Illumination
11. Give dose and return to Give dose and return to
step 2 step 2

4.4.3.2 Stimulation temperature for IRSL

Murray and Wintle (2000) suggested that higher stimulation temperatures reduce
recuperation. Therefore, in the present study, the recuperation of the DRC was observed by
increasing the stimulation temperature of pVIRSL from 100 to 200 °C (step-4, 8; Table 4.3,
Protocol A). The results are shown in Fig. 4.13a. The recuperation reduced from 12% to
4% for IR stimulation temperature from 100 to 200 °C for the MHK-07-07 sample. DRC
of the sample for post violet IRSL at 200 °C is shown in Fig. 4.12b. A recycling ratio of
1.02 + 0.03 and recuperation of 4.1 + 0.1% was obtained. Thus, IR stimulation at 200 °C

was used for equivalent dose estimations of other samples used in the study.
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4.4.3.3 Preheat temperature

Due to the different thermal stability of traps for younger and older samples, the preheat
temperature could differ for different samples (Roberts, 2012). The suitable temperature
for preheating the sample can be tested using the preheat plateau test (Murray and Roberts,
1998; Murray and Wintle, 2000). For the preheat temperature, preheat plateau test was
carried out on a natural dose of PRL2 sample. The natural dose of the sample was measured
at variable preheat temperatures ranging from 200 to 340 °C. The De values estimated using
PVIRSL signal exhibited plateau between 220-260 °C for the PRL2 sample, where De

values varied within £5% (Fig. 4.13b). A uniform preheat of 250 °C for 60 s was therefore
used for all the samples.
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Fig. 4.13: a) Variation of recuperation for pVIR-SAR with IRSL stimulation temperature of the
MHK-07-07 sample. Recuperation is <5% for pVIRSL at 200 °C. b) D. plateau with preheat
temperature for PRL2 sample. Here, D at each preheat temperature is the mean of three aliquots.

All De values fall with 5% of each other in the preheat temperature range of 220 to 260 °C.
4.4.3.4 Optimization of the test dose

Colarossi et al. (2018) reported that the magnitude of the test dose during pIRIR-SAR
influences the growth curve. Lower test doses (<15% of equivalent dose) led to the
carryover of charges from the regeneration doses into test dose luminescence (Tx) and
resulted in an early saturation of DRC. Higher test doses suppressed the carryover of
charges to the next dose and increased the saturation dose of DRC, making it possible to
date the older samples. Therefore, these authors recommended using test doses in the range

of 15-80% of De. In the present study, the dependence of D. on the test dose was explored
on MHK-07-07 and RTP-18-02 samples.
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Fig. 4.14: Test dose dependency of dose for MHK-07-07 (a, b) and RTP-18-02 (c, d). At each test
dose, De is an average of at least three aliquots. Test doses were varied from approximately 5 to
90% of the expected dose. Dose recovery ratios at variable test doses for MHK-07-07 and RTP-18-
02 samples are shown in the inset of (a) and (c).

Fig. 4.14a and c suggest that test doses less than 50% of the expected dose underestimate
De, and test doses exceeding 50% of the anticipated De, lead to equivalent doses closer to
the expected doses. Fig. 4.14b and d plot the variation Tx/Tn with SAR cycles with test
doses for pVIR-SAR and show that Tx follows Lx. This indicates that Tx depends on Lx
from the corresponding regeneration dose. Variation in Tx/T, reduced from 76% to 47%
when the test doses changed from 9% to 86% of the expected dose for MHK-07-07. For
RTP-18-02, variation reduced from 76 to 25% for a change in test dose from 4 to 89% of
the expected dose. The change in Tx/Tn is higher for low test doses, whereas for high test
doses, Tx and T, covaries, suggesting that carryover of charges during high test dose
luminescence gets suppressed. Therefore, test doses ranging from 50 to 80% of the
expected doses were used. Dose recovery tests also depend on the test dose. A known dose
approximately equal to the expected dose was recovered using varied test doses. Inset in

95



Fig. 4.14a and c shows that dose recovery ratios were less than unity for test doses < 50%
of the expected dose and near unity for test doses > 50% for both samples. Therefore, it is
desirable to establish the test dose apriori before proceeding with dating analysis. The
laboratory saturation doses (2Do) of DRC was also depended on the value of test dose and
ranged from 56 Gy to 300 Gy and from 148 Gy to 606 Gy for two independent samples
(Table 4.5). These results accord with Colarossi et al. (2018).
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Fig. 4.15: Tx/Tn ratio and DRC for low (~15% of expected dose) and high (~55% of expected dose)
test doses of HMP-18-5: a) The ratio of test dose signal from regenerative to natural doses recorded
during construction of the DRC for low test doses. b) The ratio of test dose signal from regenerative
to natural doses recorded for high test doses. ¢) DRC constructed at low test doses. The natural
normalised intensity lies in the saturation region. d) DRC constructed at high test doses. The

natural normalised intensity lies below the saturation region, and the obtained D. is 580 + 29 Gy.

For HMP-18-5, the estimated De was in saturation for low test doses (i.e., < 20% of the
expected dose) (Fig. 4.15c¢), and at higher test doses (~55% of the expected dose), it was
below saturation, and the estimated dose was 580 * 29 Gy (Fig. 4.15d). Variation of Tx /Th
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reduced from 72 to 45% for test doses ranging from 15 to 55% of the expected dose (Fig.

4.15a, b). These results indicate that variation of De with test dose is sample dependent.

Table 4.4: Variation of saturation dose (2Do) with test dose (% of expected doses) for pVIR-SAR
protocol for MHK-07-07 and RTP-18-02 sample.

MHK-07-07 RTP-18-02
Test dose (%) Saturation dose (Gy) Test dose (%) Saturation dose (Gy)

9 56 + 2 4 148 + 9
17 85+4 12 256 + 16
34 142 +9 20 336 +£21
51 162 + 12 32 357 £ 22
69 227+ 21 61 431 +£29
86 300 + 36 73 552 + 15

89 606 + 23

4.5 pVIRSL Single Aliquot Regenerative Dose (pVIR-SAR)

Protocol

Suggested pVIRSL Single Aliquot Regenerative Dose (pVIR-SAR) protocol is shown in
Table 4.3, Protocol B. Test dose within 50 to 80% of anticipated De was used (step-5).
Preheat of 250 °C for 60 s, and optimized pVIRSL at 200 °C (step-4 and -8) was used for
De estimations. The bleaching step includes both violet and IR stimulation at 350 °C for
200 s (step-9 and -10). Monitoring recuperation and reliability of the sensitivity-corrected
signal is ensured through a zero dose and recycling dose during the construction of DRC.
These steps are crucial to check the reliability of the obtained De values pVIR-SAR

protocol. The results are discussed below:

4.5.1 Repeatability and sensitivity changes

The fundamental assumption of the SAR protocol relies on the ability to obtain a signal after each
dose and stimulation sequence that serves as a substitute measurement for the sensitivity observed
during the preceding measurement cycle. This capability enables the correction of sensitivity
variations in both natural and regenerated signals. Change in sensitivity during repeated
measurement cycles was investigated through a correlation between regenerative dose (Lx) and test
dose luminescence (Ty) after laboratory bleach using sequential stimulation by violet and IR at 350
°C for 200 s. This bleaching was carried out at the end of one cycle of Lxand Tx measurement. A
regeneration dose of ~530 Gy and a test dose of ~350 Gy was used on RSN-01-17. The

reproducibility of sensitivity corrected pVIRSL signal was tested using this protocol for cycles of
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sixteen repeated measurements (Table 4.4). The initial 2 s of pVIRSL decay curves were taken as

the signal, and the final 2 s were background.

Table 4.5: Protocol used to explore the Lx and Tx correlation for the RSN-01-17 sample. *

represents the doses given to RSN-01-17.

Protocol
Reader bleaching (VSL and IRSL @ 350 °C for 200 s at 70 % power)
Dose* (~530 Gy)

wn
—+
D
=]
w

Preheat @250 °C for 60 s
VSL @50 °C for 100 s
IRSL @200 °C for 100 s

Test dose* (~350 Gy)

Preheat @250 °C for 60 s

VSL @50 °C for 100 s

9 IRSL @200 °C for 100 s

10 VSL @ 350 °C for 200 s

11 IRSL @ 350 °C for 200 s

12 Return to step 2 (Repeat up to 15 cycles)

oo o o1l b~ w N -

1.2 I T T
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0.8 ' ' '
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Fig. 4.16: a) Ratio of regeneration dose net pVIRSL signal (L. initial signal minus background) to test
dose signal (Ty: initial signal minus background) is plotted against measurement cycle number for the
RSN-01-17.
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Fig. 4.16 plots Lyx/Tx values for 16 repeated cycles for RSN-01-17. The Ly/Tx mean is 1.01
+ 0.05 and suggests that pVIRSL is reproducible and that the test dose faithfully corrects
for sensitivity changes during the measurements. Fig. 4.16 also suggests that the
regenerated pVIRSL (L) for a constant dose (~530 Gy) corrected by a test dose (Tx) (~350

Gy) remains unchanged.
4.5.2 Residual doses of the pVIRSL

The rate of bleaching of pVIRSL was explored under both daylight and filtered sun-lamp
for exposures ranging from 0 to 300 min and 0 to 1200 min, respectively. The normalised
pVIRSL residual doses estimated for MHK-07-07 sample for different bleaching times are
shown in Fig. 4.17. The residual levels are at 11% after ~60 min and at 15% after ~100 min

under natural daylight and filtered sun-lamp, respectively.
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Fig. 4.17: Bleaching curves for a MHK-07-07 sample under UV filtered sun-lamp light and natural
daylight exposure. Each point is an average of three aliquots. The pVIRSL signal reaches the
residual level in ~60 min and ~100 min under daylight and solar lamp light exposure, respectively.

For clarity data for the initial two hours is shown in the inset.

Further, the residual doses of pVIR-SAR protocol for all samples were measured after five
hours of filtered sun-lamp exposure. The residual doses were measured on five aliquots

from each sample and are given in Table 4.7. The mean of five residual doses for each
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sample ranged from 4.4 + 0.2 to 21 = 1 Gy for pVIR-SAR protocol. Whereas the residual
doses for pIRIR-SAR ranged from 10 + 1 to 43 £ 8 Gy (Table 4.8). The pVIR-SAR residual
doses were 23 to 67% lower than the pIRIR-SAR, suggesting that pVIR-SAR protocol may
provide a better option for young samples. The residual doses were subtracted from De

values.
4.5.3 Dose recovery

To ensure that pVIRSL signal provides reliable dose estimates, the dose recovery test was
conducted (Wallinga et al., 2000). The dose recovery ratio examines the ability to
accurately recover the known irradiation dose from the luminescence signal. For dose
recovery test, a known dose approximately equal to equivalent dose was given after the five
hour filtered sun-lamp bleaching. The given doses were recovered using a pVIR-SAR
protocol. Five aliquots per sample were measured for the dose recovery test. The residual
doses subtracted recovered doses were used for the dose recovery ratios. The acceptance
criterion set for this test was within £10% (Murray and Wintle, 2000). The dose recovery
ratio for pVIR-SAR ranges between 0.96 and 1.08 and lie within the acceptable criterion
of SAR protocol (Table 4.7). However, the dose recovery ratios for pIRIR on the same set
of samples ranged from 0.95 to 1.42 (Table 4.8). These results indicate that dose ratios of
PIRIR-SAR are higher than the accepted criteria, similar results were also reported by
previous studies (Li and Li, 2014 and references therein).

4.5.4 Athermal stability of the pVIRSL

As shown in Chapter 3, the pVIRSL at 100 °C results from the stable charges and results
in near zero fading in feldspar. Similarly, athermal fading rates of optimized pVIRSL at
200 °C were also explored for the samples used in the present study. All fading
measurements were carried out using the protocol mentioned in Fig. 3.3b. The samples
were bleached under a filtered sun-lamp for five hours. A known dose approximately equal
to the expected equivalent dose was administered. A delay of 1 to 8 days was provided after
preheating of 250 °C for 60 s to estimate the fading rates (Auclair et al., 2003; Huntley and
Lamothe, 2001). The tc value used was two days. Most samples returned near zero athermal
fading rates (g < 0.5 % per decade, n=15) as shown in Fig. 4.18 and in Table 4.7. However,
sample PRLO and MHD-02-17 returned a g-value of 1.9 £ 0.1 and 2.9 + 0.3% per decade,

and these would need further investigations.
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Fig. 4.18: Fading rate [g (% per decade)] results for RSN-01-17 sample for pVIRSL at 200 °C.

455 Saturation dose

The saturation dose refers to the maximum dateable limit of luminescence dosimetry of
particular signal and is the amount of ionizing radiation that a mineral can accumulate in
its traps. It is generally considered as dose corresponding to the 86% of maximum
normalised intensity in the DRC. For the estimation of laboratory saturation doses (2Do)
for pVIR-SAR, DRCs for regeneration dose up to 3500 Gy were constructed. A single
saturating exponential function was used for DRC fitting. The pVIR-SAR saturation doses
of the samples ranged from 295 to 970 Gy (Table 4.6). The best case example of MHD-01-
17 had 2Dg of ~1000 Gy, recycling ratio of 1.00 + 0.05, and a recuperation of 2.6 + 0.1%,
respectively (Fig. 4.19). A dose rate of 3.35 + 0.15 Gy/ka implies an age of 300 ka.

4.5.6 Comparison with expected ages

The above results confirmed that the pVIR stimulation probes the non-fading charges,
giving zero laboratory fading rate. Although demonstrating that the pVIR-SAR protocol
performs reliably, using tests such as the recycling ratio, recuperation, preheat plateau, and

dose recovery tests. The most important test of the reliability of any dating technique is
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whether it can yield consistent results when compared with doses for the same sample or
context obtained using an existing independent dating protocol: BSL-SAR protocol for
quartz (Murray and Wintle, 2000) and pIRIR-SAR (pIRIRSL at 290 °C) protocol for
feldspar (Buylaert et al., 2011). The pVIR-SAR equivalent doses were compared with

expected values based on BSL-SAR of quartz (converted to the K-feldspar doses) and/or
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Fig. 4.19: Sensitivity corrected DRC constructed using pVIR-SAR protocol (Table 4.3, Protocol B)

for MHD-02-17 sample along with the natural intensity. The single saturating exponential function
as in analyst was used for the fitting. The recycling ratio and recuperation are 1.00 + 0.05 and 2.6
+ 0.1%, respectively. The estimated D, is 640 + 32 Gy, and saturation dose (2Do) is 970 + 23 Gy.

Table 4.6: Saturation doses (2Do) estimated using pVIR-SAR protocol for all samples.

Sample Test dose used (% of the expected dose) Saturation dose (Gy)
PRLO 50 2959

PRL2 50 360+ 8

MHK-07-07 | 50 360 +7

RTP-18-2 61 552 + 15

RSN-01-17 74 829 £ 18

HMP-18-5 58 864 £ 18

MHD-02-17 | 75 972 + 23
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PIRIR-SAR based doses on K-feldspar (Table 4.7). The quartz doses were converted into
feldspar doses using the formula: [(feldspar dose rate x quartz dose)/quartz dose rate]. Table
4.7 and Fig. 4.20 compares pVIR-SAR ages with expected ages which are consistent within
+2¢ error. One sample RTP-18-02 has an additional age control from YTT event of around
75 ka. The age of this sample estimated using pVIR-SAR is 69 + 5 ka, and this accords
with expected age of 75 ka (age of YTT).
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Fig. 4.20: Ages obtained using pVIR-SAR protocol with the ages constraint using BSL-SAR and

PIRIR-SAR.

It is interesting to note that for one sample HMP-18-5, the obtained pVIR age was 164 +
21 ka and the pIRIR age was >247 + 32 ka. These ages are not consistent and this needs
further probing. For MHD-02-17, both the pVIRSL and pIRIRSL gave fading of 2.8 + 0.3

and 2.7 =+ 0.6% per decade and ages agree with each other, when corrected for fading using

Kars and Wallinga (2009). The fading rate of the pIRIRSL signal can be minimized by
adjusting the prior-IR stimulation temperature or by employing multiple steps of IR
stimulation, as suggested by Li and Li (2011). Nevertheless, for the current study, the
PIRIR-SAR protocol outlined in Table 2.3 was utilized. For PRLO, pVIR age was corrected
for fading (g = 1.9 + 0.1% per decade) using Huntley and Lamothe (2001) and the ages

agree within 2c error as shown in Table 4.7.
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Table 4.7: Estimated D, fading value, recuperation, residual dose, and dose recovery ratio for all samples using the optimized pVIR-SAR protocol.

Recuperation observed in all the samples is <5% except for PRLO (young sample) where it is less than 10%. * represents the fading uncorrected feldspar doses

and ages, + represents the quartz converted feldspar doses, and $ represents the quartz De values and dose rates.

Sample | pVIR De | Expected | Dose rate pVIR Age | Expected | pVIR g- Maximum | pVIR Dose Remarks
name | (Gy) De (Gy) (Gy/ka) (ka) age (ka) | value (% delay for | Residual | recovery
per decade) | fading (h) | dose ratio
(Gy)
PRLO |18+ 1* 14 +2° 225+0.17 |8+1* 6+1 19+0.1 32 44+0.2 | 0.97+£0.05 | Quartz age (NCF-
+ -
21+l 11.1+0.3% [ 1.84+0.13% |9+1 BSL-SAR)
PRL2 49+3 46 + 57 187014 | 24«3 25%2 -0.5+£0.3 41 54+0.2 |1.08£0.04 | Q: BSL-SAR
35.7+0.1% | 1.45+0.09°
MHK- |48+1 56 £ 77 1.82+0.16 |25+3 31+3 -0.3+0.2 41 53+£0.2 [1.02+£0.02 | Q: BSL-SAR
0707 43.0+0.1% | 1.41+0.12°
RTP- 211 +7 234+ 6 3.07+£0.21 |69%5 76+6 0.1+0.3 69 8+1 0.97 £0.03 | F: Youngest Toba
18-2 Tuff sample
RSN- [500+30 |511+62 397+0.16 | 1269 129+16 |-0.2+0.3 95 19+4 1.03+0.03 | F: pIRIR-SAR
01-17
HMP- |340+30 |325+12* [2.07+0.12 |164+21 157+11* | 05+0.3 106 12+2 0.96 £ 0.05 | F: pIRIR-SAR
18-5 >511+2 >247 +
32
MHD- | 484 +19* | 505+37* |3.35+0.15 | 144+9* 151+13* | 2.8+0.3 132 21+1 1.06 £ 0.05 | F: pIRIR-SAR
02-17 |>940+4 |>956+2 5280 + 13 >286 + 13
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Table 4.8: D. values, fading values, residual doses, and dose recovery ratios for all samples using
the pIRIR-SAR protocol. Recuperation in all the samples was <5%. The D. values are the residual

subtracted and fading corrected. * represents the fading corrected feldspar doses and ages.

Sr. | Sample | De (Gy) | Age (ka) | g-value | Maximum | Residual Dose
no | name (% per | delay for dose recovery

decade) | fading (h) (Gy) ratio

1 PRLO 38+2 17+2 - - 134 + 142 +
0.4 0.04

2 PRL2 70+2 38+3 - - 124 + 1.14 +
0.3 0.04

3 MHK- 58 +2 32+ 3 - - 118+ 113+
07-07 0.3 0.03

4 RTP- 234 £6 76x6 |[01x11 62 101 1.09 =
18-02 0.06

5 RSN- |511+62 |129+16 | -0.3% 190 43+38 1.07 +
01-17 1.4 0.10

6 HMP- 326+ | 157 +|29+04 86 22+1 095+
18-5 |12 11 0.04

>511 + >247 £
2* 32*
7 MHD- 505 £| 151 = |27zx06 190 371 1.09 =
02-17 | 37 13 0.06
>056+ | >286 *
2* 13*

4.6 Luminescence Mechanism of the Optimized Parameter
pVIRSL at 200 °C

The proposed mechanism of pVIRSL in subsection 4.4.2 was at stimulation temperature of
50 °C for both violet and IR. However, after optimization the pVIRSL signal at 200 °C was
used for dosimetric measurements as it followed all the criteria for SAR protocol.
Therefore, the luminescence production mechanism for pVIRSL at 200 °C was explored
on KF using a protocol mentioned in Table 4.9. For comparison, measurements of pVIRSL
at both 50 and 200 °C were carried out. The pVIRSL (both violet and IR at 50 °C for 100
s) signal was measured after the dose of 20 Gy, preheat of 250 °C for 60 s, and IR wash
(50 °C for 100 s). This signal is named pVIRSL1. On the same aliquot, similar steps were
repeated after the TL wash of 500 °C but without IR wash, and this signal was termed as
pVIRSL2. Retrapping from the principal trap during violet stimulation was computed as
(pVIRSL2-pVIRSL1)/pVIRSL2 (Table 4.9). The same procedure was repeated for IR at

105



200 °C. The value of (pVIRSL2-pVIRSL1)/pVIRSL2 is -22% for IRSL at 50 °C and 56%
for IRSL 200°C (Table 4.10). The results indicate that IRSL at 50 °C from the principal
trap is consumed during violet stimulation; however, IRSL at 200 °C does not get consumed
during violet stimulation and contributes to the pVIRSL. Therefore, resulting pVIRSL at
50 °C has a single origin, i.e., photo-transfer from deep traps, however pVIRSL at 200 °C
has dual origins a) recapture of charges from the principal trap and b) photo-transfer of

charges from deep traps as observed from KF.

Table 4.9: Protocol used to quantify the IRSL from principal trap contributing to the pVIRSL.

Steps Protocol

1 TL 500 °C @ 2 °Cls

2 Dose (~20 Gy)

3 Preheat @250 °C for 60 s

4 IRSL @50 or 200 °C for 100 s

5 VSL @50 °C for 100 s

6 IRSL @50 or 200 °C for 100 s (pVIRSL1)
7 TL500°C @ 2 °C/s

8 Dose (~20 Gy)

10 Preheat @250 °C for 60 s

11 VSL @50 °C for 200 s

12 IRSL @50 or 200 °C for 100 s (pVIRSL2)

Table 4.10: Results of quantification of the IRSL from principal trap contributing to the pVIRSL.

Sample IRSL contributign to pVIRSL | IRSL contributio? to pVIRSL at
at50 °C 200 °C

KF -22% 56%
PRLO 45% 74%
PRL2 -20% 68%
MHK-07-07 -20% 62%
RTP-18-02 2% 73%
RSN-17-01 -2% 79%
HMP-18-05 -8% 49%
MHD-17-02 30% 66%

Table 4.10 provides percentage retrapping from the principal trap for the natural samples.
For PRL2, MHK-07-07, RTP-18-02, RSN-01-17, and HMP-18-05, the retrapping from IR
at 50 °C from principal trap to pVIRSL signal was <2%. However, for PRLO and MHD-
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17-02, retrapping of charges from IR at 50 °C was 30% and 45%, respectively, and could
be the reason for their athermal fading as IR at 50 °C originates from the recombination of
proximal electron-hole pairs and hence is more prone to fading (Poolton, 1994). The results
also indicate that retrapping from the principal trap for IR at 50 °C is sample dependent. A
more specific spectroscopic study may be needed to understand the mechanism in detail.
In the future, it may be of interest to include a step of IR stimulation at 50 °C prior pVIRSL
measurement to eliminate the IR 50 °C contribution from the principal trap. This may
facilitate the isolation of a more stable signal. A significant contribution (>50%) from IR
at 200 °C from principal traps to the pVIRSL was obtained for all samples. Therefore, in
natural samples, pVIRSL at 200 °C has a dual origin, indicating the DRCs for the pVIR-
SAR protocol are from photo-transfer from deep traps and retrapping from the principal

trap.

An alternate explanation for fading obtained in PRLO and MHD-17-02 could be the
instability of some of the recombination centres (Kumar at al., 2022). It may be possible
that all the nearest recombination centres are not consumed during violet stimulation, hence
participating in the pVIRSL and leading to fading. However, it is not observed for other

samples.

4.7 Conclusions

The present work probes the mechanism for non-fading pVIRSL and tests its potential for

K-feldspar dating. The take-home inferences are:

1. Violet stimulation at 50 °C probes the TL peaks greater than 500 °C and causes photo-
transfer of charges from the deeper traps to the shallower traps, and IR stimulation
provides pVIRSL. Deep traps >500 °C serve as reservoir traps. Violet stimulation at 50
°C probes the TL peaks below 800 °C.

2. Photo-transferred charges give luminescence only in the blue window due to
availability of recombination centres emitting in blue window after the violet
stimulation.

3. The pVIRSL at 50 °C results from the photo-transfer of charges from traps (>500 °C)
except for PRLO and MHD-02-17. In these two samples, IR 50 °C from principal trap
contributes to pVIRSL at 50 °C, hence results in fading.

107



4. The pVIRSL at 200 °C has a dual origin, a) photo-transfer from deep traps and b)
recapture from the principal trap, in all samples used in the study.

5. Deep traps are sensitive to violet light and also to daylight. This makes pVIRSL suitable
for dating. Typically, 60 min of daylight exposure reduced the pVIRSL to a residual
dose of a few Gy.

6. Photo-transferred IRSL in most samples had near zero athermal fading. However, two
samples, PRLO and MHD-02-17, returned a g-value of 1.9 £ 0.1 and 2.8 £ 0.3% per
decade, respectively.

7. Anaugmented pVIR-SAR protocol is presented. Optimized parameters viz. preheat at
250 °C for 60 s, pVIRSL at 200 °C for 100 s, bleaching using both violet and IR
stimulation at 350 °C for 200 s and test dose in range of 50 to 80% of expected dose,
followed all the criterion for SAR protocol. The pVIR-SAR provides doses with low
recuperation (<5% and for PRLO <10%), good recycling and dose recovery (within
10%), near zero fading, and residual doses < 21 Gy (lower than pIRIR-SAR) and
provided reliable ages ranging from 8 to >280 ka. These accord with BSL-SAR or
PIRIR-SAR estimates.

8. The pVIR-SAR dose response curve suggests a high laboratory saturation dose (2Do
~1000 Gy), implying the methodology can be used for higher doses.

The pVIR-SAR protocol has been implemented on a limited number of samples. To assess
its applicability and validate its effectiveness, additional samples from diverse geological
settings worldwide are required.
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Chapter 5

Application of pVIR-SAR Protocol for

Polymineral Natural Samples

5.1 Introduction

Chapter 4 discusses the use of pVIRSL for equivalent dose estimation using a single
aliquot regenerative dose protocol (pVIR-SAR). This chapter examines the potential of the
pVIR-SAR protocol in natural polymineral sediments. In this, experiments on two grain
sizes viz., polymineral fine-(4-11 um) and coarse-grains (90-150 um) were explored and

validated.

The use of luminescence in dating fine grains was developed by Zimmerman (1971), in
the context of dating of fired pottery (Zimmerman, 1971). A notable physics was the
development of measurements of alpha efficiency and appropriate dose rate calculations.
Subsequently, Wintle and Huntley (1979) used fine grains in the dating of sediments. Fine
grain dating is applicable in depositional environments, such as lacustrine, pottery and
volcanic ash where the sand-sized quartz or feldspar grains are rare or absent. The
polymineral fine grain dating is mainly carried out due to the mineral separation difficulty
for such small grain size, though later developments made it possible to use silica saturated
hydrofluoric silicic acid to extract quartz only fraction. An alternative approach was to use
a double SAR (DSAR) approach with post Infrared (IR) blue stimulation, which removed
the feldspar, blue stimulation contribution through an IRSL treatment and therefore
enhanced the OSL from quartz (Banerjee et al., 2001; Roberts and Wintle, 2001, 2003).
Duller and Bagtter-Jensen (1993) reported that even after an extended IR stimulation at 50
°C, some of the feldspar signal still left. Due to the higher luminescence sensitivity of
feldspar with respect to quartz, the OSL from feldspar contributes to total OSL

significantly.
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Therefore, different combinations of IR stimulation temperature and time were explored
to minimize feldspar signal contamination of the quartz signal (e.g., Roberts, 2007; Dogan
etal., 2015). Jain and Singhvi (2000) reported that IR stimulation at high temperatures can
deplete the quartz signal. Further attempts were made to date polymineral fine-grain
samples using feldspar, primarily because its signal can be selectively extracted using IR
stimulation (Hutt et al., 1988). (Buylaert et al., 2012). The use of pIRIR signal at elevated
temperatures (225 °C and 290 °C) was found to be relatively less affected by athermal
fading and has enabled the extension of the dating range (Buylaert et al., 2009; Morthekai
et al., 2015; Thomsen et al., 2008). However, pIRIRSL has poor bleachability, resulting in
high residual doses in the range Gy, which need due caution (Li and Li, 2011; Liu et al.,
2018; Yi et al., 2016).

The pVIRSL signal was explored for dating of polymineral samples by using its feldspar
IRSL. The pVIRSL signal selectively probes IRSL of feldspar grains after near complete
bleaching of OSL from quartz. It is worth noting that pVVIRSL is more efficiently bleached
by daylight than pIRIRSL, resulting in a lesser partially bleached signal component in
pVIRSL compared to pIRIRSL.

5.2 Samples

Table 5.1 provides sample details. Total thirteen samples from diverse locations and
depositional histories were analysed. These included three samples from volcanic ashes,
four pottery artefacts, and six fluvial sediments. The samples had OSL ages in the range of
500 years to around 68000 years (Mishra et al., 2013). The volcanic ash and pottery
artefacts are generally fine grained, and mineral separation is difficult, so polymineral fine
grain measurements were done for these samples. For fluvial samples, both coarse and fine

grain measurements were conducted.

Chemical treatments for both fine and coarse grain sample preparation are discussed in
Chapter 2 (subsection 2.3.1). After the chemical treatment, the luminescence from the
sediment sample primarily comprises of quartz and feldspars, with occasional contribution
from zircons (Sutton and Singhvi, 1983; Singhvi and Zimmerman, 1979). Two types of
feldspars viz. K-feldspar and Na-feldspar are present in varying proportions. Therefore, a
museum specimen of sodium-rich feldspar (sample code: NaF) was also used during
analysed. X-ray diffraction (XRD) analysis confirmed it to be albite (98.8%). Its pVIRSL
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characteristics and athermal fading rate along with its usability for a SAR protocol were

explored.

Table 5.1: List of samples along with geological location, expected age, and age controls. Here
CG and FG stands for coarse and fine grains, respectively. FG and CG represents the fine and
coarse grains, respectively. All IR50 and pIRIR measurements were made on feldspar.

Sr Sample | Latitude Longitude | Grain | Expected | Age Reference
no code size age (ka) controls
Volcanic ash fine grain sample
1 PRL23- (15° 19' 23.2716" FG 161 pIRIR- | This study
01 N,78° 8'2.2488" E) SAR
2 PRL23- (15° 19'23.2716" FG 201 pIRIR- | This study
02 N,78° 8'2.2488" E) SAR
3 PRL23- (15°08'15.19" N, 79° | FG 282 pIRIR- | This study
03 25'27.16" E) SAR
Pottery fine grain sample
4 PRL23- | (8°38'23.3"N FG 05+£0.1 |IR50- This study
04 78° 03' 27.9" E) SAR
5 PRL23- | (8°38'23.3"N FG 1.6+04 | IR50- This study
05 78°03' 27.9" E) SAR
6 PRL23- (8°35'60"N, 77° FG 29+0.2 pIRIR- | This study
06 54'0"E) SAR
7 PRL23- (8°35'60"N, 77° FG 3.0£0.2 pIRIR- | This study
07 54'0"E) SAR
Fluvial coarse grain sample
8 MHK- (22° 13'44"N 76° 01' | CG 65+7 Quartz | (Mishra et
09-12 36" E) BSL- al., 2013)
SAR
9 MHK- (22°13'44" N 76° CG 68 +7 Quartz | (Mishra et
09-13 01'36"E) BSL- al., 2013)
SAR
10 PRL23- | (9°2'52.8"N,78°16' | CG 31+2 Quartz | This study
08 12" E) BSL-
SAR
11 PRL23- | (9°2'52.8"N,78°16' | CG 59+3 Quartz | This study
09 12" E) BSL-
SAR
Fluvial fine grain sample
10 PRL23- (9°2'52.8" N,78° 16" | FG 31+2 | Quartz This study
08 12" E) BSL-SAR
11 PRL23- (9°2'52.8" N,78° 16" | FG 59+3 | Quartz This study
09 12" E) BSL-SAR
12 PRL23- (29° 6' 25.344" N, FG 10+ IR50-SAR | This study
10 75°1' 27.6096" E) 0.1
13 PRL23- (29° 6' 25.344" N, FG 2.1+ IR50-SAR | This study
11 75° 1" 27.6096" E) 0.1
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5.3 Methodology

The study comprises three key experiments:

1. Measurement of equivalent doses for samples with mixed mineralogy

In this experiment, samples with mixed mineralogy were analysed to assess the suitability
of pVIR-SAR protocol. Natural samples contain a mixture of minerals, and in some
scenarios, it is not possible to separate minerals. Therefore, the pVIR-SAR protocol was
tested for De estimation in such complex mineral assemblages. The estimated doses were

subsequently compared with constraint doses determined using well-established signals.

2. Variations with grain sizes

This experiment explored the variation of pVIRSL ages with different grain size fractions
within the same sample. This investigation is significant because it provides insights into
whether certain grain size fractions exhibit more reliable dating results with the pVIR-SAR
protocol. It can also help to identify potential advantages and limitations associated with
specific grain size fractions. The fluvial samples were investigated to test the bleaching
efficiency of quartz and feldspar at different grain sizes in the fluvial settings. Feldspar
from fluvial settings is often poorly bleached due to insufficient light exposure.

Experiments were conducted to identify suitable grain size for dating using pVIRSL.

3. Measurement of athermal fading rates, residual signal, reproducibility, and

comparison of pVIR-SAR ages with controls from other luminescence dating protocols

This experiment focused on quantifying athermal fading rates for the pVIRSL signal,
assessing the level of residual signal that may remain after bleaching and evaluating the
reproducibility of pVIRSL measurements. For all the polymineral samples, athermal fading
rates of pVIRSL and of other signals, such as IRSL and pIRIRSL involving feldspar
measurements, were estimated and compared. The fading rate measurements were made
using methodology described in Chapter 3 (subsection 3.3). The residual doses of all signals
were explored after the five hour bleaching under filtered sun-lamp to explore the bleaching
efficiency of each signal. The dose recovery tests were carried out to test the reproducibility
of the SAR protocols used. The methodology for residual dose and dose recovery
measurements is described in Chapter 4 (subsections 4.5.2 and 4.5.3). For all the fine-grain
samples, alpha efficiencies were estimated for all signals. To determine the alpha efficiency
(a-value), six aliquots of each sample were irradiated under vacuum using a calibrated six
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seater *!Am alpha source (Singhvi and Aitken, 1978). Prior to alpha irradiation, the
samples were bleached with the sun-lamp for five hours. The bleached samples were given
a known alpha dose, and equivalent beta doses were estimated using SAR protocols for IR,
pVIR, and pIRIR signals for their beta doses induced by alpha irradiation.

The pVIR ages were compared with SAR ages on quartz BSL (Murray and Wintle, 2000),
feldspar IR (50 °C) (Wallinga et al., 2000), and pIRIR (290 °C) (Buylaert et al., 2009) ages.
The BSL-SAR was applied to samples where the age is in the datable range of quartz. For
younger polymineral samples, the IR-SAR protocol was utilized, while the pIRIR-SAR
protocol was employed for older samples. The ages estimated using quartz BSL, feldspar
IR, and pIRIR signals were below the saturation of dose response curve (DRC) and satisfied

the criteria of SAR protocol. Therefore, these ages were considered as independent ages.

The concentration of radioactive nuclides in the samples was determined using a high-
resolution HPGe detector. In the dose rate computations, volumetric corrections were

applied to meet the infinite dose matrix criterion.

5.4 Results and Discussion

5.4.1 Quartz and sodium feldspar contamination

As discussed the key minerals are quartz-, K-feldspar and Na-feldspar. Therefore, pVIRSL
from all these minerals was measured after the constant dose of approximately 20 Gy.
Signals from all samples were weight normalised for comparison. Fig. 5.1a compares the
weight normalised pVIRSL decay curves from quartz (calibration quartz: batch 122), Na-
feldspar (NaF), and K-feldspar (KF). pVIRSL from an empty disc is also shown for
comparison. Weight normalised pVIRSL from quartz and an empty disc was at the
background level, and pVIRSL from both potassium and sodium rich feldspars was
approximately 1 x 10° counts per second per unit weight. Previous studies reported that
IRSL emission of sodium rich feldspar peaks in the yellow-green emission band, whereas
K-feldspar emission peaks in the violet (Baril and Huntley, 2003; Krbetschek et al., 1997).
Sohbati et al., 2013 suggested that the blue pIRIR signal of sodium-rich feldspar is due to
contamination from potassium-rich feldspar as both sodium and potassium feldspar exist
in an exsolution form, rendering complete separation unattainable. Therefore, the pVIR-
SAR not only offers the advantage of dating the samples where feldspar cannot be

separated from quartz but can even discern between K- and Na-feldspars based in their
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emission in blue and yellow region. This possibility also eliminates the tedium of

separation of fine grain minerals.

Athermal fading of pVIRSL for polymineral samples was also measured. Fig. 5.1a shows
that quartz does not respond to pVIR stimulation, and with the exception of volcanic
contexts, it does not show athermal fading (Tsukamoto et al., 2007; Ankjergaard et al.,
2013). Thomsen et al. (2008) reported that sodium rich feldspar typically exhibits more
athermal fading than potassium feldspar and this was explored further. Fig. 5.1b shows the
variation of test dose normalised intensity with delay time. The weighted mean of athermal
fading rates of fifteen aliquots for NaF was 0.1 £ 0.2% per decade, indicating that pVIRSL

probes the stable charges in NaF.
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Fig. 5.1: a) Weight normalised shine down curves of pVIRSL from potassium feldspar (KF), sodium
feldspar (NaF), quartz and empty disc are shown. b) Normalised luminescence intensity variation with
delay time in NaF.

5.4.2 Luminescence characteristics and dose determination

Fig. 5.2 to 5.4 show pVIRSL optical decay curves and dose-response curves (DRCs) for
volcanic ash samples (PRL23-01, PRL23-02, and PRL23-03), pottery samples (PRL23-
PRLO4, PRL23-05, PRL23-06, and PRL23-07) for fluvial samples (PRL23-10 and PRL23-
11). Table 5.2 provides the equivalent doses based on 15 aliquots/sample. The acceptance
criterion was recycling ratio < 10% of unity and recuperation < 5% of the natural signal.
The pVIR-SAR De-values were compared with doses from BSL-SAR, IR-SAR, and pIRIR-
SAR. The residual doses were subtracted from De-values to obtain the true equivalent dose
of samples. The estimated, fading corrected De-values from all protocols are collated in
Table 5.2. The pVIR doses are close to the expected doses except for PRL23-08 and
PRL23-09. For these samples, the De-values estimated using pIRIRSL greater than pVIRSL
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showing the overestimation in the pIRIRSL due to its slow bleaching under natural
sunlight.

Volcanic Ash samples
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Fig. 5.2: pVIRSL decay curves, dose response curves and variation of normlised intensity with delay
time for all volcanic samples named PRL23-01, PRL23-02, and PRL23-03.
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Pottery Samples
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Fig. 5.3: The pVIRSL decay curves, dose response curves, and variation of normalised intensity

with delay time for all pottery fine grain samples named PRL23-04, PRL23-05, PRL23-06, and
PRL23-07.

5.4.3 Residual dose

The mean residual doses for pVIR-SAR protocol ranged from 3.3 £ 0.2 Gy to 10.0 £ 0.2
Gy for all samples. The residual doses for pIRIR-SAR ranged from 10.3 £ 0.6 Gy to 34.4
+ 0.5 Gy. Table 5.2 collates the data. The residual doses of pVIR-SAR are 30 to 70% lower
than the pIRIR-SAR residual doses under the solar lamp bleaching for five hours. Residual
doses of fine grains pottery samples assumed zero due to thermal resetting of all signals

during the firing of pottery. Lower residual doses for pVIR-SAR compared to pIRIR-SAR
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also indicate that pVIR-SAR might provide more accurate equivalent dose estimates due
to reduced signal overestimation for all samples.

Fluvial fine grain sample
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Fig. 5.4: The pVIRSL decay curves, dose response curves and variation of normlised intensity with
delay time for fine grain fluvial samples named PRL23-10 and PRL23-11.

5.4.4 Dose recovery

A mean of five aliquots per sample was used to estimate the recovered doses. The residual
doses were subtracted from the recovered doses for dose recovery tests. The dose recovery
ratios for pVIR-SAR ranged from 0.99 to 1.06, and for pIRIR-SAR, the ratio ranged from
0.93t0 1.12 (Table 5.2).

5.4.5 Athermal Fading

Athermal fading rates were measured for pVIRSL, IRSL, and pIRIRSL signals from
polymineral samples. The delay time duration depended on the equivalent dose of the
samples. A constant tc value of 2 days was used. For fine grain samples, eight out of thirteen
had pVIRSL athermal fading rates < 1.1 % per decade (Table 5.2). Normalised intensities
plotted against delay time are depicted in Fig. 5.2 to 5.5. Given that low fading rates would
not change the final age estimations, no age corrections were conducted (Buylaert et al.,
2012). Remaining five samples PRL23-02, PRL23-04, PRL23-05, PRL23-06, and PRL23-
07, had g-values as 2.3+ 0.2, 1.3+ 0.4, 1.4 £ 0.1, 5.9 £ 0.6, and 4.0 £ 0.4% per decade,
respectively. For IR and pIRIR, PRL23-09 had g-values < 1.1% per decade (Table 5.2; Fig.
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5.6). For all other samples fading rates were higher. The fading values of pVIRSL signal
are equal to or lower than the IRSL and pIRIRSL except for PRL23-06 and PRL23-07
pottery samples. For polymineral coarse grains, out of four samples, the fading rates of
three samples were < 1.1% per decade for the pVIRSL signal (Table 5.2). The PRL23-09
sample exhibited a fading rate of 1.5 + 0.4% per decade. In contrast, the pIRIRSL signal
demonstrated a fading rate exceeding 1.1% per decade for three out of four samples. In the
case of the volcanic ash samples, the fading rates of pVIRSL are lower than the pIRIRSL,
indicating that pVIRSL probes the athermally more stable charges than pIRIRSL. The
above discussed results indicate that pVIRSL probes charge more stable traps than

PIRIRSL in both fine and coarse grain fractions of fluvial samples.

For PRL23-06 and PRL23-07 pottery samples, pVIRSL fading rates are higher than
pIRIRSL. The IRSL fading rates for these two samples were greater than 10% per decade.
The XRD analysis showed that these two samples were rich in sanidine (Singh et al., (in
preparation)), which could be the possible reason for higher fading in these two samples.
Polymeris et al. (2022) reported that sanidines yield more intense fading among three
groups of k-feldspar. For all coarse grains, pVIRSL fading rates were <1% per decade
except for PRL23-09, the g-values are 1.5 + 0.4% per decade. In contrast, the pIRIRSL g-

values were greater than 1% per decade for all four coarse grain fractions.
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Fig. 5.5: Normalised intensity with delay time for fine grain PRL23-08 and PRL23-09 sample.
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Table 5.2: Estimated De values, fading value, recuperation, residual dose, and dose recovery ratio for all samples using pVIR-SAR, IR and pIRIR protocol.

Recuperation observed in all the samples is <5%. The D, values are corrected for fading, wherever applicable. The residual doses are subtracted from both

estimated doses from natural sample and recovered doses from given dose for dose recovery test. Here $ represents the ages estimated using IR-SAR protocol.

Sample PVIR De IR/PIRIR | pVIR Age | IR/pIRIR | pVIRg- | IR/pIRIR | pVIR IR/pIRIR | pVIR Dose | IR/pIRIR
name (Gy) De (Gy) (ka) Age (ka) | value (% | g-value Residual Residual recovery Dose recovery

per (% per dose (Gy) dose (Gy) | ratio ratio

decade) | decade)

Volcanic ash fine grains
PRL23-01 1374 140+ 9 171 161 11+£02 |15+£05 |51+£04 10.7x0.8 1.00+£0.02 |0.94+£0.03
PRL23-02 | 1765 146 + 8 261 201 23+£02 |25£04 [49+0.3 10.3£0.6 |0.99+£0.02 |0.99+0.03
PRL23-03 | 183+13 222 +22 | 27+3 31+3 1.1+04 |19+£04 |57+02 10.7+£1.2 |1.01+£0.04 |0.93+0.02
Pottery fine grains
PRL23-04 |6.3+0.3 40+06° [09+01 [05+01% [04+03 [48%12° |[nm. n.m. n.m. n.m.
PRL23-05 |13.3+0.3 12+ 3% 1.8+0.1 1.6+04% [14+01 |7.1+£14°% [nm. n.m. n.m. n.m.
PRL23-06 |13.1+0.8 16.0£05 | 3.2+£0.3 45+03 |59+£06 |33x04 |nm. n.m. n.m. n.m.
PRL23-07 145+04 201 34+03 51+05 40+04 |32+£03 |nm. n.m. n.m. n.m.
Fluvial coarse grains
MHK-09-12 | 96 £ 5 96 +11 58+7 58+9 05+05 |11+06 |33%0.2 156+09 |1.01+£0.02 |0.95+0.02
MHK-09-13 | 109 + 7 120+ 11 |60x7 66 +9 02+05 |12+07 |39%0.1 55+£0.1 1.05+£0.02 | 1.09£0.03
PRL23-08 |226+6 311+23 | 63+3 86+8 09+04 |14+06 |10.0+0.2 344+05 |1.06+£0.03 |1.11+£0.02
PRL23-09 | 307 +£16 390+22 | 114419 144 + 12 15+04 |19+£06 [80x£01 320+05 [1.03+£0.03 |1.12+0.03
Fluvial fine grains

PRL23-08 |144+2 270+ 10 |37%1 68 +3 1.0+£01 |36+£02 [44+01 228+0.6 |1.06+£0.02 |1.07+0.03
PRL23-09 |211+5 3277 78+4 126 + 6 08+05 |08+05 [81+0.2 242+1.4 |0.98+£0.02 |0.96+0.02
PRL23-10 |9.6%£0.5 55+03% [1.6+0.1 1.0+0.1% |13+04 [1.3+05% |2.11+0.04 n.m. 1.02+£0.02 | nm.
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PRL23-11 |15.0+0.3 12.2+05% | 25+0.1 21+01% [0.8+0.3 |[2.0+0.4% |2.20+0.03 n.m. 0.98+0.02 | n.m.
Table 5.3: Dose rate details of all samples.
a-value Dose rate” (Gy/ka) Water Depth
Sample | U (ppm) | Th (ppm) K®) AR OVIR DIRIR Q/PVIR | IR/PIRIR Co(r;/toe)“t (cm)
Volcanic ash fine grains
PRL23-01 57£01 [29.3+0.6 3.7+£0.1 n.m. 0.067 £ 0.004 | 0.086+0.007 [85+0.3 |9.0+0.3 15+5 130
PRL23-02 43+01 |247+0.8 29+0.1 n.m. 0.088 £ 0.004 |0.119+0.006 |6.9+0.2 |75+0.3 15+5 255
PRL23-03 50+0.1 |28.8+%0.6 3.3+x0.1 n.m. 0.060+£0.002 |0.083+£0.004 |74+0.1 |80x£0.2 20£5 200
6.7+04 |7.2+0.3"
Pottery fine grains
PRL23-04 42+01 |229+05 3.6+£0.1 0.093+£0.001 | 0.071+£0.001 | n.m. 69+01 |[7.3+0.1° 202 200
PRL23-05 29+0.1 |320%11 3.2+0.05 0.095 £ 0.002 | 0.087 +£0.001 | n.m. 74+01 [75+0.1° 20+ 2 172
PRL23-06 25+£04 |115+18 1.8+0.1 n.m. 0.099 +£0.001 |0.059+0.001 [40+0.3 |35+0.2 817 135
PRL23-07 25+07 |127+26 1.9+0.1 n.m. 0.110+0.002 |0.081+0.001 |43+0.3 |39+0.3 10+7 26
Fluvial coarse grains
MHK-09-12 | 1.36 £0.27 | 3.62 + 0.95 0.67 +0.09 n.m. n.m. n.m. 1.07+0.12 | 1.47+0.12 |15+5 440
MHK-09-13 | 1.38+1.33 | 4.44+1.16 0.78 + 0.06 n.m. n.m. n.m. 1214012 | 1.71+0.12 |15%5 490
PRL23-08 0.77 +0.03 | 8.02 + 0.19 2.31£0.04 n.m. n.m. n.m. 30£01 |30£0.1 50£25 |90
PRL23-09 0.88 +0.03 | 7.88 + 0.22 1.34 £ 0.03 n.m. n.m. n.m. 21+01 |21+0.1 50+25 | 140
Fluvial fine grains

PRL23-08 0.77 +0.03 | 8.02 +0.19 2.3+0.04 n.m. 0.095+0.002 |0.105+0.002 {3.9+0.1 |[4.0+0.1 50+£25 |90
PRL23-09 0.88 +0.03 | 7.88 + 0.22 1.34 £0.03 n.m. 0.080 £0.006 |0.220+£0.013 ([29+0.1 |3.8+0.1 50+£25 | 140
PRL23-10 4.01+£0.05 | 16.81 £0.27 | 2.55+0.04 0.034 £0.001 | 0.059 +0.001 | n.m. 58+02 |54+0.2°% 10+£5 50
PRL23-11 4.33+0.05 | 17.34 £0.27 | 2.76 +0.04 0.047 £ 0.001 | 0.057 £ 0.001 | n.m. 6.1+02 [59+0.2° 10+5 200
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* Represents the dose rate after volumetric correction and ® represents the dose rates for IRSL at 50 °C. n.m. stands for not measured. Dose rates
are calculated using standard infinite matrix assumption using offline Dose Rate calculator (DRc; Tsokolas et al., 2016). The conversion factors

used in DRc software are by Guérin et al. (2011). The a-value and beta attenuation factors were estimated using Guérin and Mercier (2012) and
Nathan and Mauz (2008), respectively.
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Fig. 5.6: Average fading rate values for all fine grain polymineralic samples. Fading corrections in

ages for fading rates less than one were not made (Buylaert et al. 2012).

5.4.6 Dose rate determination

The dose rate of all samples is listed in Table 5.3. The dose rate of samples ranged from
1.07 to 9.00 Gy/ka. The conversion factor for dose rate estimation used are mentioned in
section 2.4.2. The internal radioactivity of K-feldspar due to “°K is considered as 12.5 +
0.5% (Huntley and Baril, 1997), whereas sodium feldspar does not possess any radioactive
elements. In cases where the “°K concentration is uniformly distributed, the dependence on
grain size in the range up to 300 um is insignificant for potassium concentration below 5%
(Sohbati et al., 2013; Fig. 1). This is due to the range of beta particle (3 mm) is greater than
the desired grain size for luminescence measurements. Consequently, it is reasonable to
assume that all feldspar grains have received uniform doses during their geological
antiquity, making them suitable for dosimetry. The dose rate contribution due to internal
radioactivity of “°K is < 1% of the total dose rate for fine grains and < 5% for coarse grains,

thus exerting minimal impact on the dose rate. For all polymineral grain measurements, a
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uniform value of 12.5 + 0.5% for internal “°K is assumed as only feldspar yields to pVIRSL.
Pottery samples PRL23-06 and PRL23-07 were hollow from inside, therefore corrections
were made for doses deposited by gamma radiations. After considering these corrections
dose rate reduced from 4.0 £ 0.2 Gy/ka to 3.5 £ 0.2 Gy/ka and 4.5 + 0.3 Gy/ka t0 3.9 £ 0.3
Gy/ka for PRL23-06 and PRL23-07 sample for pIRIRSL signal, respectively. Similarly,
for pVIRSL signal dose rates reduced from 4.5 + 0.3 Gy/ka to 4.0 +0.3 Gy/kaand 4.9 £ 0.4
Gyl/ka to 4.3 + 0.3 Gy/ka for PRL23-06 and PRL23-07 sample, respectively (Singh et al.,
(in preparation)). For coarse grains, alpha irradiated skin was etched using HF treatment.
However, the size of fine grains is less than the range of alpha particles. Hence, alpha

efficiency is considered for dose rate estimation of fine grains as discussed below:
5.4.6.1 Alpha efficiency

For polymineral fine grain samples, the alpha efficiency was estimated for pVIRSL, IRSL,
and pIRIRSL signals as detailed in section 5.3. The alpha efficiencies were estimated using
Eqg. 2.2 discussed in Chapter 2 and are listed in Table 5.3. The alpha efficiencies for
volcanic ash samples ranged from 0.060 + 0.002 to 0.088 + 0.004 for pVIRSL and 0.083
0.004 to 0.119 + 0.006 for pIRIR signal. For fluvial samples PRL23-10 and PRL23-11, a-
values ranged from 0.034 + 0.001 and 0.047 £+ 0.001 for IR and 0.059 £ 0.001 and 0.057 +
0.001 for pVIRSL. Similarly, for PRL23-08 and PRL23-09 fluvial samples, a-values are
0.095 £ 0.002 and 0.080 + 0.006 for pVIRSL and 0.105 + 0.002 and 0.220 + 0.013 for
PIRIR signal. For PRL23-04 and PRL23-05 pottery samples, a-values ranged from 0.093
+0.001 and 0.095 + 0.002 for IR, 0.071 £ 0.001 and 0.087 + 0.001 for pVIRSL. For PRL23-
05 and PRL23-06 pottery samples, a-values are 0.099 + 0.001 and 0.110 £ 0.002 for
pVIRSL and 0.059 + 0.001 and 0.081 £ 0.001 for pIRIR signal. The results indicate that a-
values for pIRIRSL > pVIRSL> IRSL for volcanic ash and fluvial samples (Fig. 5.7).
However, a different trend was obtained for pottery samples; a-values for IR are higher
than pVIRSL. In comparison, pVIRSL a-values are higher than pIRIRSL for PRL23-06
and PRL23-07. The a-values varied depending on the sample and signal used.

The distinct values of alpha efficiencies for different samples reflect the different responses
of fine-grain samples to alpha radiation. These variations may be attributed to the diverse
mineralogical compositions, crystal structures, and sensitivities of individual signals to

alpha radiation interactions. Understanding the interplay between alpha efficiencies and
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luminescence signals is crucial for optimizing dose reconstruction protocols, and it needs

further exploration. This will be explored in the future.
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Fig. 5.7: Alpha efficience of all samples.

5.4.6.2 Volumetric correction for heterogeneous sedimentary layers

The PRL23-03 sample has an average thickness of around 30 cm for the ash layer. The
underlying and overlying sediment layers have lower radioactive concentrations compared
to the ash layer deposit. In this case, the infinite matrix assumption is valid only for the
alpha and beta particles, as their range is 20 um and 30 mm in the sediments. However, the
gamma radiations have a range of ~30 cm. Therefore, the infinite matrix assumption is not
valid for the ash layer. Therefore, volume corrections for the gamma dose rate were made.
The field representation of the volcanic ash layer is shown in Fig. (5.8a, b). A sphere of
radius ‘r’ equal to 30 cm has three layers: two sedimentary (1 and 3) and an ash layer (2)
(Fig. 5.8b). The approximate thickness of the ash layer deposit is 30 cm. The volumetric

corrections for the dose deposited by gamma rays in the ash sample is given below.
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Volumeg * y; = Volumey * y; + Volume, * y, + Volumes * y;

Considering the volume of the sphere, hemisphere, and cylinder, the above equation can be

written as:

3hy,
4r

B 3/2r h N N
Vs—4r<3 2)(V1 ¥3)

This equation is used for the volumetric correction to compute the dose rate from gamma

rays. Considering the volumetric corrections, the total dose rate of the PRL23-03 ash
sample reduced from 7.4 £ 0.1 Gy/ka to 6.7 £ 0.4 Gy/ka and from 8.0 £ 0.2 Gy/kato 7.2 £
0.3 Gy/ka for pVIRSL and pIRIRSL, respectively.

Fig. 5.8: a) OSL sampling of PRL23-03 volcanic ash sampling site. b) Zoomed view of deposited
volcanic ash layer. The thickness of ash layer is ~30 cm. A sphere of radius 30 cm is considered for
volumemetric corrections for dose deposited by gamma radiations.

5.5 Age Determination from Polymineral Fine- and Coarse-

grain Fractions

5.5.1 Fine grains

In this section, the age determined from the polymineral fine grain samples are discussed

and compared with the constraint ages from other luminescence signals, which are well
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established. Ages were estimated considering a-values in the dose rate calculations. The

volumetric corrections were applied for gamma dose rate, wherever applicable.
5.5.1.1 Volcanic ash

We have determined the ages of three volcanic ash samples PRL23-01, PRL23-02, and
PRL23-03. The pVIR age of PRL23-01 is 17 £ 1 ka, which accords well with the pIRIR
age of 16 = 1 ka (Table 5.2). Similarly, for PRL23-02, the pVIR and pIRIR ages are 26
1 kaand 20 + 1 ka, respectively and for PRL23-02 are consistent within 20% of uncertainity
(Fig. 5.9). The ages of three volcanic ash samples represent the reworked ash events which
is also confirmed by field expert (Personal communication with Mr. Anil Devara, MSU,
Baroda). The pVIR and pIRIR-SAR ages of all samples are consistent within two sigma
errors (Fig. 5.9). Both PRL23-01 and PRL23-02 samples were collected from the same
stratigraphy. The PRL23-01 sample was above the PRL23-02. Both pVIR and pIRIR ages
of these samples followed the chronological order, further supporting that the ages are

correct.

The PRL23-03 sample contains distinct sediment layers, including layers 1, 2, and 3, and
an ash sample was collected from layer 2 (layers 1, 2, and 3; Fig. 5.8). The volumetric
correction for gamma dose rates was applied for layer 2. The results demonstrate that
volumetric correction of the PRL23-03 sample reduced the total dose rate by 7%. After the
volumetric corrections, the pVIR and pIRIR ages are 27 + 3 ka and 31 £ 3 ka, respectively,
consistent within the error limit (Fig. 5.9). The PRL23-03 has an additional control from
the sediment layer lying above and below the ash deposit. PRL23-03 sample ages agree
with bounding feldspar pIRIR. The age of sediment above the ash deposit is 28 + 1 ka, and
sediment beneath the volcanic ash has an age of 32 + 2 ka (Personal communication; Mr.
Anil Devara, MSU, Baroda). Further, the residual doses associated with pIRIR-SAR are
approximately twice as high as those of pVIR-SAR, thereby highlighting the better
bleaching efficiency exhibited by pVIR-SAR in comparison to pIRIR-SAR for volcanic

ash samples.
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Fig. 5.9: Polymineralic fine grain pVIR ages plotted against the IR and pIRIR ages. The black
lines represent the 20% uncertainty.

5.5.1.2 Pottery samples

The ages of four pottery samples PRL23-04, PRL23-05, PRL23-06, and PRL23-07 were
determined. For PRL23-04 and PRL23-05, IR-SAR ages are taken as independent ages, as
pottery samples were young. For PRL23-04, pVIR age is 1.8 times the age of IR (Table 5.2,
Fig. 5.9). The pVIR and IR age of the PRL23-05 are respectively calculated as 1.8 + 0.1 ka
and 1.6 = 0.4 ka and agree within 20% of uncertainty. The IR- and pVIR-SAR ages for
PRL23-05 are consistent with 20%. For pottery samples PRL23-06 and PRL23-07, pIRIR
are considered as independent ages as IRSL at 50 °C yielded fading rates >10% per decade,
which cannot be corrected using the fading correction age models (Huntley and Lamothe,
2001). The pVIR ages of PRL23-06 and PRL23-07 are 3.2 + 0.3 ka and 3.4 = 0.3 ka,
respectively, and pIRIR are 4.5+ 0.3 kaand 5.1 £ 0.5 ka. The pIRIR ages are approximately
1.5 times higher than the pVIR ages. The fading rates of pVIRSL for these samples are
higher than pIRIRSL, possibly because of the presence of sanidine, as discussed in
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subsection 5.4.4. Residual doses are not estimated for these samples, assuming they were

properly bleached due to their firing at temperatures >400 °C.
5.5.2 Coarse grains: Fluvial samples

Four fluvial polymineral coarse grain samples from two different locations were used for
age estimations. The pVIR and pIRIR ages of MHK-12-09 are 58 + 7 ka and 58 + 9 ka,
respectively, and are consistent with the expected quartz age of 65 + 7 ka. Similarly, for
MHK-13-09, pVIR- and pIRIR-SAR ages are 60 £ 7 ka and 66 £ 9 ka, and consistent with
expected ages based on quartz BSL age of 68 + 7 ka (Mishra et al., 2013). For polymineral
coarse grain samples named MHK-12-09 and MHK-13-09, both pVIR and pIRIR-SAR
ages are in agreement with the expected quartz ages within 26 uncertainty (Fig. 5.10).
Fading rates for pVIRSL for both samples are negligibly small and notably lower than the
PIRIRSL. The age agreement of both feldspar polymineral ages and quartz ages suggests
effective bleaching of feldspar grains during the deposition. The results also indicate that
pVIR-SAR works well for polyminerals; hence, no mineral separation is required. After
the removal of carbonates and organic matter from sediments, only 10% HF treatment for
40 minutes is required to remove alpha irradiated skin for coarse grains. This opens up new
opportunities for in situ measurement of samples without requiring desired mineral
separation. The pVIR-SAR residual doses are also lower than the pIRIR-SAR protocol,
again highlighting the better bleachablity of pVIRSL than pIRIRSL.

Further, the ages of polymineral fluvial coarse grain samples PRL23-08 and PRL23-09
were determined. These two samples belong to the same location. The pVIR and pIRIR
ages of PRL23-08 are 63 = 3 ka and 86 + 8 ka, respectively, and for PRL23-09, the ages
are 114 + 9 ka and 144 + 12 ka, respectively (Table 5.2; Fig. 5.10). The ages overestimated
from the expected ages estimated using quartz, which were 31 £ 2 ka and 59 + 3 ka for
PRL23-08 and PRL23-09, respectively. Both pVIR and pIRIR ages showed an
overestimation in the ages than the expected age estimated using BSL-SAR quartz. This
discrepancy suggests a twofold overestimation in the polymineral coarse grain pVIR ages
and a threefold overestimation in the pIRIR ages when compared with the expected ages.
This discrepancy indicates that feldspar is not properly bleached during deposition for these
samples. Overestimation in the ages of polymineral coarse grain demonstrates that coarse
grain feldspars exhibit poor bleachability in this fluvial setting, leading to an overestimation

of sample ages. Although both feldspar signals overestimating ages, but lower pVIR ages
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than pIRIR ages imply that pVIRSL has better bleaching efficiency for feldspar compared
to pIRIRSL.

A previous study by Fuller et al., 1994 reported that fine grains might have better
bleachability in comparison to coarse grains in fluvial contexts. In a fluvial setting, finer
grains remain in water suspension for longer than coarse sediments because of their small
size, and hence, they are exposed to daylight for a long time. For the same samples, the
bleaching behaviour of polymineral fine grain is explored using both the pVIR-SAR and
PIRIR-SAR protocol. Therefore, polymineral fine grain ages were estimated for PRL23-08
and PRL23-09. The pVIR fine grain age of PRL23-08 is 37 + 1 ka and consistent with a
quartz age of 31 * 2 ka within 20% uncertainty. For PRL23-09, the pVIR age is 78 £ 4 ka,
also consistent within 20% uncertainty with the expected age of 59 + 3 ka (Fig. 5.10). The
obtained pVIR fine grain age of PRL23-08 and PRL23-09 agree with the quartz age within
20% uncertainty. On the contrary, the pIRIR fine grain ages for these two samples were
still two times the expected ages i.e., 68 + 3 ka and 126 + 6 ka, respectively (Table 5.2).
Finer grains display higher bleachability in contrast to coarser grains. The findings indicate
that pVIRSL exhibits more rapid bleaching under daylight conditions than pIRIRSL in fine
and coarse grain fractions. Hence, pVIRSL from fine grains could be an alternative dating
method for fluvial samples. The results accord with Fuller et al. (1994). These indicate that
pVIR-SAR will be helpful for the challenges associated with fluvial sample dating and is a
reliable alternative dating method for accurate age determination. The comparison of coarse
grain feldspar ages with fine grain ages can be helpful in predicting the bleachability of the
sample. This approach may also prove valuable in scenarios where quartz grains exhibit
low sensitivity, and feldspars show inadequate bleachability, such as in samples collected
from the Himalayas and Antarctica regions.

Further, the ages of two additional fluvial fine grain samples, PRL23-10 and PRL23-11,
collected from the same stratigraphy were determined. These two samples were young.
Therefore, the IR were taken as independent ages. For fine grain fraction from fluvial
sample PRL23-10, the pVIR age is 1.6 + 0.1 ka and IR age is 1.0 £ 0.1 ka. The pVIR age
is approximately 1.5 times higher than the IRso age, although the fading characteristics of
both signals are comparable (Table 5.2; Fig. 5.9). For PRL23-11, the pVIR age is 2.5+ 0.1
ka, and IR age is 2.1 £ 0.1 ka, and these agree within 20% of uncertainty (Table 5.2). The
ages of both samples are in chronological order, supporting the accuracy of the ages from
both protocols.
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Fig. 5.10: Comparison of coarse and fine grain pVIR and pIRIR ages with the expected ages (quartz

ages) of fluvial samples. The black lines represent the 20% uncertainty.

5.6 Conclusions

The study tested the potential of pVIR-SAR protocol for natural polymineral fine- and
coarse-grain samples from various depositional environments. The estimated ages were
compared with IR (infrared at 50 °C) and pIRIR-SAR (post-infrared infrared at 290 °C)
ages. The study provides valuable insights into luminescence dating using pVIR-SAR and
PIRIR-SAR protocols on polymineral samples. The findings suggest that pVIR-SAR might

offer advantages in terms of signal bleaching efficiency.
The important findings are outlined below:

1. K-feldspar and Na-feldspar yields pVIRSL signal (~10° counts per second per unit
weight). As expected, the pVIRSL signal was not observed from quartz.

2. Athermal fading rates of pVIRSL for both fine- and coarse-grain are equal to or

lower than IR and pIRIR signals. Two exceptions were PRL23-06 and PRL23-07,
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where pVIRSL fading is greater than pIRIRSL. The results indicate that pVIRSL
results from the charges from more stable traps than IRSL and pIRIRSL for most
of the samples used in the study. Apart from these samples, in the sodium rich
feldspar also pVIRSL resulted from the charges from the non-fading traps.

3. Results suggest that alpha efficiencies of pIRIR are higher than pVIR, which, in
turn, are higher than IR for volcanic ash and fluvial sample. However, for pottery
samples, the trend of a-values is reversible. This needs further exploration and
probing.

4. The pVIR-SAR protocol works well for ash and fine grain polymineral samples.
The pVIR-SAR protocol enabled the dating of polymineral fine- and coarse-grain
sediments from a few years to ~68 ka. The ages are consistent with geological
reasoning and available age controls. The pVIR-SAR protocol for dating
polymineral fine- and coarse-grain samples enables the dating of samples where
feldspar cannot be fully separated from quartz. Therefore, no mineral separation is
required; only HCI and H.O> treatment is required to remove the carbonates and
organic material. An additional 10% HF treatment is required for coarse grains to
remove the alpha irradiated skin. The estimated ages were in good agreement with
the expected ages.

5. The ages estimated using pVIR-SAR for fine grains were in agreement within 20%
with quartz ages. Also, the residual doses from the pVIR-SAR protocol are lower
than the pIRIR-SAR, indicating better bleachability of pVIR than pIRIR signal for
feldspar.

The findings presented herein suggest that pVIR-SAR could be a valuable tool for
addressing the dating challenges posed by fluvial samples and may serve as a reliable
alternative dating method for precise age determination. Comparing coarse-grain feldspar
ages with fine-grain ages can offer insights into predicting the bleachability of the sample.
This approach could prove particularly beneficial in scenarios where quartz grains exhibit
low sensitivity and feldspars display insufficient bleachability, as often encountered in

samples from regions like the Himalayas and Antarctica.
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Chapter 6

An Attempt to Date Glacially Polished
Samples using Luminescence Surface

Exposure Dating

6.1 Introduction

The present Chapter discusses the applicability of pVIRSL signal for rock surface exposure
studies using polymineral coarse grains from rock sample. As discussed in Chapter 1, rock
surface dating using luminescence is applied to determine the duration of exposure to
daylight (exposure ages) of rocks (Habermann et al., 2000; Sohbati et al., 2011). Sohbati et
al. (2011) and others have successfully dated young samples (age < 1 ka), but for older
samples, the application of Luminescence Rock Surface Exposure Dating (LRSED) has
been due to challenges to get suitable calibration samples (Freiesleben et al., 2023; Gliganic
etal., 2018).

The current Chapter addresses the application of LRSED for samples older than 1 ka and
discusses the challenges faced. The glacially polished bedrocks samples from Nubra
Valley, Ladakh, located within the Himalayan range were collected. Ladakh has provided
an extensive record of multiple glacial and interglacial cycles with advance and retreat of
glaciers (Dortch et al., 2013, Ganju et al., 2018; Sharma et al., 2018, 2016; Shukla et al.,
2020). The bedrock surfaces were exposed to daylight during marine isotope stage-2 (MIS-
2) in glacial stage. The rock samples have an expected age between 18 to 30 ka based on
luminescence burial dating of sediments and cosmogenic radionuclides (CRN) (Ganju et

al., 2018; Jena et al., 2023). The present study comprised:
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1. Measurements of luminescence depth profiles for IRSL and pVIRSL signals for the
exposure age estimation.

2. Sensitivity of the luminescence depth model for different parameters was explored.
The different environmental factors such as climate, precipitation, and microbial
activity influencing the luminescence signals were also explored, and their
subsequent interpretation is provided. A petrological analysis using a scanning
electron microscope with an energy dispersive X-ray spectrometer (SEM-EDS) of
the rock samples was carried out, and the obtained results are discussed.

6.2 Sample and Methodology

The samples were collected from glacially polished bedrocks from four sites in the Nubra
Valley, Ladakh (34° 34’ 05.2” N, 77° 37’ 09.7” E). The samples were collected from
locations previously sampled for cosmogenic radionuclide (CRN) dating by Jena et al.
(2023).

Fig. 6.1: a) Bedrock surface having striations and chatter marks. b) Sample collected from the glacially
polished bedrock surface. c) Polished bedrock surface having dessert varnish and d) sample collected

for calibration with a known age (~15 yrs).

The bedrock samples are feldspar-rich granites. The basic premise was that the samples
were exposed to daylight during glacier recession largely by vertical thinning of the ice
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(Ganju et al., 2013). Luminescence dating of buried sediments of moraines (Ganju et al.,
2018) and °Be dating of exposed bedrock surface (Jena et al., 2023) suggest that the
exposure to daylight should have started from 18 to 30 thousand years. The surfaces of
these bedrocks exhibit striations and chatter marks whose preservation suggests that the
sub aerial erosion of rock was minimal. The presence of a dark brown desert varnish layer

on the samples also suggested that polished rock surfaces did not suffer erosion (Fig. 6.1).

A sample from the same rock type, exposed during a road cut created about 15 yrs ago, was

collected for calibration to estimate attenuation coefficient (i) and detrapping rate (a¢y).

Samples were wrapped in aluminium foil in the field to prevent further exposure to light
and subsequence processing was under red light (> 630 nm). The sample preparation
procedure is depicted in Fig. 6.2 and the preparation methodology is given in Chapter 2
(subsection 2.4.2.3). The prepared samples were mounted on the stainless-steel discs using
silicon oil and measured in a TL/OSL reader.

6.3 Measurement Protocols

Measurements were carried out on the polymineral samples without mineral separation,
given that only feldspar responds to IR stimulation (Hutt et al., 1988). Both pIRIR at 225
°C and pVIR at 200 °C signals were measured using the protocol in Table 6.1. Adequate
grains were successfully retrieved from all rock slices of ~1 mm thick. Three aliquots for
every slice, up to a core depth of 30 mm were measured.

ple TRTA cal

Slicing

Sam Coring Crushing

Chemical Treatments Aliquot Measurements

10% HF/10 min
37% HC1/30 min

Fig. 6.2: Procedure followed for sample preparation for rock surface exposure dating.
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For each aliquot, the natural luminescence signal (L) and the subsequent test dose
luminescence signal (Tn) were measured as in the first cycle of SAR protocol (Murray and
Wintle, 2000). A uniform test dose of ~20 Gy was used for all T, measurements. A preheat
temperature of 250 °C for 60 s was used prior to both natural and test dose measurements.

The IR at 50 °C for 100 s and pIRIR at 225 °C for 100 s was applied to measure L.

Similarly, for pVIRSL measurements, IR at 200 °C (pVIR) was recorded after violet
stimulation at 50 °C for Ln. Normalization was done using the average luminescence
derived from Ln/T, values of the five deepest depths that formed a saturation plateau. The
normalised luminescence signal was plotted against depth and fitted to the luminescence
depth model (Sohbati et al., 2011).

Table 6.1: Protocol for measuring luminescence depth profiles for pIRIRSL and pVIRSL signals.

Step Treatment (pIRIR225)  Treatment (pVIR200) Observed
measurement

1. Natural signal Natural signal

2. Preheat at 250 °C for 60 s Preheat at 250 °C for 60 s Remove thermally

unstable traps

3. IRSL at 50 °C for 100 s VSL at 50 °C for 100 s

4. IRSL at 225 °C for 100 s IRSL at 200 °C for 100 s Ln

5. Test dose (~20 Gy) Test dose (~20 Gy)

6. Preheat at 250 °C for 60 s Preheat at 250 °C for 60 s Remove thermally
unstable traps

7. IRSL at 50 °C for 100 s VSL at 50 °C for 100 s

8. IRSL at 225 °C for 100 s IRSL at 200 °C for 100 s Tn

Athermal fading rates of both IR and pIRIR signals were estimated on grains of the
calibration sample as it is bleached under daylight. The calculated weighted mean values
of fading rates for IR and pIRIR were 0.8 £ 0.8 % per decade and -1.0 £ 1.1% per decade,
i.e., near zero, respectively (Fig. 6.3). The results indicate that both signals did not suffer
from athermal fading. Therefore, IR was employed for exposure ages, as it also exhibits a
high degree of bleachability than pIRIR signals (Poolton et al., 2002). Attenuation
coefficient (i) and detrapping rate (c@o) in EQ. 1.17 were estimated on the calibration
sample from the road cut. These estimated parameters were utilized in model fitting to

estimate the exposure ages.
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Fig. 6.3: Fading rate measurements for IR signal for TRTX-cal sample. The weighted mean of the
fading rate is 0.8 = 0.8%/decade.

Methodology of Biswas et al. (2023) was used to compute the exposure ages. In brief, the
MATLAB code was executed for a total of 10,000 randomly generated paths. The criteria
for accepting a path as valid for exposure age calculation was the probability of best fit
greater than random numbers generated between 0 and 1. A distribution of exposure ages
was obtained from the fitting data of accepted paths. The final exposure age of the bedrock
surface was determined as the median value of this normal distribution, with a lc

uncertainty accounted for in the calculation

6.4 Results and Discussion

6.4.1 Estimation of attenuation coefficient and detrapping rate

Samples used in this study were collected within a radius of less than 1 km, and therefore,
it can be assumed that the daylight flux received by all the samples was the same. In the
present work, the parameters were obtained empirically by fitting Eq. 1.17 to calibration

sample, with known exposure age of 15 yrs (Fig. 6.4). As expected, the data followed a

137



sigmoidal trend, and parameters were estimated based on the best fit of Eq. 1.17 in the data
(Sohbati et al., 2011). The parameters were estimated for both first and second order
kinetics for IR and pVIR signals. The estimated values are shown in Fig. 6.4. For IR for p
and oo are 0.8 mm™ and 1.0 x 10 s from first order fitting. Similarly, for second order
fitting, the values are 1.1 mm™ and 1.6 x 10° s, respectively. The p and oo for pVIR are

0.6 mm™and 1.6 x 10 s for first order and 0.9 mm™ and 8.0 x 10 s for second order.
6.4.2 IRSL depth profiles

IRSL exposure ages for bed rock samples were derived by fitting their normalised
luminescence-depth profiles with Eq. 1.17 and using p and o¢o value from the calibration
sample. The fitted normalised IRSL signal-depth curves and their exposure ages are
summarized in Fig. 6.5 and Table 6.2, respectively. Here also, data points followed a
sigmoidal trend (Sohbati et al., 2011).

The scatter in data profiles is possibly due to the heterogeneous distribution of opaque
minerals in the granitic rocks (Meyer et al., 2018). Fig. 6.5 shows IR profiles of all samples,
and the model was fitted using first order Kinetics. The exposure ages of samples are far
too young compared to the expected ages of 18 to 30 ka (Table 6.2). The uncertainties on
both the positive and negative sides of the ages differ due to the asymmetrical distribution
of exposure ages obtained from the accepted paths (Biswas et al., 2023). The potential cause

for these substantial uncertainties may be attributed to data scatter.

The model in Eq. 1.17 assumes that the rate of decay of OSL signal due to light follows the
first-order decay equation, which results in a single exponential decay of OSL with
stimulation light. The assumption is not true for feldspar as IRSL decay of feldspar follows
a stretched exponential function (Bailif and Barnett, 1994). Therefore, for feldspar, the
general order kinetics (GOK) model is suggested for fitting the luminescence depth model
(Biswas et al., 2023; Freiesleben et al., 2022). The decay of IRSL of feldspar in GOK model
is described as:
dn (6.1)

— = —gopn?

dt

A=+ G- Dop)Tp (62)
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dn(x, t)

dat

(1 —n(x, t))F(x) — 7P (x, t)E (x)

(6.3)

Where 7 is the ratio of the number of trapped electrons (n) to the total number of available

traps (N) and b is the order of kinetics.
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Fig. 6.4: Estimation of parameters such as oo and u for the calibration sample TRTX-Cal of known age

of 15 yrs for depth profiles for both IR (a and b) and pVIR (c and d) signals for first and second order

kinetics. Normalization was done using the average luminescence derived from the five deepest depth

L./T, values, which were in saturation.
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By putting the values of E(x) and F(x) from Eg. (1.10) and Eq. (1.11), the rate equation of

IRSL at depth x (mm) and time t (ka) is:
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Fig. 6.6: Exposure ages estimated using second order kinetics for IR data for TRTX-1, TRTX-2B,

TRTX-3B, and TRTX-4A. The potential cause for these substantial uncertainties may be attributed

to data scatter.

Table 6.2: Exposure ages of all samples for IRSL and pVIRSL for both first order and second

kinetics.
Sample First Order Second Order
IR age (yrs) pVIR age (yrs) | IR age (yrs) pVIR age (yrs)
TRTX-1 473 26%% 12024 52418
TRTX-2B 1613 19*% 2211 31+¢
TRTX-3B 185%31 63712 10141362 218152
TRTX-4 536189, 5132 437511331 154132
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Fig. 6.7: Exposure ages estimated using first order kinetics for pVIR data for TRTX-1, TRTX-2B,
TRTX-3B, and TRTX-4A.

For our study, we have used extreme case of second order kinetics i.e., b = 2 for fitting the
normalised IRSL-depth data following Biswas et al. (2023) which suggest second order
kinetics yields exposure ages comparable to the expected ages. The fitted normalised IRSL
signal-depth curves using second order kinetics of all dating samples and the associated
exposure ages are summarized in Fig. 6.6 and Table 6.2, respectively. The exposure ages
estimated using second order increased by one order of magnitude. The underestimation of
the expected ages was reduced using second order kinetics but still the expected ages were
underestimated. Ages computed using both the first and second order kinetics were 98%
and 85% lower than expected ages, respectively. These results suggest that further

improvement is needed in the LRSED.
6.4.3 pVIRSL depth profiles

The luminescence depth profile using pVIRSL signal gave a similar underestimation and

are given in Table 6.2. Similar results for exposure ages were obtained for pVIRSL. The
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PVIR exposure ages for the samples TRTX-1, TRTX-2B, TRTX-3B, and TRTX-4A were
found to be 2617 a, 1977 a, 63%12 a, and 51732 a, respectively, using first order kinetics.
The summary of fitted normalised pVIRSL signal depth curves of all dating samples and
their exposure ages are given in Fig. 6.7 and Table 6.2, respectively. The expected ages
using first order kinetics were underestimated by approximately 99%. The exposure ages
for pVIR using second order kinetics fitting of the luminescence depth data for the samples
TRTX-1, TRTX-2B, TRTX-3B, and TRTX-4A were 52%184a, 31+%* a, 21832 a, and
154137 a, respectively. The fitted normalised data for all samples for second order kinetics
for pVIR is shown in Fig. 6.8, and a summary of the ages is provided in Table 6.2. The
pPVIR exposure ages using second order kinetics also showed underestimation in the ages
of the bedrock sample. The results indicate that IR data underestimation was lower than

pVIR data.
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Fig. 6.8: Exposure ages estimated using second order kinetics for pVIR data for TRTX-1, TRTX-
2B, TRTX-3B, and TRTX-4A.
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There could be several reasons for such a discordance between the obtained ages and the
expected ages. A possibility could be that the calibration experiment was inappropriate due
to differences in opacities of the rocks due to presence of desert varnish on the rock age
samples that would have reduced the light flux to the minerals inside the rocks. Meyer et
al. (2018) have suggested that petrological analysis should be carried out to understand the
mineralogy of the rock samples. Therefore, mineralogical studies were carried out and

discussed in the coming sections.

6.4.4 Scanning electron microscope with energy dispersive X-ray
spectroscopy (SEM-EDS)

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) is
used for mineralogical studies of rocks as discussed in Chapter 2 (subsection 2.5.2). The

results are discussed below:
6.4.4.1 Role of desert varnish

Desert varnish is a lustrous layer that forms on rocks in dry, arid, and semi-arid
environments. Ladakh is a region conducive to desert varnish formation due to its dry
climate, low precipitation, high altitude, and limited vegetation. Desert varnish is created
through the oxidation of iron and manganese by bacteria, which are abundant in arid
environments. Composition of desert varnish depends on local geological conditions,
temperature, and environmental factors. Primarily, desert varnish consists of manganese,
iron oxides, and clay minerals. The desert varnish forms when wind-blown dust and clay
particles settle on the surface of rocks. In Nubra Valley a dark brown layer can be seen in
Fig. 6.9, also reported by Dortch et al. (2010). All samples, except the calibration sample
had a thick layer of desert varnish. The SEM-EDS measurements showed the presence of
MnO and FeO on the surfaces of rock samples (Fig. 6.10). Fig. 6.10 showed that desert
varnish was up to 2 mm thick on the rock surfaces, and none was observed on the surface
of calibration sample. Desert varnish formation can take thousands of years and therefore

it was not seen on a freshly exposed calibration sample (~15 yrs).

As discussed in Chapter 1, luminescence bleaching depth model by Sohbati et al., 2012,
suggest two critical factors: the effective detrapping rate (c@o) and the attenuation factor
(W) on luminescence-depth profiles. To compare luminescence-depth profiles from
different surfaces, the attenuation coefficient and detrapping rate must be the same for all
samples. Any variation would result in discordant results. In addition to this, uneven
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distribution of non-transparent minerals, common in rocks with diverse mineral varieties
like granitic rocks with felsic minerals, can notably affect the ability to reproduce these
profiles (Meyer et al., 2018). Because of different mineralogy of calibration sample,
parameters estimated from calibration of the model, are not appropriate for age estimations.
Furthermore, it can be stated that when rock surfaces are to be dated using the luminescence
rock surface exposure dating method, one need to take into account the presence of this

thin layer of desert varnish in their studies

Fig. 6.9: Field Photograph of the Study Area: Nubra Valley, Tirith, Ladakh, India (34° 34' 05.2"
N, 77° 37" 09.7" E). Desert varnish is prominently observed on all rock formations.
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Fig. 6.10: Variation of a) FeO and b) MnO with depth of the rock sample for unknown age (TRTX-3B)

and calibration sample (TRTX-cal).
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6.4.4.2 Role of Micro fractures

Ladakh region has a geological history marked by numerous cycles of glacial and
interglacial activities. Glaciers exert tremendous pressure as they move and flow over the
bedrock. The shear stress due to glacial movement can cause the granitic bedrock to form
micro-cracks. The weight and movement of the glacier can lead to formation of cracks in
both surface and subsurface. In addition, Ladakh experiences temperature fluctuations
ranging from approximately -10 °C to +20 °C, with daytime heating and night time
cooling. This leads to a freeze-thaw effect that induce stresses within the granitic rocks
leading to development of micro fractures that grow with time. Also, when glaciers retreat
the pressure on the bedrock is lowered and this also can lead to the formation or expansion
of cracks. The presence of striations on the rocks suggests that the ice mass should have

been several meters to a hundred meters.

Fig. 6.11: Scanning electron microscope images of the calibration sample and TRTX-4A sample.
No microfractures were observed in the calibration samples whereas fractures of thickness of a
few micrometeres were observed in TRTX-4A samples.

The SEM images of the TRTX-4A and calibration sample are shown in Fig. 6.11. The
micro fractures were identified in the TRTX-4A bedrock sample whereas no micro
fractures were observed on the calibration sample. It is interesting to see that micro
fractures were only observed in the bedrock samples with unknown ages as the surface of
these samples has faced glacial and interglacial activities. The calibration sample is a

freshly cut sample at 3-4 m below the surface of bedrock. As the density of the micro
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fractures decreases with depth, these are absent at the depth from where calibration sample

was collected.

Due to fractures in the rock, the light reflections will be different for calibration and
unknown age samples. The present study reported the first observation of micro fractures
in the natural samples. Another recent study by Andri¢evié¢ et al. (2023) also found that
cracks in rocks affect light flux propagation in the rocks. Their study was based on artificial

cracks.

Considering these results, it seems that the calibration sample and rock samples behaved
differently in terms of optical attenuation of daylight. Freiesleben et al. (2022), based on
similar experiences, suggested that the desirable calibration sample should have exposure

age of the same order of magnitude as the sample being dated for exposure age.

6.5 Conclusion

This chapter explored the applicability and challenges of luminescence dating on older
samples exposed during marine isotope stage-2 (MIS-2) collected from Nubra Valley,
Ladakh, Himalaya. The surfaces of the bedrock samples were glacially polished. The
samples have expected an age of 18-30 ka (Ganju et al., 2018; Jena et al., 2023). The IR
and pVIRSL signals were used to find the exposure ages of the samples. The methods
suggested by Sohbati et al. (2011) and Biswas et al. (2023) were used to find the exposure
ages of the samples. A sample of known age (~15 yrs) was used to find the parameters such
as attenuation coefficient and de-trapping rate. Both IR and pVIR signals followed the
sigmoidal trend with depth in the rocks, as expected by the model (Sohbati et al., 2011).
The parameters estimated from a known age sample were used to calculate the unknown

exposure ages of samples. The main conclusions of the study are listed below:

1. The attenuation coefficient and de-trapping rate derived from the calibration method
resulted in an underestimation of the ages. The second order Kinetics improved the ages,
but still, ages were underestimated significantly. These findings suggest that the
parameters derived from calibration were inappropriate for the estimation of ages for
samples with unknown ages.

2. The underestimation in age estimations could be due to variations in rock opacity
induced by the presence of desert varnish on rock surfaces. Presence of a dark brown

layer on their uppermost surfaces, extending to a depth of a few millimetres, notably
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darker than the fresh rock sample beneath. This observation implies a mineralogical
alteration within the rock material. SEM-EDS analyses confirmed the presence of FeO
and MnO on the surface of rock samples and its absence in the case of calibration
sample. FeO and MnO confirmed desert varnish on rock samples of ~2 mm thick.
Consequently, the study reminds the necessity of accounting for the presence of the
desert varnish layer in luminescence-based surface exposure dating methodologies.

3. SEM images of the samples showed the presence of micro-fractures in the rocks. No
fractures were observed on the calibration sample. Cracks can form in glacially polished
granitic bedrock due to a combination of factors, including glacial activity, temperature
fluctuations, abrasion, and geological conditions. These factors can lead to the
formation and propagation of cracks in the granitic bedrock over geological time scales.
As the density of the micro fractures decreases with depth. The calibration sample was
taken from a freshly exposed surface resulting from a road excavation conducted during
2006 and 2007, at a depth of a few meters from the bedrock surface. At this depth,
cracks may be absent and hence, not observed in the calibration sample. Due to
fractures in the rock, the light reflections will be different for calibration and unknown
age samples. Hence, the calibration parameters may not be suitable for the estimation

of exposure of older samples.

The results presented in this Chapter provided an insight into the need for a more nuanced

understanding of field based variables and their modelling.
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Chapter 7

Summary and Future Prospect

7.1 Summary

Our study encompasses a comprehensive exploration of the various spectral regions of
feldspar, systematically assessing their athermal stability through different stimulation and
emission combinations. The luminescence production mechanism of feldspar is complex
due to its complex defect structure and has not been fully understood yet. The current
understanding of the luminescence mechanism of feldspar is based on the existence of a
principal trap, also known as a dosimetric trap. We rigorously investigated aspects
associated with the mechanism of luminescence in feldspar and studied the traps and

recombination centres responsible for luminescence in feldspar.
The specific objectives of the thesis were to

1. Investigate the luminescence characteristics of different spectral regions of feldspar
with varied stimulation wavelengths, aiming to identify signals with minimal fading
tendencies.

2. Develop dating protocols for the signals with minimal fading identified in Objective
#1 and validate their applicability for dating samples from diverse geological
environments.

3. Establish a methodology for dating the surfaces of rocks and compare the ages
obtained using new signals with minimum fading with the signals previously used

for dating in the context of glacially polished samples.
A summary of the results presented in the thesis is given below:

1. Multispectral luminescence studies using the different combinations of stimulation and
detection spectral windows were carried out. The athermal fading rates using both
single stimulation and sequential double stimulation combinations were estimated. A
single stimulation experiment showed that irrespective of the detection window,
stimulation with IR, green, blue, and violet stimulation led to similar fading rates of

~7% per decade. The fading rates were higher for the broad-UV emission (260-400
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nm), followed by the narrow-UV (327-353 nm), with the blue window providing the
lowest fading rates (320-520 nm).

Double stimulation experiments led to a significant reduction in the fading rates in the
second stimulation. When energies of both applied stimulations were in the increasing
order of energies (IR-green, IR-blue, IR-violet, green-blue, and blue-violet), the fading
rates for each second stimulation increased with an increase in the excitation energy of
the second stimulation, possibly due to the recapture of electrons from the high energy
stimulation (Jain and Ankjergaard, 2011; Kumar et al., 2020) and the instability of
recombination centres emitting in the UV window (Clarke and Rendell, 1997; Thomsen
et al., 2008). These observations need further investigation to further elucidate the
mechanism of production of luminescence in feldspars.

Finite signals with IR stimulation after green, blue, and violet light stimulations were

observed. The fading rates of IRSL after green, blue, and violet decreased with an

increase in the energy of stimulation-1. This could be due to an increase in the energy
of stimulation-1, which results in a larger number of distant donor-acceptor pairs

participating in the IRSL signal.

. Among all possible combinations of stimulation and observation bands post violet

IRSL (both violet stimulation at 50 °C and IR at 100 °C for 100 s; pVIRSL) provided

a minimal fading rate (gav = 0.0 £ 0.1% per decade). The stability of pVIRSL was

tested on several geological samples, and near-zero fading was observed in almost all

samples. However, there was a single exception for which a small fading value was

observed (PRL5; gav = 3.4 £ 0.6% per decade). The near zero fading rates of pVIRSL

make it a candidate for the dating of sediments from geological and archeological

contexts.

Experiments suggested that violet stimulation at 50 °C causes photo-transfer of charges
from TL traps deeper than 500 °C to the shallower IR sensitive traps (<500 °C). The IR
stimulation following violet exposure then stimulates the charges from the shallower
IR sensitive traps to provide pVIRSL. Repeated measurements of pVIRSL at 50 °C on
the same sample without any irradiation suggested that deep traps (TL >500 °C) serve
as reservoir traps, which consistently supplies electron to shallower traps. The deep
reservoir traps lie below the principal trap of feldspar. Photo-transferred charges
provide luminescence only in the blue window due to the availability of recombination

centres emitting in the blue window after the violet stimulation. In most of the samples,
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the pVIRSL at 50 °C resulted from the photo-transfer of charges from traps (>500 °C).
However, pVIRSL at 200 °C had a dual origin: a) photo-transfer from deep traps and
b) recapture from the principal trap, in all samples.

Reservoir traps sensitive to violet stimulation at 50 °C are bleachable under daylight.
This makes pVIRSL suitable for dating. Typically, 60 min of daylight exposure
reduced the pVIRSL to a residual dose of a few Gy (10% of the equivalent dose). An
augmented SAR protocol for pVIRSL (pVIR-SAR) is developed based on a detailed
study with optimized measurement conditions. The optimised parameters are: preheat
at 250 °C for 60 s, pVIRSL measurement at 200 °C for 100 s, bleaching using a
sequence of violet and IR stimulation at 350 °C for 200 s, and a test dose in the range
of 50 to 80% of the expected equivalent dose. These parameters ensured that the pVIR-
SAR protocol satisfied all the criteria for the use of a SAR protocol. The pVIR-SAR
provided low recuperation doses (< 5%), good recycling and dose recovery (within
10% of unity), near zero athermal fading, and low residual doses on daylight bleaching
(< 21 Gy). Its use leads to age estimates consistent with available controls and with
geological reasoning. So far, this was tested in the age range of 6 to >286 ka. The
pVIR-SAR dose response curve suggests a laboratory saturation dose (2Do~1000 Gy),
implying that under a normal radiation dose environment, ages up to 300 ka (assuming
a dose rate of 3 Gy/ka) can be obtained. The residual doses from the pVIR-SAR
protocol are lower than the pIRIR-SAR, indicating better bleachability of pVIRSL than
pIRIRSL.

K-feldspar and Na-feldspar both give pVIRSL signal (~10° counts per second per unit
weight), and quartz does not give the pVIRSL. This provides an opportunity to use
pVIR-SAR protocol to polymineral fine- and coarse-grain samples without any
mineral separation, as pVIR stimulates feldspars only. Therefore, pVIR-SAR protocol
enables the dating of samples where feldspar cannot be fully separated from quartz.
The pVIR-SAR protocol worked well for volcanic ash and fine grain polymineral
samples for a range of samples dated to a few years to up to 68 ka.

. Athermal fading rates of pVIRSL for both fine- and coarse-grain were lower than the
IRSL and pIRIRL signals. The results indicate that pVIRSL originates from the
charges from stable traps than IRSL and pIRIRSL for most of the samples investigated
in the study. In addition to these samples, the sodium-rich feldspar sample also

exhibited a near-zero fading in the pVIRSL signal. Two exceptions observed were fine

151



10.

grain PRL23-10 and PRL23-11 sample, where the XRD-data showed that these
samples were rich in sanidines. Polymeris et al. (2022) reported that sanidines have
more intense fading among three groups of k-feldspar. For these samples, pVIRSL
fading was greater than pIRIRSL.

The study examined the dating of polymineral fluvial samples and observed the limited
bleachability of coarse-grain feldspars in the context of the pIRIRSL signal for two
samples. Interestingly, for the same set of samples, the pVIR-SAR dating of fine-grain
polymineral feldspar provided ages that were consistent with independent ages, with an
uncertainty of within 20%. This suggests that pVIR-SAR for fine-grained sediments
can be a valuable dating method in situations where coarse-grain quartz exhibits low
sensitivity and feldspar pIRIRSL signals display slower bleaching rates, such as in the
case in regions like the Himalayas and Antarctica.

Furthermore, the thesis explored the applicability and challenges of using
luminescence dating for old exposed rock samples from Nubra Valley, Ladakh,
Himalayas. Geological evidence suggests that the surface of the bedrock was glacially
polished. Thus, the Iluminescence of the samples was expected to be
saturation/equilibrium when it was exposed to daylight after the retreat of the glacier.
The samples have an expected exposure age of 18 to 30 ka (Ganju et al., 2018; Jena et
al., (2023)). The IRSL and pVIRSL signals were used to measure the exposure ages of
the samples using the methodology suggested by Sohbati et al. (2011) and Biswas et
al. (2023). Both IRSL and pVIRSL signals followed the sigmoidal trend with depth in
the rock as predicted by the model (Sohbati et al., 2011), but an age underestimation
was seen. The possible reasons for such a large discordance were explored. The
underestimation could be due to improper fitting, the difference in surface
characteristics of the -calibration sample and actual sample, and structural
microfractures. The use of second order kinetics improved the ages, but still, the ages
were underestimated by approximately 85%. The role of desert varnish and structural
micro-cracks inside the rocks that modify the apparent transparency of the sample and
luminescence depth profiles were explored. Scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS) analysis showed the presence of desert
varnish and cracks in the undated rock samples. The calibration sample, however, had
no desert varnish and cracks, indicating that the parameters derived from the

calibration sample were not suitable for estimating the ages of the unknown age
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samples. These suggest that the parameters derived from young calibration samples
are inappropriate for age estimation of old samples. These results support the
modelling results of Freiesleben et al. (2022) that to find the exposure ages of the
samples, a calibration sample of exposure time of the same order of magnitude as the
unknown exposure time is required. Consequently, the study led to the need for caution
in the choice of calibration samples and their similarity with undated surfaces in
relation to secondary effects like desert varnish and microfractures. It also highlights
prospects for refining luminescence dating techniques and addressing the complexities

associated with surface exposure dating of polished rock samples.

In conclusion, the thesis work contributes to the advancement of luminescence dating by
expanding our understanding of feldspar luminescence and offering a viable alternative
for dating samples from various geological settings. It also sheds light on the challenges
and complexities associated with dating exposed rock surfaces, highlighting the need for

continued refinement of luminescence dating techniques in these contexts.

7.2 Future Outlook

Projecting into the future, the properties of pVIRSL open new possibilities for areas when
quartz has low sensitivity and feldspar has poor bleachability and athermal fading. In the
Indian context, it will be interesting to test this signal for the dating of glacial moraines—
both for their academic and societal importance. Other areas of applications are discussed

below.

1. The luminescence production mechanism of feldspar is complex due to its complex
defect structure. The present study used deep traps beneath the principal trap of
feldspar. It is desirable to attempt a better understanding of the feldspar mechanism
to extend the dating limit of luminescence. Several techniques are used to understand
the mechanism of feldspar and their application in dating. These include a) Infrared-
photoluminescence (IR-PL), b) infrared-radioluminescene (IR-RL), ¢) post-IR IRSL
(pIRIRSL), d) multiple elevated temperatures pIRIRSL (MET-pIRIRSL), and e)
photo-transferred thermoluminescence (PTTL). Both IR-PL and IR-RL result from
the trapping of electrons to their centres and provide information about electron traps.
The remaining luminescence signals result from the recombination centres, providing

information about holes at recombination centres. The combined studies from these
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methods can provide further insight into the luminescence production mechanism and
hence provide more robust methods for feldspar dating and its new applications in
various fields.

. As violet stimulation bleaches the signal from other minerals present along with
feldspar in the pVIR-SAR protocol, the signal can be used for the dating of the
samples where feldspar is present in the inclusions and cannot be separated from
quartz using chemical treatments on the lines similar to Huntley et al. (1993). Hence,
a new application of luminescence to date inclusion can be developed.

Emission of pVIRSL in sodium rich feldspar is also attractive as it is devoid of
internal radioactivity and is widely available in nature (Sohbati et al., 2013). The
pVIRSL signal yielded the near zero fading results in sodium rich feldspars.
Therefore, the pVIR-SAR protocol for Na-Feldspar dating can be a new area of
application.

One of the advantages of the pVIR-SAR protocol is that it can be used without the
need to separate individual minerals from the sample. This is significant because
mineral separation can be a time-consuming and technically challenging process. The
pVIR stimulation probes the stable signal from feldspar, and it can pick selectively
feldspar signal from the polymineral. Therefore, it could be a potential candidate for
in situ dating of surfaces in future missions to planets like Mars. This is important
because it provides insights into the timeline of geological processes and the history
of the celestial bodies. This information is crucial for understanding how these bodies
have changed over time and what geological processes have shaped them.

. As discussed in Section 7.1, in the rock surface exposure studies, both the IR and
pVIR signals underestimated ages. Petrological analysis suggested the presence of
desert varnish and microfractures on the bedrock surfaces. The effect of desert
varnish and microfractures needs to be quantified and incorporated into the surface
exposure studies. The time taken for the development of desert varnish varies from a
few decades to thousands of years, depending on climate, rock type, and microbial
activity. Similarly, the formation of microfractures depends on glacial retreatment
and climatic conditions. These two factors affect the light transmission and
propagation through the rock by modulating the attenuation coefficient, ultimately
reducing the detrapping rate. Because of the build-up/thickening of desert varnish,

assumptions including the negligible trapping rate due to the radioactivity of the rock,
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constant attenuation coefficient, and detrapping rate will not be applicable. As the
detrapping rate decreases with time, the trapping rate begins to assume significance.
Therefore, the trapping rate needs to be considered in the model, and a new theoretical
framework needs to be developed. Furthermore, we need a quantitative estimation of
the attenuation coefficient as a function of time in order to refine the model
calculations. A systematic experimental study for the correlation of variable
environmental conditions and desert varnish build-up needs to be carried out to
develop time dependent mathematical model that incorporates the changing
attenuation coefficients and detrapping rates. Further, the time-dependent model
needs to be tested on samples of known age to assess its accuracy. Beyond a particular
thickness, desert varnish blocks further penetration of daylight into the rock. As a
result, the luminescence of the burial following exposure will start. From this burial,
the formation time of desert varnish to a particular thickness can be estimated. This

will be a new application of surface exposure dating for such studies.
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ARTICLE INFO ABSTRACT

Keywords: This study reports athermal fading rates in K-feldspar grains extracted from sediments of varied ages and
Luminescence provenances. Multiple combinations of stimulation and emission spectral regions were examined to identify an
K- feldspar

optimum combination that provides a luminescence signal with minimal athermal fading. Stimulation wave-
lengths used were IR (855 + 33 nm), green (525 + 30 nm), blue (470 + 20 nm), and violet (405 + 15 nm), and
detection windows were broad-UV (260-400 nm), narrow-UV (327-353 nm), and blue (320-520 nm).
Athermal fading rates using a single stimulation and sequential double stimulation combinations were esti-
mated. For single stimulation, the average fading rates (gay) ranged from 6.6 to 7.9% per decade. Sequential
double stimulation comprising post green-blue (pGB), post blue-violet (pBV), post blue-IR (pBIR), and post
violet-IR (pVIR) gave fading rates ranging from 2.0 to 0.0% per decade. The minimum fading rate value gay =
0.0 £+ 0.1% per decade was obtained for pVIR stimulation, and this highlights it as a potential candidate for

Anomalous fading
Multispectral luminescence

dating sediments such that the tedium and time of fading measurements can be minimized.

1. Introduction

Quartz has a stable optically stimulated luminescence (OSL) signal,
which is easy to bleach under daylight but saturates at low doses of
150-200 Gy (Chawla et al., 1998). This limits its routine applicability to
samples of age <200 ka (Aitken, 1985; Wintle and Murray, 2006). In
comparison, feldspar has higher OSL [or Infrared stimulated lumines-
cence (IRSL)] sensitivity and a higher saturation dose, and thereby offers
the prospects of dating samples from a few decades to a few millions of
years. However, it suffers from athermal fading that leads to an under-
estimation of the age (Spooner, 1994; Visocekas, 1985; Wintle, 1973).
Athermal fading is attributed to quantum mechanical tunnelling of the
charges leading to loss of luminescence signal (Aitken, 1985; Jain and
Ankjergaard, 2011; Poolton et al., 2002a, 2002b; Visocekas, 1979).

Production of the IRSL signal in feldspar was explained using donor-
acceptor model (Poolton et al., 1994), which states that electron
tunnelling occurs from the excited state of the IRSL trap at 1.4 eV. This
implies that IRSL decay curve is a function of tunnelling probability
which decreases exponentially with the donor-acceptor distance. Thus,
as the IRSL decay progresses, the tunnelling life-time also increases with
the consumption of proximal pairs. Later signal arising from the distant
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pairs are expected to have lower fading (Jain et al., 2015; Poolton et al.,
1994; Thomsen et al., 2008). Further, analysis of TL glow curves of
feldspars show a continuous distribution of activation energies (Biswas
et al., 2018; Duller, 1997; Griin and Packman, 1994; Strickertsson,
1985). Since the charges in distant donor-acceptor recombination pairs
(single trap model) or deep traps (multiple trap model) are expected to
be more athermally stable, sequential stimulation by increasing energies
can probe the luminescence with lower fading rates. Additionally, the
use of different detection wavelengths also offers another opportunity to
access the more stable emissions (i.e. recombination centres).
Generally, two approaches are used to circumvent the effect of
athermal fading. These include (a) laboratory estimation of the fading
rate (g-value) and correction of the measured ages for fading (Auclair
et al., 2003; Huntley and Lamothe, 2001; Kars et al., 2008), and (b)
probing of traps and recombination centres that are less prone to fading
(Buylaert et al., 2011, 2012; Krbetschek and Trautmann, 2000; Prasad
et al., 2017; Zink and Visocekas, 1997). Applicability of fading correc-
tion by Huntley and Lamothe (2001) is restricted to the linear portion of
the dose-response curve (DRC), and therefore, depending upon dose
rate, its applicability is limited to ages <50 ka. For older samples, pre-
scriptions by Huntley (2006), Kars et al. (2008) and Kars and Wallinga
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Table 1
List of samples used and their location, depositional environment, paleodoses.

Sample Location Depositional Known D,  Age control
code environment (Gy)
KF - Museum sample - -
PRLO Tamil Nadu Fluvial 11.1 + Quartz
0.3 NCF-SAR
PRL1 Rajasthan (Thar Aeolian 15+1 Feldspar
desert) pIRIR
PRL2 Narmada valley Fluvial 36.0 + Quartz SAR
0.1 OSL
PRL3 Odisha Fluvial 77 £ 3 Quartz SAR
OSL
PRL4 Andhra Pradesh Fluvial 217 +£3 Feldspar
PIRIR
PRL5 Chennai Fluvial 237 + 23 Feldspar
(Attirampakkam) PIRIR

(2009) are used, which use a power-law dependence of athermal fading
with time. These models for fading correction assume that the fading
rates estimated over laboratory time scales can be extrapolated to
geological time scales. However, this assumption is difficult to test in the
laboratory.

The second approach attempts to isolate luminescence signals with
low or minimal athermal loss of charges. These include methods such as,
post infrared-infrared stimulated luminescence (pIRIR) (Thomsen et al.,
2008; Buylaert et al., 2009, 2012, 2011), multiple elevated temperature
pIRIR (MET-pIRIR) (Li and Li, 2011), thermal redistribution of charges
(Morthekai et al., 2015), red luminescence (Zink and Visocekas, 1997),
infrared radio-luminescence (IR-RL) (Krbetschek and Trautmann,
2000), photo-transferred thermoluminescssence (PTTL) (Kalita and
Chithambo, 2021, 2022), and infrared photoluminescence (IR-PL)
(Kumar et al., 2018; Prasad et al., 2017). In the pIRIR technique, lumi-
nescence signals with IR stimulation at higher temperatures
(150-290 °C) are measured after a IR (50 °C) stimulation (Buckland
etal., 2019; Buylaert et al., 2009; Jain and Ankjaergaard, 2011; Reimann
et al., 2011, Reimann and Tsukamoto, 2012; Thomsen et al., 2008). The
MET-pIRIR protocol uses the premise that fading rate of feldspar can be
progressively reduced using multiple IR stimulations with increasing
stimulation temperature from 50 to 250 °C (Li and Li, 2011). In both the
protocols, the IRSL at elevated temperatures show low athermal fading
(Buylaert et al., 2012; Li and Li, 2011; Thiel et al., 2011). Previous
studies (Buylaert et al., 2012; Li et al., 2014; Poolton et al., 2002a) re-
ported that the elevated temperature pIRIR and MET-pIRIR signals are
harder to bleach than the IRSL (50 °C) signal, which can result in the
overestimation of ages. Morthekai et al. (2015) proposed that distant
pairs can be re-distributed by a thermal treatment, and such
re-distributed trapped electrons can be accessed through IRSL mea-
surements at 320 °C. Other efforts included optimization of the detec-
tion window to identify more stable signals, such as red (Biswas et al.,
2013; Fattahi and Stokes, 2003; Zink and Visocekas, 1997). The red
thermoluminescence (TL) emission (590-750 nm) was suggested to have
low fading and higher saturation dose as compared to that for conven-
tional blue (360-590 nm) TL emission (Fattahi and Stokes, 2000, 2003;
Zink and Visocekas, 1997). Similarly, Thomsen et al. (2008) have re-
ported the lower fading rates for blue detection window (g = 3.0 £+ 0.1%
per decade) than UV (g = 4.7 £+ 0.3% per decade) in IRSL.

IR-RL provides a stable signal (Frouin et al., 2017; Krbetschek and
Trautmann, 2000; Krishna et al., 2021); however, it still has unresolved
methodological issues such as differences in the sensitivities of natural
IR-RL and regenerated IR-RL (Frouin et al., 2017; Krbetschek and
Trautmann, 2000; Varma et al., 2013), signal saturation, and fading,
which have so far prevented its routine application (Krishna et al.,
2021). Photo-transferred TL induced by blue and infrared light has also
shown minimal anomalous fading (Kalita and Chithambo, 2021, 2022).
IR-PL offers a good prospect to probe non-fading emission from the IR
traps in feldspar (Kumar et al., 2018; Prasad et al., 2017). The IR-PL and
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Fig. 1. Different excitation and detection windows a) Transmission character-
istics of three different filter combinations b) Emission characteristics of the
stimulation LEDs and laser. Stimulations were carried out using 850 nm IR, 525
nm green, 470 nm blue LEDs, and 405 nm violet laser diode. Detections were
appropriately made through 260-400 nm [U-340 (Broad-UV)], 327-353 nm [U-
340 + Brightline 340/26 (Narrow-UV)], and 320-520 nm [BG-39 + BG-3
(blue)] transmission windows. (Emission data of LEDs were taken from the Risp
product catalogue 1811a. The data on transmission spectra of different filters
were taken from https://hoyaoptics.com/wp-content/uploads/2019/10
/U340.pdf).

PTTL are being developed as these show the promise for a non-fading
luminescence signal.

The present study explored the multiple combinations of stimulation
wavelengths and detection windows to identify the optimum configu-
rations that could provide a signal with minimal athermal fading.

2. Materials and methods
2.1. Samples

Six potassium-rich feldspar samples from sediments with diverse
depositional histories and provenances were investigated (Table 1). In
addition, a museum specimen of potassium feldspar (KF-microcline),
whose mineralogy was confirmed using x-ray diffraction (XRD) (Fig. S1)
was also investigated. Table 1 provides the list of samples used, their
depositional environments and respective paleodoses (10 Gy—240 Gy).
These paleodoses were estimated using the existing protocols, such as
blue light stimulated luminescence (BLSL) of quartz and pIRIR for
feldspar. Detailed investigations of fading rates for all the combinations
were made on one sample (PRLO) due to its higher luminescence
sensitivity. Thereafter the optimized combination of spectral windows
was used to measure the fading rates for other geological samples.

Feldspar grains were separated through a sequential treatment of
sediments with 1N HCI and 30% H-O- to remove the carbonates and
organic matter, respectively. Grains of 90-150 ym in diameter were dry
sieved, followed by density separation using sodium polytungstate (p =
2.58 g/cm3) or separation by using the Frantz® magnetic separator at
magnetic field strength generated by 1.5 A current (Porat et al., 2015).
The separated K-feldspar fraction obtained by the above treatment was
etched with 10% hydrofluoric acid for 40 min (Duval et al., 2018;
Goedicke, 1984; Porat et al., 2015) to remove the alpha skin, followed
by a 30 min treatment with concentrated HCI (38%) to convert insoluble
fluorides into soluble chlorides. The museum sample was crushed, dry
sieved to get grain size of 90-150 pm in diameter, and then treated with
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Table 2

Stimulation and detection spectral region combinations used for fading rate
measurements along with their estimated average fading rates [gay (% per
decade)] for single stimulation experiments.

Sr. Stimulation  Stimulation Detection Transmission gav (%
no. wavelength (Filter name)  range (nm) per
(nm) decade)

1 Infrared 855 + 33 Hoya U-340 260—400 7.5+
(Broad- UV) 0.3
BG-39 +BG- 320-520 6.9 +
3 (Blue) 0.3

2 Green 525 + 30 Hoya U-340 260-400 7.9+
(Broad-UV) 0.3
Brightline 327-353 7.4 £
(FF-340/26) 0.5
+ U-340
filter
(Narrow-UV)

3 Blue 470 + 20 Hoya U-340 260—400 7.0 +
(Broad-UV) 0.3
Brightline 327-353 6.7 £
(FF-340/26) 0.5
+ Hoya U-
340
(Narrow-UV)

4 Violet 405 + 15 Brightline 327-353 6.6 +
(FF-340/26) 0.5
+ Hoya U-
340

(Narrow-UV)

1N HCI for 10 min to remove surface defects created during crushing.
Monolayers of the extracted grains from each sample were mounted on
stainless steel discs over an area of 5 mm diameter using Silkospray™,
and their TL glow curves were used to confirm that luminescence was
typical of feldspars.

2.2. Instrumentation

The measurements were carried out in a Risg-TL/OSL DA-20 reader
with a detection and stimulation head (DASH) comprising different
stimulation LEDs and detection filters (Bgtter-Jensen et al., 2010; Lapp
et al., 2015). Stimulations were carried out using IR (855 + 33 nm),
green (525 + 30 nm), blue (470 + 20 nm) LEDs, and violet (405 + 15
nm) laser. Detection windows used were either of 260-400 nm [U-340
(Broad-UV)], 327-353 nm [U-340 + Brightline 340/26 (Narrow-UV)],
or 320-520 nm [Schott BG-39 + BG-3 (blue)] considering compatilbilty
with stimulations (Fig. 1).

2.3. Measurements

Table 2 summarizes the different combinations of stimulation and
detection windows used for present studies. Measurements of fading
rates [g (% per decade)] used the slope of a plot between measured
delayed luminescence intensities and delay times on a logarithmic scale
(Auclair et al., 2003). The average fading rate [gay (% per decade)] is an
average of data from 15 aliquots. Fig. 2(a, b) provides a generalized
measurement sequence. The samples were bleached in the Risg reader
with the wavelength for which the fading rates were to be estimated.
The bleaching temperature was 50 °C higher than the stimulation tem-
perature used for fading rate estimations to ensure that the traps cor-
responding to each stimulation were emptied out. Photon counts from
initial 2.40 s were used as the signal, and the normalised averaged
photon counts during the final 20 s of the stimulation were taken as the
background.

The fading rate measurements were carried out using a single stim-
ulation (Fig. 2a) and double stimulation i.e., successive stimulation of
sample aliquots by two different sources (stimulations-1 and 2; Fig. 2b).
All stimulation and detection combinations listed in Table 2 were used in
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the fading rate measurements of the single stimulation experiments. In
the double stimulation experiments, the first five fading measurements
were carried out by applying stimulations in the increasing order of their
excitation energies (IR-green, IR-blue, IR-violet, green-blue, and blue-
violet) (Table 3). The subsequent three experiments were performed
using stimulation in decreasing order of their excitation energies (green-
IR, blue-IR, and violet-IR) (Table 3).

3. Results
3.1. Fading measurements: single stimulations

The average fading rates (gay) for each stimulation and detection
combination in the single stimulation measurements are presented in
Table 2 and Fig. 3. Key observations from this experiment are:

1. Fading rates for all the stimulation and detection combinations lied
between 6.6 and 7.9% per decade (Fig. 3).

2. Fading rates were progressively lower from broad-UV, followed
narrow-UV and blue (Fig. 3) and accord with Thomsen et al. (2008)
and Clarke and Rendell (1997). Lower fading rates for narrow-UV
compared to broad-UV indicate that the charges stored in recombi-
nation centres, which emit in the lower UV wavelengths of broad-UV
transmission, fade more.

3.2. Double stimulations

Table 3 and Fig. 4 provide the gay-values for each stimulation and
detection combination in double stimulations fading measurements.
Following the single stimulation experiment results only blue and
narrow-UV detection windows were considered for estimating fading
rates in double stimulation experiments. Key findings are as follows:

1. Fading rates for stimulation-2 were significantly lower as compared
to stimulation-1 (Fig. 4).

2. When stimulations were applied in the increasing order of energies
(IR-green, IR-blue, IR-violet, green-blue, and blue-violet), the fading
rates for stimulation-2 were higher for higher excitation energy of
the stimulation-2 (gav.violet > 8AV-blue > gav-green) (Fig. 4).

3. IRSL after high energy stimulations (green-IR, blue-IR, and violet-IR)
gave lower fading rates (Fig. 4).

4. The post violet IRSL (pVIRSL) signal gave near zero fading rates
(Fig. 4).

4. Discussion

Results from single stimulation experiments demonstrate that the
fading rates for all the stimulation and detection combinations were
similar (~7% per decade). The green (~2.3 eV), blue (~2.6 eV), and
violet (~3.1 eV) excitation energies are higher than optical trap depth
(2.0-2.5 eV) of the principal trap unlike IR (~1.4 eV) (Jain and Ank-
jeergaard, 2011). This leads to a direct transfer of charges from the
ground state of principal trap to the conduction band in case of green,
blue and violet stimulation. However, the IR stimulation transfers the
electrons to the first excited state of the principal trap due to resonance
excitation (Hiitt et al., 1988), and thereafter the electrons further move
to the band tail states of feldspar. Low mobility of electrons in the band
tail states facilitates the proximal donor-acceptor recombination (Jain
and Ankjeergaard, 2011). Thus, it is expected that due to high mobility of
electrons in conduction band, the green, blue, and violet stimulated
luminescence will show lower fading rates than IR stimulation.

Similarity of fading rates observed for the single stimulation and
detection combinations indicate that either similar traps and recombi-
nation centres are probed by these stimulations or that the population of
the proximal donor-acceptor recombination pairs (unstable) is signifi-
cantly higher than distant donor-acceptor recombination pairs (stable).
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Fig. 2. Methodology for the measurement of
fading rates [gagqays (% per decade)] using
different stimulations, viz., IR (855 + 33
nm), green (525 + 30 nm), blue (470 + 20
nm), and violet (405 + 15 nm) lights. The
detection windows were either broad-UV
(260-400 nm), narrow- UV (327-353 nm),
or blue (320-520 nm). Fading rate mea-
surements were carried out using both single
and double stimulations. For ease of under-
standing, a given stimulation and detection
combination is written as [stimulation,
detection] in the text. * IRSL measurements
post green, post blue, and post violet stimu-
lation were carried out with sample at 100 °C
to get good signal to noise ratio.

Combinations of stimulations and detection windows used for double stimulation experiments along with the measured gay-values. The double stimulation experiment
comprised sequential stimulation by two wavelengths: stimulation-1 and stimulation-2.

Sr. no. Stimulation Detection gav (% per decade) Stimulation Detection gav (% per decade)
Stimulation-1 Stimulation-2
1 IR Blue 7.0 +£0.2 Green Narrow-UV 2.3+0.2
2 IR Blue 7.1+0.1 Blue Narrow-UV 3.2+0.2
3 IR Blue 5.7 +£0.1 Violet Narrow-UV 4.0 +£ 0.4
4 Green Narrow UV 7.8 +£0.2 Blue Narrow-UV 1.1+0.1
5 Blue Narrow UV 7.3+0.3 Violet Narrow-UV 1.3+0.2
6 Green Narrow UV 8.2+ 0.3 IR Blue 29+0.2
7 Blue Narrow UV 7.9 +0.2 IR Blue 2.0 +0.2
8 Violet Narrow UV 6.1 +£0.2 IR Blue 0.0 £ 0.1
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Fig. 3. Average fading rates [gay (% per decade)] for single stimulation and
detection combinations for the PRLO sample. The x-axis represents the stimu-
lations, and the pattern of the bar represents the detection window. The height
of the bar (y-axis) is the gay-values.
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Fig. 4. Average fading rates [gay (% per decade)] for double stimulation and
detection combinations for PRLO sample. The x-axis represents the stimulations,
and the pattern of the bar represents the detection window. The height of the
bar (y-axis) is the gay-values. Double stimulation yielded lower fading rates for
each second stimulation. The minimum fading (gmin = 0.0 £ 0.1% per decade)
was obtained in the post violet IRSL (pVIRSL) signal.

Further attempts to separate the stable component of the lumines-
cence signal from the unstable component using double stimulation
experiments showed a significant reduction in the fading rates for
stimulation-2 as compared to stimulation-1 (Fig. 4). The results indicate
that the nearest donor-acceptor pairs are consumed during the low en-
ergy stimulation-1. Hence, the distant donor-acceptor pair participates
in the luminescence signal of stimulation-2 and yields low fading rates.
These results accord with the donor-acceptor model, which states that
initial IRSL signal arise from the proximal donor-acceptor recombina-
tion pairs and the latter IRSL signal originates from distant pairs (Jain
et al., 2015; Poolton et al., 1994). Hence, the luminescence signal
following the IR stimulation originates from the distant pairs. It is also
noteworthy that with the increase in excitation energy of stimulation-2,
the fading rates also increase (gAV-violet > 8AV-blue > gAV-green) (Fig. 4).
The possible reason for the increase in fading rates could be the recap-
ture of electrons from the high energy stimulation-2 to the ground state
of the principle trap (Jain and Ankjeergaard, 2011; Kumar et al., 2020)

Radiation Measurements 156 (2022) 106804

0.06 T T T :
Green
| (525 nm) |
0.05 o
0.04F ]
w2
=
~0.03r Blue 1
2 (470 nm)
n
g 0.02 IR O ) .
(855 nm) Violet
(405 nm)
0.0l 1
0 1 1 1 1
1 1.5 2 2.5 3 3.5

Optical bleach energy (eV)

Fig. 5. Ratio of IRSL2 to IRSL1 signals as a function of optical bleach energy.
The IRSL1 was measured without any optical bleach and IRSL2 was measured
after the optical bleach with IR, green, blue, and violet stimulations. All the
stimulations were carried out at 50 °C temperature. A maximum signal is ob-
tained in the IRSL after the green stimulation. The IRSL signal starts to decrease
with an increase in the energy of optical bleach. All the applied stimulations
were power normalised.

and the instability of charges in recombination centres emitting in the
UV window (Clarke and Rendell, 1997; Thomsen et al., 2008). Recap-
tured electrons from the green, blue, and violet stimulation participate
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Fig. 6. Fading rate [gadays (% per decade)] results for PRLO for pVIRSL signal.
a) Normalised intensity is constant with delay and hence gives near zero fading
rate, b) gaqays values for all aliquots are near to the zero line and result in
average fading value near to zero.
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and PRL4 samples. However, for one sample (PRL5, D, = 237 + 23 Gy) normalised intensity decrease with delay time and resulted in the gzdays = 3.8 + 2.6%

per decade.

in the next fading measurement along with charges generated from the
fresh irradiation. Increased population of charges participates in the
fading measurements, and the probability of quantum mechanical
tunnelling from the ground state also increases.

Another possible reason for an increase in fading rate is the insta-
bility of UV centres as stimulation-2 is detected in the narrow-UV win-
dow in all the cases. Higher excitation energies transport a significantly
greater proportion of electrons (20% at room temperature) to the con-
duction band (Jain and Ankjeergaard, 2011). Hence more UV emitting
centres participate in the luminescence and lead to an increase in the
fading rates. These observations need verification.

A significant signal in post green-, blue-, and violet-IRSL was
observed. Optical decay curves for all stimulations are shown in Fig. S2.
Fig. 5 provides the ratio of IRSL signal for the sample as received (IRSL1)
and IRSL post green, blue, violet, and IR stimulation (IRSL2). It is
noteworthy that IRSL2 was an order of magnitude lower after the green
bleach and two orders of magnitudes lower after the blue and violet
bleach. On the contrary, only slow decaying portion of the IRSL signal
was obtained after IR bleach. This is an interesting outcome as it is
unexpected that after optical bleaching of the sample with higher en-
ergies any IRSL should arise. This is suggestive of retrapping of charges
from the conduction band to the ground state of the principal trap (Jain
and Ankjeergaard, 2011; Kumar et al., 2020). These retrapped charges
then provide luminescence in stimulation-2 (IRSL detected in the blue
window). Other possible reason for the IRSL-2 signal could be the ex-
istence of at least two types of traps (Ditlefsen and Huntley, 1994; G.A.T.
Duller and Bgtter-Jensen, 1993; Jain and Singhvi, 2001) or multiple
traps (Biswas et al., 2018; Ditlefsen and Huntley, 1994; Jain and Singhvi,
2001; Morthekai et al., 2015). The fading rates of above mentioned IRSL
signals were measured further. The fading rate of [IR, Blue] was 2.9 +
0.2 and 2.0 + 0.2 after [Green, Narrow-UV] and [Blue, Narrow-UV],
respectively (Table 3). A noteworthy observation is that the pVIRSL
signal gave a near zero gay-value (Fig. 4). The sensitivity corrected in-
tensity remained constant with delay time for the pVIRSL signal
(Fig. 6a). Fading rates [g2days (tc = 2 days)] for 15 aliquots were found to
be in the —0.7 to 1.1% per decade (gay = 0.0 = 0.1% per decade)
(Fig. 6b). This suggests that the pVIRSL signal probes the stable centres.
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Fig. 8. Average fading rates [gay (% per decade)] of pVIRSL signal for all
samples. The x-axis represents the sample code. The gay-values are near zero for
KF, PRL1, PRL2, PRL3, and PRL4, and for one sample (PRL5, D, = 237 + 23 Gy)
gav-value is 3.4 + 0.6% per decade.

Table 4
Observed gay-values for all samples. The paleodoses were estimated using the
independently existing protocols.

No. Sample code Known D, (Gy) gav (% per decade)
1 KF 0 (F) -0.7+ 0.1

2 PRLO 11.1 + 0.3 (Q) 0.0 +0.1

3 PRL1 15+1(F) -1.2+0.3

4 PRL2 36.0 £ 0.1 (Q) —-0.2+0.2

5 PRL3 77 +3(Q) 0.1+0.1

6 PRL4 217 + 3 (F) -0.1+0.7

7 PRL5 237 + 23 (F) 3.4+0.6
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A decrease in the fading rate for stimulation-2 (IRSL) with an increase in
the excitation energy of stimulation-1 (green-IR, blue-IR, and violet-IR)
could be due to the fact that higher energy of stimulation-1 leads to the
participation of larger number of distant donor-acceptor pairs in the
IRSL signal of stimulation-2. As the energy of violet light is highest
among all the excitations used, the resulting pVIRSL signal emitted from
the recombination of distant donor-acceptor pairs and yields zero fading
(Fig. 6a,b).

5. Fading rate of pVIRSL signal

The pVIRSL signal was further tested for other geological samples
listed in Table 1 (Fig. 7). Typical gay-values for these samples were near
zero (Fig. 8, Table 4). However, in one sample (PRL5) having paleodose
237 + 23 Gy, the average fading rate was found to be ~3.4 + 0.6% per
decade (Fig. 8, Table 4). At the present moment, it will be difficult to
specify the reason for this high value, and it needs to be explored more.
However, it is interesting to see the promising results for most of the
geological as well as controlled museum samples. It indicates the pros-
pects of developing pVIRSL protocol for routine measurements for
obtaining ages with minimal fading.

6. Summary and conclusions

In this paper, an attempt to probe the non-fading traps using multi-
spectral luminescence studies is made. Key findings are:

1. Single stimulation with any of IR, green, blue, and violet stimulation
leads to similar fading rates (~7% per decade).

2. The fading rates were higher for the broad-UV emission, followed the
narrow-UV, with the blue window providing the least fading rates.

3. Significant reduction in the fading rates for the second stimulation
was seen (Fig. 4), suggesting that the nearest donor-acceptor
recombination population was consumed during the first stimula-
tion hence, the second stimulation probed more distant pairs.

4. In the double stimulations, when both stimulations were applied in
the increasing order of energies (IR-green, IR-blue, IR-violet, green-
blue, and blue-violet), the fading rates for each second stimulation
increased with an increase in the excitation energy of the second
stimulation (Fig. 4). The possible reason could be the recapture of
electrons from the high energy stimulation (Jain and Ankjeergaard,
2011; Kumar et al., 2020) and the instability of recombination cen-
tres emitting in the UV window (Clarke and Rendell, 1997; Thomsen
et al., 2008). These observations need further investigation and can
hint towards a new understanding of the feldspar luminescence
production mechanism.

5. A significant signal in IRSL post green, blue, and violet light stimu-
lations was observed. The obtained IRSL signal yields low fading
rates. The possible reason might be that with an increase in the en-
ergy of stimulation-1, more distant donor-acceptor pairs participate
in the IRSL signal of stimulation-2 Fig. 4.

6. The pVIRSL signal gave zero fading rates for several geological
samples used in the study. However, a small fading value was
observed in one sample (PRL5; gay = 3.4 £+ 0.6% per decade). The
reason for high fading is yet to be understood.

Experiments on the suitability for dating and dose response of
pVIRSL signal will be reported elsewhere.
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mental dose rates.

Devi et al. (2022) suggested that post-violet infrared stimulated luminescence (pVIRSL; IRSL at 100 °C after a
violet bleach at 50 °C) of K-feldspars, generally has a near zero athermal fading rate. This study explores the
mechanism and suitability of the pVIRSL signal for dating applications. The results suggest that pVIRSL is a
recuperated signal, arising from the eviction of charges in deep traps by violet stimulation followed by their
recapture to the IR traps. A post-violet IR single aliquot regenerative dose (pVIR-SAR) protocol worked well for
seven K-feldspar samples from varied depositional environments with ages ranging from 6 to 286 ka. The pVIRSL
paleodoses of most samples, accorded with paleodoses computed using the published ages and their environ-

1. Introduction

Infrared stimulated luminescence (IRSL) from K-feldspar (Hiitt et al.,
1988) enabled its use for dating samples where the use of quartz is not
possible or when K-feldspar and quartz cannot be separated (Huntley
and Lamothe, 2001). IRSL from K-feldspar has a high luminescence
sensitivity and a high saturation dose (~1200 Gy), and thus, it offers an
opportunity for extending the dating range using luminescence (Buy-
laert et al., 2011). However, the presence of anomalous fading (athermal
loss of trapped charges due to quantum mechanical tunnelling) leads to
underestimation of ages, a fact that has limited its use in dating (Aitken,
1985; Spooner, 1992, 1994; Wintle, 1973; Visocekas, 1979).

The trap depth for the principal IRSL trap of K-feldspars is between
2.0 and 2.5 eV (Hiitt et al., 1988; Kumar et al., 2020; Riedesel et al.,
2019, 2021). Energies of the excited state, sub-conduction band-tail
widths (Urbach width, E,), and the width of the band tail states acces-
sible from the ground state (AE) range from 1.44 to 1.48 eV (Hiitt et al.,
1988; Riedesel et al., 2019, 2021), 0.26 to 0.81 eV (Poolton et al., 2009;
Riedesel et al., 2019) and 0.16 to 0.46 eV (Poolton et al., 2009; Riedesel
et al., 2019), respectively (Table S1). Mechanism of K-feldspar lumi-
nescence by Visocekas (1985) and Jain and Ankjeergaard (2011) in-
volves a trap and spatially distributed recombination centres. It is
considered that the excited state of the trap overlaps with the band tail
states below the conduction band. Stimulation with IR (1.44 eV) moves
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https://doi.org/10.1016/j.quageo.2023.101487

charges from the ground state of the trap through a resonant excitation
to an excited state; thereafter, they are thermally assisted in the band tail
states to radiatively recombine with charges to provide IRSL emission.

According to the donor-acceptor model, IRSL in K-feldspar depends
on tunnelling probability that decreases exponentially with increasing
donor-acceptor distance (Hiitt et al., 1988; Jain et al., 2015; Poolton
et al., 1994). Therefore, during an IRSL measurement, proximal charge
pairs are consumed first, and distal ones are accessed later. Low
tunnelling probability for distal pairs makes the recombination lifetime
higher, and resulting in lower fading rates (Jain et al., 2015; Poolton
et al., 1994). Such signals have been variously probed, e.g., a) post-IR
IRSL (pIRIRSL; Buylaert et al., 2009, 2011, 2012; Biswas et al., 2013;
Thomsen et al., 2008), b) multiple elevated temperatures pIRIRSL
(MET-pIRIRSL; Li and Li, 2011), c¢) thermally redistributed IRSL
(RD-IRSL; Morthekai et al., 2015), d) infrared photoluminescence (IRPL;
Kumar et al., 2018; Prasad et al., 2017), and e) infrared and blue light
stimulated photo-transferred thermoluminescence (PTTL; Kalita and
Chithambo, 2022).

Using spectroscopic measurements, Thalbitzer Andersen et al.
(2012) suggested that both IRSL and pIRIRSL arise from the same trap
and the pIRIRSL results from the recombination of more distant charge
pairs. Currently, pIRIRSL is widely used for dating. However, issues of
poor bleachability, thermal transfer, and sensitivity changes are re-
ported (Colarossi et al., 2018; Duller and Wintle, 1991; Li and Li, 2011;
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Liu et al., 2018; Yi et al., 2016). Morthekai et al. (2015) proposed that
distant pairs can be redistributed by thermal treatment and then
accessed through IRSL at 320 °C. This methodology provided ages up to
~800 ka (Morthekai et al., 2015). Currently, IRPL and PTTL signals are
being explored because of their potential to provide a stable lumines-
cence signal from K-feldspar (Kalita and Chithambo, 2022; Kumar et al.,
2021; Prasad et al., 2017). Reimann et al. (2015) also suggested the use
of transferred IRSL at 125 °C (T-IRSLjy5) for feldspar luminescence
dating. The T-IRSL;2s5 signal was as stable as pIRIRSL at 290 °C and
bleaches faster than pIRIRSL. However, an unresolved age underesti-
mation of up to 8% was seen.

Most studies used a blue detection window (320-520 nm) to measure
the IRSL. Other emission bands of K-feldspar have also been explored (e.
g., Biswas et al., 2013; Duller, 1997; Jain and Singhvi, 2001; Kalita and
Chithambo, 2022; Kumar et al., 2020; Thomsen et al., 2008), but their
use in routine dating has been limited. Devi et al. (2022) compared
different luminescence signals of K-feldspars and their athermal fading
rates using varied combinations of stimulation and detection wave-
lengths and reported that the post-violet IRSL (pVIRSL) has a fading rate
(g-value) of ~0% per decade for most samples. This study investigates
the production mechanism of pVIRSL and optimized measurement pa-
rameters to develop a pVIR-SAR protocol for dating.

2. Samples and experimental setup

Seven samples of known ages from diverse depositional environ-
ments were investigated. The expected ages of samples ranged from 6 ka
to >286 ka, and their anticipated paleodoses ranged from 11 Gy to
>956 Gy (Table 1). The age controls were based on quartz blue stimu-
lated luminescence (BSL) and K-feldspar pIRIRSL. Sample RTP-18-02
had an additional age control as it was from the bottom layer of Youn-
gest Toba Tuff (YTT) deposit securely dated using K-Ar and pIRIRSL
dating to ~75 ka (Ninkovich et al., 1978; Anil et al., 2023). A museum
specimen of potassium feldspar (KF) was used for experiments to
elucidate the mechanism of pVIRSL. X-ray diffraction confirmed it to be
a microcline (Devi et al., 2022).

K-feldspar grains were extracted from sediments using a sequential
pre-treatment with 1N HCI and 30% H05 to remove the carbonates and
organic matter, respectively, followed by dry sieving to get 90-150 pm
grains. K-feldspar grains were separated using sodium polytungstate (p
= 2.58 g/cm®) and Frantz® magnetic separator at magnetic fields of ~7
and ~18 kGauss (Porat et al., 2015). The grains were then etched with
10% hydrofluoric (HF) acid for 40 min (Goedicke, 1984) to remove
alpha irradiated skin, followed by 30 min treatment with 12N HCI to
convert insoluble fluorides into soluble chlorides and then washed with
distilled water. The pVIRSL and pIRIRSL ages of PRLO, RSN-01-17, and

Quaternary Geochronology 79 (2024) 101487

MHD-02-17 are reported for the first time. Dose rate measurement de-
tails are provided in Table S2.

A Risg-TL/OSL DA-20 reader with a detection and stimulation head
(DASH) comprising multiple stimulation LEDs and automated detection
filter changer assembly was used (Botter-Jensen et al., 2010; Lapp et al.,
2015). The stimulation sources comprised IR emitting LEDs (850 + 33
nm) and a violet light emitting laser diode (405 =+ 15 nm). Detection was
made through band pass filters transmitting in 327-353 nm (Hoya
U-340 + Semrock Brightline HC 340/26 (Narrow-UV)) for violet stim-
ulation and 320—520 nm (SCHOTT BG-39 + BG-3) for IR stimulation
coupled to ET 9107B photomultiplier tube. Daylight bleaching was
carried out using Osram ultravitalux 300 W sun-lamp filtered through a
glass window.

3. Measurements

Devi et al. (2022) reported a non-fading IRSL signal following a vi-
olet stimulation. This study attempted to elucidate the mechanism that
leads to a near zero fading signal in pVIRSL and explored its dosimetric
properties using the following experiments:

1. Identification of source traps
2. Mechanism of charge transfer
3. Bleachability, recuperation, and reproducibility of pVIRSL

For these experiments, inter aliquot variability was minimized by
stabilizing the luminescence sensitivity of aliquots by taking them
through five cycles of dose (~20 Gy) followed by TL glows to 500 °C.
The TL reproducibility was within 2%. Two such sensitized aliquots of
KF sample were used for subsequent experiments described in sub-
sections 3.1 and 3.2. The measurement conditions were VSL and IRSL at
50 °C, a dose of 20 Gy, TL glows to 500 °C recorded with a heating rate of
2 °C/s, preheat of 250 °C for 60 s, and detection in the blue window. The
choice of luminescence measurements at 50 °C was to ensure that all the
measurements were at the same temperature and to minimize any
temperature dependent changes in VSL and IRSL yields.

3.1. Source trap and photo-transfer

Protocol in Fig. 1a was used to measure the intensity of pVIRSL and
IRSL, and a comparison is given in Fig. 1b. Up to 10% of initial IRSL
(IRSL1) was obtained in post-violet IRSL2 even after 100 s of a prior IR
stimulation (IRSL1).

Protocol in Fig. 2a was used to identify the TL source traps respon-
sible for pVIRSL, and Fig. 2b plots residual TL after each cycle. The
possibility of photo-transfer of charges by violet stimulation to IR light

Table 1
List of samples along with geological location and depositional history, age controls and details. In the table NCF-refers to natural correction factor.
Serial Sample Location Latitude Longitude Depositional Expected age Age controls Reference
no code environment (ka)
1 KF - Museum - - Devi et al. (2022)
2 DH1 Rajasathan (26 47'59.20" N, 72 18’ 42.00" E) Aeolian Zero age - This study
(Modern)
3 PRLO Tamil Nadu (10° 38’ 5.388" N,79° 49’ 45.012"  Fluvial 6+1 Quartz NCF-BSL- This study
E) SAR
4 PRL2 Narmada valley (22° 13' 44" N 76° 01’ 36" E) Fluvial 25+ 2 Quartz BSL-SAR Mishra et al. (2013)
5 MHK-07- Narmada valley (22° 13’ 44" N 76° 01’ 36" E) Fluvial 31+3 Quartz BSL-SAR Mishra et al. (2013)
07
6 RTP-18-2 Andhra Pradesh (15.590630°N, 79.194290° Fluvial 76 + 6" PIRIR-SAR Anil et al. (2023); Ninkovich
E) Feldspar et al. (1978)
7 RSN-01-17 Raisan (23° 9' 59.4" N, 72° 39’ 38.16" E) Fluvial 129 + 16" PIRIR-SAR This study
Feldspar
8 HMP-18-5 Andhra Pradesh (15° 27’ 56.9016" N, 79° 23’ Fluvial >247 + 32° PIRIR-SAR Anil et al. (2022)
59.0388" E) (archaeological) Feldspar
9 MHD-02- Mahudi (23° 30’ 0" N, 72° 47' 60" E) Fluvial >286 + 13° PIRIR-SAR This study
17 Feldspar

2 The ages are fading corrected.
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Fig. 1. a) Measurement protocol to explore the relative intensity of pVIRSL compared to IRSL for KF sample. b) IRSL decay curves recorded before (IRSL1) and after
(IRSL2) violet stimulation. The signal of IRSL2 is about an order of magnitude smaller than IRSL1. Inset shows the normalised IRSL intensities for IRSL1 and IRSL2.
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Fig. 2. a) Measurements carried out to explore the TL emissions after the repeated violet stimulation without any additional dose to the KF sample. b) The back-
ground subtracted TL glow curves are recorded in the blue window. Inset in the figure shows the variation of the integrated intensity of TL peak at 130 °C (integrated
from 120 to 140 °C) and 380 °C (integrated from 370 to 390 °C) with cycle number. ¢) Measurements carried out to explore the IRSL emissions after the repeated

violet stimulation without any additional dose. d) IRSL signal obtained after repetitive violet light stimulation. The IRSL signal intensity is obtained by subtracting the
last 2 s signal from the initial 2 s.
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sensitive traps was examined using the protocol in Fig. 2¢, and results
are shown in Fig. 2d.

3.2. Source of pVIRSL

Traps providing charges for IRSL and pVIRSL at 50 °C were deter-
mined through the dependence of IRSL on the stimulation temperature
of VSL and cut-heat. Fig. 3a and b provide the measurement protocol,
and Fig. 3c provides the results.

3.3. Dating using pVIRSL

To assess the suitability of pVIRSL for geochronology, factors such as
athermal fading rate, bleachability under daylight, recuperation, recy-
cling, and dose recovery ratio were measured and are discussed below:

a) Bleachability of the deep traps

Bleachability of pVIRSL by daylight was tested for a sample from
surface sediment (DH-1) from modern dune sand using the protocol in
Table 2 (the protocol steps are discussed in detail in subsection 4.3).

The bleachability of the signal under violet and IR stimulation in the
TL/OSL reader was measured to find equivalent exposures that mimic
natural daylight bleaching. Given that during SAR measurements, a
sample undergoes multiple cycles of irradiation and bleaching, it is
important that the carryover of pVIRSL from one cycle to the next is
minimal. This was examined using the protocol in Fig. 5a, and Fig. 5b
provides the results. The ratio of pVIRSL2/pVIRSL1 measures the re-
sidual pVIRSL after a sequence of violet and IR stimulation for 200 s at
temperatures in the range of 150-450 °C.

b) Athermal Fading

Fading measurements were made using the protocol given in
Table S3. The samples were bleached under a filtered sun-lamp for 5h. A
known dose approximately equal to the expected paleodose was then
administered. A delay of 1-8 days was provided after preheating to es-
timate the fading rates (Auclair et al., 2003; Huntley and Lamothe,
2001).

c) Dose Response
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Table 2

Measurement parameters for pVIR-SAR protocol after optimization for the
equivalent dose estimation. The text in bold are optimized parameters for pVIR-
SAR protocol.

Step Optimized protocol Remarks

1 Natural signal

2 Preheat (250 °C, 60 s) To remove unstable signal
3 VSL (50 °C, 100 s)

4 IRSL (200 °C, 100 s) Ly, Lx

5 Test Dose (50-80% D.)

6 Preheat (250 °C, 60 s) To remove unstable signal
7 VSL (50 °C, 100 s)

8 IRSL (200 °C, 100 s) Ty, Tx

9 VSL (350 °C, 200 s) Illumination

10 IRSL (350 °C, 200 s) Illumination

11 Give dose and return to step 2

To estimate the paleodoses using SAR protocol, optimization of the
IR stimulation temperature after a violet bleach, preheat, and test dose
was carried out on sample MHK-07-07, having a paleodose of 56 + 7 Gy.
The dose response of pVIRSL was constructed for optimized parameters,
and the applicability of the protocol was further tested on all natural
samples mentioned in Table 1.

The extent of pVIRSL bleaching under daylight and filtered sun-lamp

Table 3
Protocol used to explore the Ly and Ty correlation.
Steps Protocol
1 Reader bleaching (VSL and IRSL @ 350 °C for 200 s at 70 % power)
2 Dose™ (~530 Gy)
3 Preheat @250 °C for 60 s
4 VSL @50 °C for 100 s
5 IRSL @200 °C for 100 s
6 Test dose” (~350 Gy)
7 Preheat @250 °C for 60 s
8 VSL @50 °C for 100 s
9 IRSL @200 °C for 100 s
10 VSL @ 350 °C for 200 s
11 IRSL @ 350 °C for 200 s
12 Return to step 2 (Repeat up to 15 cycles)

a The mentioned doses are only for RSN-01-17 sample. For other samples, correlation was explored
using a dose approximately equal to the expected dose, and test doses were about 50% of the expected

doses
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Fig. 3. a) Sequence used to explore the origin of IRSL signal after the violet stimulation of KF sample. The temperature of both violet stimulation and cut-heat was
varied simultaneously. b) Measurements carried out to explore the origin of the IRSL signal. Both a) and b) sequences were performed on the same and single aliquot.
¢) Variation of IRSL and pVIRSL with different cut-heat and violet stimulation temperatures. The IRSL is obtained by subtracting the last 2s background from the
initial 2 s signal. IRSL signal was normalised with respect to its maximum value. To test any sensitivity change data for IR 50 °C after all measurements is

also presented.
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Table 4
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Estimated D,, fading value, recuperation, residual dose, and dose recovery ratio for all samples using pVIR-SAR protocol. Recuperation observed in all the samples is

<5% except for PRLO (young sample) where it is less than 10%.

Sample PVIR D, Expected D.  Dose rate pVIR Expected pVIR g-value Maximum delay PVIR Residual Dose Remarks
name (Gy) (Gy) (Gy/ka) Age (ka) age (ka) (% per decade) for fading (h) dose (Gy) recovery
ratio
PRLO 18 +1° 14 + 2° 2.25 + 8+ 17 6+1 1.9+0.1 32 4.4+ 0.2 0.97 + 0.05 Quartz age
21+1 11.1 + 0.3 0.17 9+1 (NCF-BSL-SAR)
1.84 +
0.13°
PRL2 49 +3 46 + 57 1.87 + 24+3 25+ 2 —-0.5+0.3 41 5.4+ 0.2 1.08 + 0.04 Q: BSL-SAR
357 £0.1%  0.14
1.45 +
0.09°
MHK-07- 48 +£1 56 + 7" 1.82 + 25+ 3 31+3 —-0.3+0.2 41 5.3+0.2 1.02 + 0.02 Q: BSL-SAR
07 43.0£01%  0.16
1.41 £
0.12%
RTP-18-2 211 +7 234+ 6 3.07 + 69+ 5 76 £ 6 0.1+0.3 69 8+1 0.97 £+ 0.03 F: Youngest
0.21 Toba Tuff
sample
RSN-01- 500 + 511 + 62 3.97 £ 126 £ 9 129 + 16 -0.2+0.3 95 19+ 4 1.03 + 0.03 F: pIRIR-SAR
17 30 0.16
HMP-18- 340 + 325 + 127 2.07 £ 164 + 157 +£11° 0.5+ 0.3 106 12+ 2 0.96 + 0.05 F: pIRIR-SAR
5 30 >511 + 2 0.12 21 >247 + 32
MHD-02- 484 + 505 + 37° 335+ 144 + 9° 151 +13° 28+0.3 132 21 +£1 1.06 + 0.05 F: pIRIR-SAR
17 19° >956 + 2 0.15 >280 + >286 + 13
>940 + 13
4

@ Represents the fading uncorrected feldspar doses and ages, + represents the quartz converted feldspar doses, and $ represents the quartz De values and dose rates.

for exposure durations ranging from 0 to 300 min and 0 to 1200 min,
respectively, was measured. Residual doses for all samples after 5 h of
filtered sun-lamp exposure are provided in Table 4. For dose recovery
tests, a known dose approximately equal to paleodose was given after a
5 h filtered sun-lamp bleach, and then the administered doses were
recovered using the pVIR-SAR and pIRIR-SAR protocols. The pVIR-SAR
paleodoses were compared with expected values based either on BSL-
SAR of quartz (converted to the K-feldspar doses) or on pIRIR-SAR
(pIRIRSL at 290 °C) of K-feldspar (Buylaert et al., 2011).

d) Changes in luminescence sensitivity

Change in luminescence sensitivity during repeated measurement
cycles was investigated through a correlation between regenerative dose
(Ly) and test dose luminescence (Tx) after laboratory bleach using
sequential stimulation by violet and IR at 350 °C for 200 s (Table 3). This
bleaching was carried out at the end of each Ly and Ty measurement
cycle. A regeneration dose of ~530 Gy and a test dose of ~350 Gy were
used for RSN-01-17 sample. The sequence in Table 3 was repeated for 16
cycles. The initial 2 s of pVIRSL decay curves were taken as the signal,
and the final 2 s were considered the background. Fig. 9 provides the
results.

4. Results and discussion
4.1. Source traps and pVIRSL mechanism

4.1.1. Post-violet TL/IRSL measurements

TL glow curve of the KF with 20 Gy dose comprises two peaks at
130 °C and 380 °C (Fig. S1). Fig. 2b shows TL glow curves after heating
to 500 °C followed by a violet stimulation. These suggest photo-transfer
of charges from traps deeper than 500 °C to shallower traps at 130 °C
and 380 °C. Repetitive VSL and TL measurements without intervening
irradiation produced TL signal above the background, suggesting that
the deep traps served as a reservoir and supplied charges for post-violet
TL (pVTL). Fig. 2b inset plots the integrated intensity of PTTL glow peaks
with the cycles of violet stimulation and shows depletion in PTTL for
repetitive VSL and TL measurements.

Similarly, over 20% IRSL of pVIRSL-1 was observed after repeated
violet stimulations without any intervening radiation dose (Fig. 2c and
d). At the end of each violet and IR stimulation, the IRSL was reduced to
the background level. Like pVTL, pVIRSL intensity decreased with re-
petitive cycles of violet stimulation to an asymptotic value of about 20%
of the initial value. VSL decay curves for each measurement cycle are
shown in Fig. S2. After the third cycle, VSL residual was near back-
ground levels suggesting that the recombination centres responsible for
emission in the narrow-UV window were depleted, although charges
from deep reservoir traps were still being photo-transferred to IR traps
(Fig. 2b).

4.1.2. Source of pVIRSL

The pVTL glow curve comprised TL glow peaks at 130 and 380 °C
(Fig. 2b). Relation between pVTL and pVIRSL was examined through
violet stimulation at increasing stimulation temperatures and cut-heat
(Fig. 3a). The IRSL intensity of a sample was normalised to the IRSL
after preheat, violet stimulation at 50 °C and a cut-heat at 50 °C. Fig. 3¢
provides normalised IRSL with increasing cut-heat temperatures after a
violet exposure. The pVIRSL decreased by about 20% from 50 °C to
100 °C, followed by an increase of 15% up to 250 °C violet stimulation
and cut-heat. At a cut-heat of 500 °C, pVIRSL reduced to 0.3% of the
initial value (Fig. 3c). Similarly, variation of conventional IRSL with
varying cut-heat temperatures was explored using the protocol in
Fig. 3b. IRSL decreases by 15% up to the cut-heat of 200 °C and then a
continuous decrease up to 500 °C was seen, where the signal was 0.01%
of the initial value (Fig. 3c).

4.1.3. Mechanism for pVIRSL

Fig. 2b suggests that TL glow peaks <500 °C are populated through
photo-transfer during a violet stimulation. The supply of charges and
IRSL continues after repeated violet stimulation, suggesting that violet
stimulation repopulates the IR traps each time. The efficiency of such a
photo-transfer progressively diminishes with each cycle and reaches an
asymptotic value of ~20% of the initial value (Fig. 2d). Based on Kalita
and Chithambo (2022), Jain and Ankjergaard (2011), Kumar et al.
(2020), and the present observations, a plausible mechanism for pVIRSL
is that charges in deep reservoir traps get stimulated to the conduction
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band by violet stimulation. A fraction of these are then trapped at IR
traps and give pVIRSL. Fortuitously, the dose proportionality is retained
in this complex process.

Fig. 3c shows the dependence of pVIRSL with temperature for violet
stimulation and cut-heat. The initial decrease (up to 100 °C) is possibly
due to reduction in a phosphorescence from glow peaks below 130 °C.
An increase in IRSL with the temperature at which violet stimulation and
cut-heat (up to 250 °C) are carried out suggests an increased thermal
assistance to charges in deep traps, and this is seen through an increase
in the slow component of VSL decay with stimulation temperature
(Fig. S3). Consequently, charges recaptured in IRSL traps increase and
lead to higher IRSL. At Stimulation temperatures >250 °C TL peaks
sensitive to IR get depleted and result in a decrease in IRSL. Fig. 3c shows
that IRSL has a slow decrease up to 200 °C followed by a faster decrease
thereafter to up to a cut-heat of 500 °C. The initial decrease in IRSL
reflects the depletion of the 130 °C peak. These results accord with
Murray et al. (2009) that IR stimulation is related to the 140 °C and
410 °C TL glow peaks (130 °C and 380 °C in the present study). A rapid
depletion of IRSL with increasing cut-heat and violet stimulation tem-
perature (>250 °C) suggests a depletion of charges from TL peaks that
provide IRSL.

Fig. 4 summarizes the mechanism of pVIRSL based on the band
model of Jain and Ankjeergaard (2011). Transition-1 is the excitation of
charges during violet stimulation, where charges from all traps get
excited to the conduction band. Some of the charges get recaptured at
the IR trap, while others produce VSL. Subsequent IR stimulation
(Transition-2) probes the recaptured charges and provides pVIRSL. Vi-
olet stimulation also empties charges from IR traps acquired during
geological antiquity and ensures that pVIRSL is exclusively due to
photo-transferred charges from the deeper traps to the IR traps. As the
measurements are made without any delay, post-violet IRSL yields a
near zero fading (Devi et al., 2022).
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4.2. Dating using pVIRSL

A basic requirement for the applicability of pVIRSL for dating is that
it should be bleachable by natural daylight. Therefore, the bleachability
of the pVIRSL was explored.

4.2.1. Bleachability of the deep traps

The mean pVIR-SAR dose for a modern (zero age) desert dune DH1
sample was 0.09 + 0.14 Gy (n = 10), which suggests that pVIRSL is
bleached by daylight and can be used for geological dating.

Fig. 5a and b shows the protocol and the effect of bleaching of
pVIRSL by violet and IR excitation with varied stimulation tempera-
tures, respectively. The ratio of pVIRSL2/pVIRSL1 decreases with
increasing stimulation temperatures of violet and IR excitation.
Bleaching at 350 °C for 200 s reduces the residual signal to 4.5% of the
initial value, and therefore, in the SAR protocol, 350 °C was used to
bleach pVIRSL at the end of each dose measurement cycle.

Based on the foregoing, a regeneration protocol for the pVIRSL was
developed (Table S4). This differs from the SAR protocol of Murray and
Wintle (2000) in respect of stimulations and bleaching steps (steps 3, 4,
7, 8,9, and 10). Here two step stimulation (violet (50 °C, 100 s) and IR
(100 °C, 100 s)) and bleaching ((violet (350 °C, 200 s) and IR (350 °C,
200 s)) were used. A preheat of 250 °C for 60 s was used after each
irradiation based on preheat plateau (Fig. 7b). The dose response curve
(DRC) for an aliquot of MHK-07-07 gave a recycling ratio of 1.06 + 0.04
and a paleodose of 50 + 2 Gy (Fig. 6a) that concurred with the expected
K-feldspar dose of 56 + 7 Gy. This, however, gave a recuperation of
12%. Bleaching temperature above 350 °C reduced the recuperation to
less than 5%, but to avoid luminescence sensitivity changes due to heat,
it was set at 350 °C. Having settled these, optimization of the stimulation
temperature of pVIRSL was examined.

Conduction Band

Band tail states

Deep traps

N
S

[ 1 ~T7eV

Luminescence

Hole distribution

Valence Band

Fig. 4. Band model for post-violet IRSL signal (modified after Jain and Ankjergaard, 2011). Transition-1 represents the excitation, recombination, and recapture
pathway of violet stimulation. Electrons from deep reservoir traps are excited using violet stimulation. The excited electrons go to the conduction band, and some are
recaptured to the unoccupied states of the principal trap. These recaptured charges are further probed using IR stimulation (Transition-2), resulting in pVIRSL in the
blue window. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).
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4.2.2. Stimulation temperature for IRSL

Murray and Wintle (2000) suggested that higher stimulation tem-
peratures reduce recuperation. In this study, the recuperation reduced
from 12% to 4% for IR stimulations at 100-200 °C (step 4, 8; Table S4)
(Fig. 7a). Thus, IRSL stimulation at 200 °C was used for paleodose
estimation. DRC of MHK-07-07 for post-violet IRSL at 200 °C is shown in
Fig. 6b. A recycling ratio of 1.02 + 0.03 and recuperation of 4.1 + 0.1%
was obtained.

4.2.3. Preheat temperature

The preheat plateau for the natural dose of PRL2 gave a plateau of D
values (within +5%) between 220 and 260 °C (Fig. 7b). A uniform
preheat of 250 °C was therefore used.

4.2.4. Optimization of the test dose

Colarossi et al. (2018) reported that the magnitude of the test dose
during pIRIR-SAR influences the growth curve. In their study, lower test
doses (<15% of paleodose) led to the carryover of charges from the
regeneration doses into test dose luminescence (Ty) and resulted in an
early saturation of DRC. Higher test doses suppressed such a carryover of
charges to the next SAR dose, and this led to a higher saturation dose of
DRC, making it possible to date older samples. Therefore, these authors
recommended the use of test doses in the range of 15-80% of D, value,
as was also suggested by Yi et al. (2016).

Dependence of pVIRSL D, value on the test dose was explored on
samples MHK-07-07 and RTP-18-02. Fig. 8a and c suggest that test doses
less than 50% of the expected dose underestimate De, and test doses
exceeding 50% of the anticipated D. lead to paleodoses closer to the
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Fig. 9. a) Ratio of the pVIRSL signal for regeneration dose (Ly. initial signal
minus background) to test dose (Ty: initial signal minus background) is plotted
against measurement cycle number for the RSN-01-17 sample (Table 3).

expected doses. Fig. 8b and d plot the variation Tyx/T,, with SAR cycles
with test doses for pVIR-SAR and show that Ty follows regeneration dose
luminescence (Ly). This indicates that Tx depends on Ly from the cor-
responding regeneration dose. Variation in Ty/T; reduced from 76% to
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Fig. 8. Test dose dependency of dose for MHK-07-07 (a, b) and RTP-18-02 (c, d). At each test dose, D, is an average of at least three aliquots. Test doses were varied
from approximately 5 to 90% of the expected dose. Dose recovery ratios at variable test doses for MHK-07-07 and RTP-18-02 sample are shown in inset of (a) and (c).
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47% when the test doses changed from 9% to 86% of the expected dose
for MHK-07-07. For RTP-18-02, variation reduced from 76 to 25% for a
change in test dose from 4 to 89% of the expected dose. The change in
Tx/ Ty is higher for low test doses, whereas for high test doses, Tx and Ty,
covary, suggesting that carryover of charges gets suppressed through the
use of higher test doses. Therefore, test doses ranging from 50 to 80% of
the expected doses were used.

Dose recovery tests also depend on the test dose. A known dose
approximately equal to the expected dose was recovered using varied
test doses. Inset in Fig. 8a and c shows that dose recovery ratios were less
than unity for test doses <50% of the expected dose and near unity for
test doses >50% for these samples. Therefore, in the future, it will be
desirable to establish the test dose before proceeding with dating
analysis.

The laboratory saturation doses (2Dg) of DRC also dependent on the
test dose and ranged from 56 Gy to 300 Gy and from 148 Gy to 606 Gy
for two independent samples for test doses ranging from 5 to 90% of the
expected dose (Table S5). These results accord with Colarossi et al.
(2018).

For HMP-18-5, the estimated D, was in saturation for low test doses
(i.e., <20% of the expected dose) (Fig. S4a), and at higher test doses
(~55% of the expected dose), it was below saturation. The estimated
dose was 580 + 29 Gy (Fig. S4b). Variation of Ty/Ty, reduced from 72 to
45% for test doses ranging from 15 to 55% of the expected dose
(Figs. S4c and d). These results indicate that variation of D, with test
dose is sample dependent.

4.3. Optimized pVIRSL single aliquot regenerative (pVIR-SAR) dose
protocol

The suggested pVIR-SAR protocol is shown in Table 2, with the test
dose being 50-80% of anticipated D, (step-5), preheat of 250 °C for 60 s,
and bleaching using both violet and IR stimulation at 350 °C for 200 s.
The pVIRSL at 200 °C was used for D, estimations. A zero dose and
recycling dose monitored recuperation and repeatability of sensitivity
corrected signal. The results are discussed below:

4.3.1. Reproducibility and luminescence sensitivity changes
Reproducibility of sensitivity corrected pVIRSL signal was tested
using the protocol mentioned in Table 3 for cycles of several repeated
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Fig. 10. Bleaching curves for a MHK-07-07 sample under UV filtered sun-lamp
light and natural daylight exposure. Each point is an average of three aliquots.
The pVIRSL signal reaches the residual level in ~60 min and ~100 min under
daylight and solar lamp light exposure, respectively. For clarity data for the
initial 2 h is shown in the inset.
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measurements. Fig. 9 plots Ly/Tx values for 16 repeated cycles for RSN-
01-17 sample. The regenerated pVIRSL (L) for a constant dose (~530
Gy) corrected by a test dose (Tyx) (—~350 Gy) remains unchanged. The
variation is within 5% and suggests that pVIRSL is reproducible and that
the test dose faithfully corrects for sensitivity changes during the
measurements.

4.3.2. Residual doses of the pVIRSL

Normalised pVIRSL residual doses using natural daylight and filtered
sun-lamp for different bleaching times are shown in Fig. 10. The residual
levels are at 11% after ~60 min and at 15% after ~100 min under
natural daylight and filtered sun-lamp, respectively. The mean of re-
sidual doses of five aliquots for different samples after 5 h of filtered sun-
lamp bleach ranged from 4.4 + 0.2 to 21 £+ 1 Gy (Table 4), and these
were subtracted from D, values. The pIRIR-SAR residual doses measured
after 5 h of bleach under filtered sun-lamp ranged from 10 + 1 to 43 + 8
Gy (Table S6). The pVIR-SAR residual doses were 23 to 67% lower than
the pIRIR-SAR, suggesting that the pVIR-SAR protocol may provide a
better option for dating young samples.

4.3.3. Athermal stability of the pVIRSL

Following the procedure mentioned in Table S3, the athermal fading
rates of pVIRSL at 200 °C were measured with delays of 1-8 days after a
preheat of 250 °C for 60 s. The t. value was two days. Most samples had
near zero athermal fading rates (g < 0.5 % per decade, n = 15) (Table 4,
Fig. 11). Sample PRLO and MHD-02-17 had a g-value of 1.9 + 0.1 and
2.8 + 0.3% per decade, and the reason would need further
investigations.

4.3.4. Dose recovery

Five aliquots per sample were measured for the dose recovery test,
and the given doses were recovered using a pVIR-SAR protocol
(Table 2). The residual doses were subtracted from the recovered doses.
The ratios of the dose recovered to the dose given ranged between 0.96
and 1.08 for all samples (Table 4). The dose recovery ratios for pIRIR on
the same set of samples ranged from 0.95 to 1.42 (Table S6).

4.3.5. Saturation dose

For laboratory saturation doses (2Dg), DRCs for regeneration doses
up to 3500 Gy were constructed. A single saturating exponential func-
tion was used for DRC fitting (Fig. 12). The 2Dy values ranged from 295
to 970 Gy (Table S7). The best case example was of MHD-02-17 had 2D,
of ~1000 Gy, a recycling ratio of 1.00 + 0.05, and recuperation of 2.6 +

1.5 T T .
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Fig. 11. Fading rate [g (% per decade)] results for RSN-01-17 sample for
pVIRSL at 200 °C.
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Fig. 12. Sensitivity corrected DRC constructed using pVIR-SAR protocol
(Table 2) for MHD-02-17 sample along with the natural intensity. The single
saturating exponential function as in analyst was used for the fitting. The
recycling ratio and recuperation are 1.00 £ 0.05 and 2.6 + 0.1%, respectively.
The estimated D, is 640 + 32 Gy, and saturation dose (2Dy) is 970 + 23 Gy.

0.1% (Fig. 12). A dose rate of 3.35 + 0.15 Gy/ka implies a dating age of
300 ka.

4.3.6. Comparison with expected ages

Table 4 compares pVIR-SAR ages with expected ages, which accord
to within +2¢ error with the expected ages. The pVIRSL age of sample
RTP-18-02 which is immediately beneath the Youngest Toba Tuff (YTT)
deposit, was 69 + 5 ka, and this accords with 75 ka age of YTT (Table 1).
The pVIRSL age of HMP-18-5 was 164 + 21 ka and its pIRIRSL age was
>247 + 32 ka. This needs further probing. For MHD-02-17, both the
pVIRSL and pIRIRSL gave fading of 2.8 + 0.3 and 2.7 + 0.6% per
decade, and ages agree with each other when corrected for fading using
Kars and Wallinga (2009). For PRLO, pVIRSL age was corrected for
fading rate (g = 1.9 £+ 0.1% per decade) using Huntley and Lamothe
(2001). The ages agree within 2c error.

4.4. Luminescence mechanism of pVIRSL at 200 °C

The pVIRSL at 200 °C passed all the criteria for a SAR based paleo-
dose estimation. The luminescence production mechanism for pVIRSL at
200 °C was explored on KF using a protocol mentioned in Table 5. The
pVIRSL (violet at 50 °C and IR at 50 °C or 200 °C for 100 s) signal was
measured after the dose (20 Gy), preheat (250 °C for 60 s), and IR wash
(50 °C or 200 °C for 100 s). This signal is named pVIRSL1. On the same
aliquot, similar steps were repeated after the TL wash of 500 °C but
without IR wash (step 4), and this signal was termed pVIRSL2. Two

Table 5
Protocol used to quantify the IRSL from principal trap contributing to the
PVIRSL.
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separate measurements were conducted for IRSL at 50 °C and IRSL at
200 °C. The percentage difference in the two signals is estimated using
the following expression:

_ _ (pVIRSL2—pVIRSLI
Difference (%) = < DVIRSLD 100

This difference quantifies the retrapping from the principal trap
during violet stimulation. Interestingly, both positive and negative
values were obtained for measurements at 50 °C, but only positive
values were obtained for IRSL at 200 °C measurements. Table 6 provides
relevant results for all samples. For the museum KF sample, the differ-
ence was —22% for IRSL at 50 °C and 56% for IRSL at 200 °C. For natural
samples, PRL2, MHK-07-07, RTP-18-02, RSN-01-17, and HMP-18-05,
the retrapping from IR at 50 °C from principal trap to pVIRSL signal
ranged from 0 to —20% considering errors. The near zero values suggest
that IRSL at 50 °C from the principal trap gets depleted during violet
stimulation. Therefore, for these samples, resulting pVIRSL at 50 °C has
a single origin, i.e., photo-transfer from deep traps. The negative values
in PRL2, MHK-07-07, and HMP-18-05 samples could be due to longer
exposure to violet stimulation (50 °C, 200 s) in pVIRSL2 than in violet
(50 °C, 100 s) stimulation in pVIRSL1. A longer exposure to violet
stimulation resulted in a lower value for pVIRSL2 than pVIRSL1, leading
to a negative percentage difference. However, for PRLO and MHD-02-17,
the percentage difference between pVIRSL2 and pVIRSL1 for IR at 50 °C
was 30% and 45%, respectively. The positive values indicate that the
pVIRSL at 50 °C contains a contribution from both the principal trap and
the deep traps. This retrapping from the principal trap may be respon-
sible for fading in these samples as IRSL (50 °C) originates from the
recombination of proximal electron-hole pairs and is hence more prone
to fading (Poolton et al., 1994). The results also indicate that retrapping
from the principal trap for IR at 50 °C is sample dependent, and more
complex trap dynamics are involved than currently understood. This
could be linked to the nature of defect centres and crystal structure. A
more specific spectroscopic study may be needed to understand the
mechanism in detail. In the future, it may be of interest to include a step
of IR stimulation at 50 °C prior pVIRSL measurement to eliminate the IR
50 °C contribution from the principal trap. This may facilitate the
isolation of a more stable signal.

For pVIRSL at 200 °C, a significant contribution (>50%) from IRSL at
200 °C from principal traps to the pVIRSL at 200 °C was obtained for all
samples, indicating that IRSL at 200 °C does not get depleted during
violet stimulation and contributes to the pVIRSL. Therefore, pVIRSL at
200 °C arises from two sources: a) recapture of charges from the prin-
cipal trap and b) photo-transfer of charges from deep traps as observed
from all samples. The results indicate that the DRCs for the pVIR-SAR
protocol are from photo-transfer from deep traps and retrapping from
the principal trap.

An alternate explanation for fading in PRLO and MHD-02-17 could be
the instability of some of the recombination centres (Kumar et al., 2022).
It may be possible that all the nearest recombination centres are not

Table 6
Protocol used to quantify the IRSL from principal trap contributing to the
PVIRSL.

Sample IRSL contribution to pVIRSL at IRSL contribution to pVIRSL at

Steps Protocol 50 °C 200 °C
1 TL 500 °C @ 2 °C/s KF —22% 56%

2 Dose (~20 Gy) PRLO 45% 74%

3 Preheat @250 °C for 60 s PRL2 —20% 68%

4 IRSL @50 or 200 °C for 100 s MHK-07- —20% 62%

5 VSL @50 °C for 100 s 07

6 IRSL @50 or 200 °C for 100 s (pVIRSL1) RTP-18-02 2% 73%

7 TL 500 °C @ 2 °C/s RSN-01-17 —2% 79%

8 Dose (~20 Gy) HMP-18- —8% 49%

9 Preheat @250 °C for 60 s 05

10 VSL @50 °C for 200 s MHD-02- 30% 66%
11 IRSL @50 or 200 °C for 100 s (pVIRSL2) 17

10
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consumed during violet stimulation, hence participating in the pVIRSL
and leading to fading.

5. Conclusions

The present work probes the mechanism for pVIRSL, which exhibited
nearly zero fading in most of the samples and very low fading in others.
The work explores its potential for K-feldspar dating and following in-
ferences are drawn:

1. Violet stimulation at 50 °C probes the TL peaks greater than 500 °C
and causes photo-transfer of charges from the deeper traps to the
shallower traps, and IR stimulation provides pVIRSL. Deep traps
>500 °C serve as reservoir traps.

2. The pVIRSL at 50 °C results from the photo-transfer of charges from
traps with TL peaks >500 °C except for PRLO and MHD-02-17. In
these two samples, IR 50 °C from the principal trap does not get
depleted during the violet stimulation, and some of it gets retrapped
to contribute to pVIRSL at 50 °C.

3. The pVIRSL at 200 °C originates from a) photo-transfer from deep
traps and b) recapture from the principal trap,

4. Deep traps are sensitive to violet light and to daylight. This makes
pVIRSL suitable for dating. Typically, 60 min of daylight exposure
reduced the pVIRSL to a residual dose of a few Gy.

5. An augmented pVIR-SAR protocol is presented, and the suggested
parameters for paleodose measurement are, a preheat at 250 °C for
60 s, pVIRSL at 200 °C for 100 s, bleaching using both violet and IR
stimulation at 350 °C for 200 s, and test dose in the range of 50-80%
of the expected dose. The pVIR-SAR provides doses with low recu-
peration (<5% and for PRLO <10%), good recycling and dose re-
covery (within 10%), near zero fading, and low residual doses (<21
Gy), and provided reliable ages ranging from 8 to >280 ka. These
accord with BSL-SAR or pIRIR-SAR estimates.

6. The pVIR-SAR dose response curve suggests a high laboratory satu-
ration dose (2Dy ~1000 Gy), implying the methodology can be used
for higher doses.

7. Photo-transferred IRSL in most samples had near zero athermal
fading. However, two samples, PRLO and MHD-02-17, returned a g-
value of 1.9 + 0.1 and 2.8 + 0.3% per decade, respectively.
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