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Abstract

Luminescence dating methods on natural minerals asquartz and feldspars are indispensable
for establishing chronologies in Quaternary ScienCemmonly applied sediment dating
methods are optically stimulated luminescence (O&h) infrared stimulated luminescence
(IRSL). In 1999, Trautmann et al. (1999a,dopposed a new related technique called infrared
radiofluorescence (IR-RF). IR-RF denotes the imfdaluminescence signal resulting from
exposure to ionizing radiation and potentially offea significant methodological advance
compared to OSL and IRSL regarding luminescenceasigtability, dating range and required
measurement time. The method has rarely been dpghlie to a lack of commercially available
measurement equipment but experienced a revivahgluhe last years. The present article
provides a state-of-the-art overview of the physioackground of IR-RF, its challenges,
applications and the potential as a dating metfde paper particularly addresses practical
considerations for applying IR-RF dating, includirgggnal bleachability and saturation

behaviour, and summarizes proposed solutions.

Keywords: Infrared radiofluorescence; Radioluminescence; dpeld Chronology;

Luminescence dating
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1 Introduction

In the late 1990s, Trautmann et al. (1998) charizeig radioluminescence signals, the emission
stimulated by ionizing radiation, from various fgpér specimens to investigate their potential
for dating applications. Focusing first on radiatioduced emissions in the UV and yellow
wavelength range, where luminescence signal ineseasth radiation dose, they incidentally
observed the opposite for potassium bearing (Klgsfear specimen such as microcline and
orthoclase: a dose-dependent signal decrease efiission centred at 854 nm (1.45 eV; based
on peak tail fitting only). Later, Trautmann et &999a, b), Schilles (2002) and Erfurt and
Krbetschek (2003a) determined that the emissiork peas centred at 865 nm (1.43 eV).
Trautmann et al. (1998) recognized that this emssinergy is similar to the excitation energy
used for infrared stimulated luminescence (IRSL{tHdtial., 1988) and consequently interpreted
this process as a luminescent transition (trappaigglectrons. Their pioneer work paved the
way to what is known today as infrared radiofluocmge (IR-RF) dating; the method first
proposed by Trautmann et al. (1999a, b) and termedErfurt and Krbetschek (2003a, b).
The IR-RF signal is believed to be a direct measiithe fraction of empty electron traps, unlike
conventional luminescence dating methods suchasethased on thermoluminescence (TL, cf.
Aitken, 1985a), optically stimulated luminescen@sS(, Huntley et al., 1985; Aitken, 1998) and
infrared stimulated luminescence (IRSL, Hutt ef 8888), for which the signals are associated
with more complex recombination pathways. Since IRdRF signal intensitydecreaseswith
increasing dose, it can be used for dosimetry aatingl purposes. IR-RF may provide
advantages over conventional single aliquot reggiver (SAR,Murray and Wintle, 2000) dose,
IRSL dating methods (e.g., SAR IRSL, Wallinga et 2000) or its derivatives deploying higher
reading temperatures (post-IR IRSL, Thomsen et2@08; MET-pIRIR, Li and Li, 2011a) in
terms of required measurement time (relatively spamtocol, cf. Erfurt and Krbetschek, 2003b),
resolution of the dose-response curve (continueagsrding of data points) and dating range
(Sec. 7). Nevertheless, IR-RF as a dating methalillssubject to ongoing research, with its
general applicability being questioned (Buylaert &t, 2012). On the contrary, recent
technological and methodological work, e.g., on dipical resetting of the IR-RF signal, and
improved routines for dose estimation have yieldeamising results (Frouin, 2014; Frouin et

al., 2015, 2017; Huot et al., 2015; Kreutzer et2017; Murari et al., 2018).
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This contribution provides an overview of past aedent developments of IR-RF from K-
feldspar as a dating method. We summarize curmemwledge on existing models on the origin
of IR-RF, outline commonly applied measurement pdures and equipment, and highlight
shortfalls, challenges and open questions. Undedstg what remains unknown may stimulate
discussions and lead to improved experimental desigwards a full establishment of IR-RF as

a valuable chronological tool.

2 Origin of the|R-RF signal and relevant models

The 1.43 eV (865 nm) IR-RF emission of K-feldsparaiitmann et al., 1999a, b; 1.45 eV in

Trautmann et al.,, 1998, see below for an explanatltas the same energy as the typical
excitation maximum of IRSL (Hutt et al., 1988; Pool et al. 2002a, b), which led Trautmann et
al. (1998) to suggest that both signals are derfveth the same principal electron trap. More

recent observations of infrared photoluminescetReP(; Prasad et al., 2017) seem to support
this hypothesis (see also Kumar et al., 2018).Heurstudies by Kumar et al. (2020) generally
confirmed this view but extended the understantiy@ssigning two different defect sites to the

principal trap based on their cathodoluminesceneasarements.

Trautmann et al. (1999a, b) and Trautmann (2006pgsed a model for the IR-RF emission of
feldspar whereby IR-RF results from the transitoddran electron from the conduction band to
the ground state of the IRSL trap through the exicdtate.

Figure 1 illustrates the different electronic triéines associated with IRSL and IR-RF
production in one plot. Please note: Although wenpibed different ideas in one figure, our
graphical representatiahould notoe considered a new model. In Fig. 1, continuoyg®sre to
ionizing radiation leads to a constant flow of &lens from the valence band to the conduction
band [a], from which electrons can either recomhiadiatively [b] or non-radiatively (not
shown for clarity), or become trapped [c]. As iliedobn persists, the IRSL trap [c] becomes
filled, resulting in more electrons recombiningiedvely [b], accounting for the observed rise in
the ultraviolet (UV)-RF and visible light (VIS)-R&missions at higher doses (Trautmann et al.,
1999a). However, this model raises two major qoasti(1) why does the IR-RF signal not fully
saturate during laboratory irradiation, resultingai zero or negligible IR-RF signal, and (2) to

bleach, why does the IR-RF signal require exposaorkght of higher energies than IR (e.g.,
Page 4 of 64
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Trautmann et al., 1998, 1999a, b; Frouin et all52@017), whereas the IRSL signal from the
same trap could be efficiently reset through exposw infrared light?

Figurel
(Models)

To explain why the IR-RF signal does not appeasdturate, Trautmann et al. (1999a) first
considered electron release throughout irradiatioa to the low thermal stability of the IRSL
trap, resulting in the replenishment of free el@athole pairs and thus a continuously decaying
IR-RF signal. However, this hypothesis contradectsieasured lifetime of the IRSL trap in the
range of Ga (Murray et al., 2009). An alternatixplanation not considered by Trautmann et al.
(1999a) is the loss of trapped electrons by athetumnelling, known as anomalous fading of
feldspar (e.g., Wintle 1973; Spooner 1992; VisoseH®93; Huntley and Lian, 2006) and more
specifically, the anomalous fading of the IRSL &gidr trap (e.g., Spooner 1992; Huntley and
Lamothe, 2001) (transition [d] in Fig. 1), which wemmarised in Sec. 5.6. Instead, Trautmann
et al. (1999a) preferred a model already suggédstesichon et al. (1942) and Klasens (1946) for
sulphide phosphors, with a proposed transfer oé$@dlom the valence band to the IRSL trap
throughout irradiation, effectively increasing ttiefects trapping capacity (transition [e] in Fig.
1).

To address the different bleaching behaviour of RIR- and IRSL signals,
Trautmann et al. (2000a) modified their earlier elpdelating the bleaching of the IRSL signal
to localized electron transitions after the suggesby Poolton et al. (1995). Following IR
exposure, an electron is only excited to the egdctate of the trap ([f] in Fig. 1), which is palre
with the excited state of a neighbouring recomlamatentre, allowing a localized transition.
Thus, the IRSL emission would relate to the radetielaxation of the electron to the ground
state of the recombination centre. Trautmann (2@®@) Trautmann et al. (2000a) determined
from pulse-annealing experiments that bleachinghefIRSL trap is limited by the number of
available recombination centres, suggesting themssbility of trapped electrons could reduce
the density of holes. They drew this conclusionnfréhe IR-RF signal's stability up to
temperatures of 400 °C, whereas IRSL and the eMt8-RF signals depleted at temperatures
>300 °C. Trautmann (2000) and Trautmann et al. @ap@oncluded that the IRSL electron-hole
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population accounts for only ~1.5 % of the totatgmtial IRSL trap occupancy, implying that
most of these trapped electrons do not have th&lplity of recombining with a hole during IR
stimulation. A phenomenon that Trautmann (2000) dmdutmann et al. (2000a) did not
consider, and which may influence these effectsame extent, is athermal signal loss (i.e.,
anomalous fading). Following the model of Huntl@@@6), ground state tunnelling [d in Fig. 1]
would result in preferential recombination of utd¢acharge with proximal recombination
centres, which may otherwise have been involvetbealized transitions from the IRSL trap.
Athermal de-trapping results in a non-linear inseeaf IRSL with dose, an effect recorded and
highlighted by Trautmann (2000) and Trautmann ef24l00a).

2.1 Defectsrelated to | R-RF and IRSL

The exact identification of defects responsible é@ctron and hole trapping in feldspar is
subject to ongoing research, and as such, theqaiysture of the IRSL and IR-RF trap remains
under debate. The traps and recombination cenfrésfeldspars have mainly been assigned
based on indirect measurements and correlationestyd.g., Baril and Huntley, 2003a; Erfurt
2003a, b; Erfurt and Krbetschek, 2003b). Krbetsceekl. (1997) discussed the principal K-
feldspar luminescence emissions and their possiiidgns for different excitation methods. The
most common emission bands for K-feldspar aredistelable 1 (please also note the references

given therein).
Table1
(Traps and recombination centres)

It appears that in the literature®@and PB ions have been identified as the main centrestwhic
are believed to be responsible for the presentleeofed to deep-red emission (~ 1.7 eV; Prasad
and Jain, 2018) in feldspar. Kumar et al. (201i@&dtto correlate their IR-PL findings (Prasad et
al., 2017) with the IR-RF signal. Their work suggessthat the same defect participated in the
production of IR-RF and IR-PL. However, they spated that IR-PL, contrary to IR-RF, is
“site-selective”, i.e. IR-PL preferentially probesentres leading to the emission at ca 1.30 eV
(955 nm) whereas the IR-RF emission may be ‘contated’ by emissions from other centres,
such as F&, related to the emission band near 680 nm to TQeng., Geake et al., 1977; Telfer

and Walker, 1975; White et al., 1986; Brooks et2002; Finch and Klein, 1999; Krbetschek et
Page 6 of 64
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al., 2002; Prasad and Jain, 2018). Most recent wgrkKumar et al. (2020), reporting infrared
cathodoluminescence (IRCL) experiments at 7 K, givElence for a correlation of emission
peak position and K-concentration. They furthempoise F& as a defect competing for electrons
with the principal trap. Furthermore, the red emiss peak location has been observed to be
related to the composition of feldspar samples.,(&impch and Klein, 1999; Krbetschek et al.,
2002). In contrast, the Plaentre appears to be related to the IR-RF emidsaoils between ca.
860 nm and 910 nm (e.g., Nagli and Dyachenko, 1&8®irt 2003a, b; Erfurt and Krbetschek,
2003a).

Erfurt (2003a) and Erfurt and Krbetschek (2003agenbed an increase of IR-RF signal intensity
with increasing Pb content for concentrations andider of 30 ppm to 1,400 ppm, and proposed
that the IR-RF emission may be associated withetkatation of PB" to monovalent (PH
which subsequently relaxes to the ground state Iof Rmitting photons at 1.43 eV.

Schematically it reads (adapted from Ostrooumov6201152 for amazonite):
P +& - P e+e - (PH)+€ - Pbh~hvges+ ... + Op

However, this hypothesis remains unproven, andegaglectron paramagnetic resonance (EPR)
studies have indicated that*Pis only found in amazonite, a specific type of raaine where
Pb" occupies a Kposition (Marfunin and Bershov, 1970; Marfunin,793. In contrast, Poolton
et al. (2002b) hypothesised that the IRSL trap simaple hydrogenic defect, calculating an

optical transition at 1.48 + 0.04 eV, close to thlaserved in the K-Na feldspar series.
2.2 |R-RF model and related phenomena

Since Trautmann et al. (1998, 1999a, 2000a) prapaseodel to explain the processes of (IR)-
RF of feldspar, our understanding of luminescencecgsses in feldspar has improved
considerably, driven mainly by the developmentsuadbconventional IRSL (e.g., Wallinga et
al., 2000; Huntley and Lamothe, 2001; Lamothe ¢t28l03; Auclair et al., 2003; Murray et al.,
2009; Kars and Wallinga 2009; Pagonis and Kulp,72®agonis et al., 2013, 2019; Lamothe et
al., 2020), the post-IR IRSL (also pIRIR) measurenpeotocols (Thomsen et al., 2008; Buylaert
et al., 2009), time-resolved IRSL investigationg(eJain and Ankjeergaard, 2011) as well as IR-
PL (Prasad, 2017; Prasad et al., 2017, 2018; Ketnal, 2020).

Page 7 of 64
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Figure 1 shows a band-gap diagram which descrilmetels for IRSL, post-IR IRSL and IR-RF.
The presence and importance of the sub-conductod kail-states are now widely recognized
(Poolton et al., 2002a, 2009; Jain and Ankjeergaa@d,1l) and anomalous fading (athermal
signal loss; Wintle, 1973 for TL; Spooner 1992 stimulation at 514.5 nm and ~880 nm) from
the IRSL trap is generally regarded as ubiquitouteidspar (e.g., Huntley and Lamothe, 2001)
(transition [d] in Fig. 1). The largest inconsistgrbetween the IR-RF models and more recent
studies is that the former models did not consitter effects of hole distribution (i.e.,

recombination distance) and anomalous fading.

Excitation spectra of feldspar revealed the charatic resonance at ~1.4 eV (1.43 eV, Hiitt et
al., 1988; see also above), which is superimposea oising continuum, now recognized as
relating to the sub-conduction band-tail statela et al., 2002a, 2009). IRSL preferentially
samples electrons which can recombine with proxinedés, either through tunnelling from the
ground state of the IRSL trap (transition [d] ilgFL) or via a localized transition (transition [f]
in Fig. 1). Higher energy stimulation of the IRStag or higher temperature stimulation
(phonon-assisted diffusion) allows electrons tcomsine via diffusion through the band-talil
states (Poolton et al. 2002a; Jain and Ankjeerg&@tl]) (transition [g] in Fig. 1). For post-IR
IRSL signals, which are measured at elevated tempes of typically 225 °C or 290 °C
(pIRIR225 or pIRIR:g0), this enables more distal recombination centelset accessed (Jain and
Ankjeergaard, 2011), which have greater athermah{ldy 2006; Jain and Ankjeergaard, 2011)
and thermal stability (Thomsen et al., 2010; Li amd2011b, 2013; Fu et al., 2012). However,
PIRIR signals are systematically harder to bleheimtiRSL signals (e.g., Li and Li, 2011a).

In general, the IR-RF signal is known to bleacts lefficiently than the low-temperature IRSL
signal with infra-red light (Trautmann, 1999; Trauainn et al., 1999a; Frouin, 2014; Frouin et
al., 2015) and recently it has been shown thablbaching rate is similar to that observed for the
PIRIR290 signal (Frouin et al., 2017). This comparably slbokeachability agrees with the
apparently high thermal stability of the IR-RF sagj(at least up to 350 °C, cf. preheat vs curve
shape experiments by Erfurt and Krbetschek, 200Biejr Fig. 7). However, further
investigations are required to constrain the théstability of IR-RF signal and its susceptibility

to anomalous fading.
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3 Measurement devices

The first IR-RF studies were carried out on homelensystems (Trautmann et al., 1998, 1999a;
Schilles and Habermann, 2000; Erfurt et al., 2008)ich differ from the ready-to-use systems
available today (Lapp et al., 2012; Richter et2013). The device described in Trautmann et al.
(1998) was equipped with a spectrometer for K-fgddldR-RF exploration. However, because
the spectrometer was limited to 800 nm (Trautmdral.£1998, 1999b), first peak investigations
were based on signal extrapolation (Trautmann gt 1898). After identifying the dose-
dependent peak (Trautmann et al., 1999a) at 863hmmintegrated RF signal around this peak
was used for RF dose estimation. Schilles and Hhadoen (2000) and Erfurt (2003b) went one
step further and attached a photomultiplier tubt aifilter combination optimized to limit the
measured luminescence to the 865 nm emission glokahles 3 and 4 summarize the details of
various instruments concerning signal detection sardple bleaching parameters. Figures 2 A—

D provide different technical realizations for maeiasg the RF signal from K-feldspar samples.
Figure2ABCD
(All IR-RF devices)

3.1 Stimulation or irradiation unit

Radiofluorescence (RF) is the light emission calmsenizing radiation. Therefore, stimulation
sources can either be ionizing charged particless(i electrons or protons) or high energy
photons (X-ray oy-ray). The custom-made devices were equipped Wits/*'Ba sourcest(,

~ 30.08 a) (Schilles and Habermann, 2000), whiteiofcommercially) available RF equipment
has®°SrP% sources tg, ~ 28.8 a) (Lapp et al., 2012; Richter et al., 204®13). Details of the
radiation sources are provided in Table 2. The ndifferences between these radiation sources
are activity, radiation type and energy spectrae Cs**'Ba radiation sources in the home-
made devices, e.g., used by Trautmann et al. (39%@ailles (2002) and Erfurt et al. (2003),
emit 3-particles and~-photons with mean energies of 187.1 keV and 662, kespectively. At
the same time!®*'Cs is also ay-photon emitter, but the IR-RF stimulation kyrays was
considered being negligible in comparison to Biparticles (Trautmann, 1999, p. 16). The

%5rP% source emits a broad energy spectrum with nfieanergies around 195.8 keV. Other

Page 9 of 64
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differences regarding the stimulation sources lagedesign and the way of irradiating the sample
(planar radiation source geometry vs ring sourcargery). The ring source design (Richter et
al., 2012) allows the detector to be mounted diyeaitove the source. For the planar sources, the
light collection is realized by an optical lightida (Lapp et al., 2012) or using light reflected to
the detector (Schilles, 2002). The indirect ligldllection has the advantage of reducing
unwanted signal contributions induced in the detacsystem due to bremsstrahlung, but it
usually comes at the cost of reduced detectiorieffcy. Additionally, the ring-type sources
have been reported as delivering a highly spatlatignogenous dose rate (Richter et al., 2012),
relative to planar sources. Common to all typesairces and geometries is the underlying

assumption of measuring a comparable IR-RF signal.
Table2
(Irradiation units)
3.2 Detection and filter combination

Initial studies on IR-RF were based on spectromaieasurements to identify IR-RF peaks and
characterize their behaviour. Trautmann et al. 8) 9®entified the presence and behaviour of the
IR-RF peak around 854 nm based on curve fittingagbartially measured peak, but later
(Trautmann et al.,, 1999a, b) reassigned the peailtiggo to 865 nm using an improved

spectrometer. Erfurt (2003b) and Schilles (200a¥isd this peak in detail with a spectrometer
and a photomultiplier tube in conjunction with i filters (Sec. 5.1). The spectrometers'
relevant details are provided in Table 3, and Bighows the efficiency of different spectrometer

systems.
Table3
(Spectrometer overview)

Figure3
(Spectrometer transmission)

Table 4 provides detailed detector settings appieedneasure the IR-RF signal. The main
difference between the devices is the filter commtiom, and thus the detection window.

However, all types of filters centre around 865 and the usage of different filters reflects
Page 10 of 64
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mainly the availability of filters when the equipmewas delivered. Trautmann et al. (1999a)
recommended centring around 865 nm and avoidirggference from the 710 nm peak. This
idea was also followed by Erfurt and KrbetschekO@t) using a detection window of 8&320
nm, considering the broadening effect of the 710p&ak with increasing dose (Sec. 5.1). The
devices used by Schilles (2002) and Erfurt (2003it) had the same type of photomultiplier
tube (PMT) (Hamamatsu R943-02) with a quantum iefficy of ~5 % at 865 nm. The quantum
efficiency of commercialexsyg and Risg readers is about ~12 % at that wavelength, both
employing the same PMT (Hamamatsu H7421-50), betetfficiency drops to 0.001 % for
wavelengths > 900 nm. The PMTs of these commedegices have a lower efficiency for the
potentially interfering signals > 900 nm but relaty high efficiency for the 710 nm peak (Erfurt
and Krbetschek, 2003b), which might significanthterfere with the main IR-RF peak. The

bandpass for different systems used in the paspeesgnt are shown in Figs. 4 A and B.
Table4
(detector settings)

Figure4d AB

(PMT efficiency and filter combinations)
3.3 Bleaching units

Table 5 summarizes the information on the commakd bleaching units. In the device used
by past researchers (e.g., Schilles and Habern28@@, Erfurt et al., 2003) the sample geometry
was fixed, i.e., the sample was not moved betwdéreht measurement steps. Thus, the IR-RF
signal's bleaching was done by connecting a sataplusing an optical fibre. In this design, IR
cut-off filters were used to avoid excess heating tb the high intensity of light of the solar
lamp. In contrast, inside commercial devices fofRR measurement and bleaching (dexsyg
andRisg the sample moves to different positions. Risgsystem is equipped with powerful
UV LEDs (=700 mW), and thkexsygdevice has an inbuilt LED solar simulator that bames

up to six wavelengths with the option of varying iower of each LED (Richter et al., 2013; see
Table 5).

Table5
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(bleaching units)
3.4 Sample geometry

Krbetschek et al. (2000) and Erfurt and Krbetsc(&03b) recommended a fixed geometry
during IR-RF measurements. They observed a higheds®n in IR-RF dose distributions
attributed to geometry changes (e.g., grain movéshevhen samples were bleached outside the
reader. Buylaert et al. (2012) did not observe ahgnges in the IR-RF signal due to the
movement of the sample from one position to anofbérFig 3b in Buylaert et al., 2012).
Similarly, Frouin et al. (2015, 2017) did not repdose dispersions caused by the movement of
the sample inside the reader for their measuremasitsy alexsyg researctreader. Later,
Kreutzer et al. (2017) attributed a large partled tnter-aliquot scatter to unwanted machine-
induced geometry changes, which, however, may lafected only their particular reader.
Nevertheless, in summary, it appears to be adwés@abhim for a stable sample geometry and

check the results for unwanted effects, enlardedt distribution (cf. Kreutzer et al., 2017).

4 Sample preparation methods

IR-RF sample preparation methods extract K-feldgmaiched mineral grains following routine
procedures (e.g., Preusser et al.,, 2008). Afterirggjeand chemical treatments with HCI and
H,O,, density separation using heavy-liquids (e.ghidin heteropolytungstates or sodium
polytungstate) extract feldspar grains. Additio(fedth) flotation (e.g., Herber 1969; application
examples: Miallier et al., 1983; Sulaymonova et 2018) can be applied to enrich the K-
feldspar concentration further; a procedure thatRreiberg group has mainly used in the context
of IR-RF (e.g., Trautmann, 1999; Erfurt 2003b).t&tmn likely provides a better yield in terms
of better separation of quartz and feldspar minphalses. Despite requiring extra laboratory
equipment and staff training, flotation has unmipetential for further enriching the K-feldspar
fraction (e.g., via selective flotation: Larseraét 2019) with possible implications for measured

IR-RF signals.

To remove the outes-irradiation affected layer of coarse K-feldspaaigs (> 90 um) a low
concentration< 10 %) HF treatment was often used (e.g., Wagned.e010; Lauer et al.,

2011). However, the practice of etching of coarssngK-feldspar was already questioned by
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Duller (1992), who described non-uniform etchingrg the lines of weakness within the
mineral. Porat et al. (2015) recalled caution if idFapplied to feldspar grains because HF
etching might significantly modify the luminesceru®perties of K-feldspar, and thus Porat et
al. (2015) suggest etching times <15 min. Frouial ef2017) reported inconclusive, younger and
highly scattered, IR-RF results for two samples {B4, BT715) after prolonged HF treatment
(10 %, 40 min), while this was not observed fortheg non-etched, sample from the same site
(BT706). Although the systematic effect of HF treahts with different timings and

concentration on the IR-RF signal remains unexplod- treatment appears to be dispensable.

5 IR-RF signal characteristics

5.1 IR-RF spectroscopy: Signal identification and measurement optimization

The IR-RF signal composition was extensively stddising a home-made spectrometer in
combination with a liquid nitrogen-cooled chargedigled device (CCD) detector (Trautmann et
al., 1998, 2000b; Krbetschek and Trautmann, 20Dir spectroscopic investigations of IR-RF
from feldspar revealed many peaks centred at varwavelengths. However, the 865 nm
emission peak was found to be stable with its sitgndecreasing with increasing dose. K-
feldspar showed the highest signal intensity as thavelength compared to other feldspar
compositions. Trautmann (1999) and Schilles (20@&)ced that the spectrum of K-feldspar
could be fitted with two Gaussian functions centa¢d10 nm (1.75 eV) and 865 nm (1.43 eV).
Later, Erfurt (2003b) improved the spectrometerdusg Trautmann (1999) and recognized that
the data required a minimum of three Gaussian iomgtto fit the emission spectrum, with a
third emission centred at ~910 nm (1.35 eV, Erintl Krbetschek, 2003a). The spectroscopic
study of these peaks provided the appropriate tletecange (filter combination) required for
isolating the main IR-RF peak at 865 nm from otheighbouring emissions (Krbetschek et al.,
2000). A typical raw spectrum for K-feldspar showsny emission peaks (Fig. 5C after
Schilles, 2002) and Trautmann et al. (1999a) detnatesl that the peak intensity at 865 nm
decreases with increasing dose, whereas the ittesfsthe 710 nm peak increases with dose.
Furthermore, Trautmann et al. (1998) observed tthat710 nm peak is unstable and vanished

within a few hours following irradiation.

Page 13 of 64



355
356
357
358
359

360

361

362

363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378

379

380

Preprint for QG revision 4 - Infrared Radiofluoreswe (IR-RF) dating: a review

Both the 710 nm and 910 rfiremissions may interfere with the main IR-RF ped&5(nm),
which filters can minimise. The effect of such léefi can be simulated using three superimposed
Gaussian functions (Fig. 5A and Fig. 5B similarBdurt and Krbetschek, 2003b). Table 4
summarizes all devices' filter combinations to aselthe peak centred at a wavelength of 865

nm.
Figure5ABC
(IR-RF peaksin feldspar)
5.2 IR-RF signal resetting

The success of (optical) luminescence dating methelies on resetting the luminescence signal
during sediment transport prior to burial. For IR;Rhe signal intensity increases with light
exposure after several minutes to several hourseaches its highest value when all traps are
empty. The bleachability of the IR-RF signal wasessed by bleaching until a plateau is formed
between the IR-RF signal vs bleaching time. A camsiplateau indicates no further signal
increase, i.e., the IR-RF signal is at its maximamg all IR-RF related traps are empty. In the
first IR-RF bleaching experiments (Trautmann et #099a), natural direct sunlight (VIS to UV
component, Fig. 6A) was used for a few hours (betw2 h and 5 h of daylight exposure in
February in Freiberg, Germany) to bleach the IRdR¥nal. Later, Trautmann et al. (2000a)
showed that wavelengths shorter than 500 nm were efficient at resetting the IR-RF signal
(Fig. 6B) and Krbetschek et al. (2000) demonstraited only a few minutes (~5-10 min) were
required to reset the signal, using a 200 W Hg-ldfrgble 5 for an overview of the settings)
along with a heat-absorbing filter (Fig. 6C). Ferthleaching experiments were conducted using
a 300 W OSRAM ‘Ultravitalux’ sunlamp placed at atdince of 35 cm from the aliquot for 6.5 h
(Krbetschek et al., 2000) or an on-board lamp (ABOSRAM metal halide), using fibre optics,
which delivered ~100 mW cfito the aliquot for 30 min.

Figure6ABCD

(Bleaching)

1920 nm in Erfurt and Krbetschek (2003b), howevendeforth termed ‘910 nm’ emission.
Page 14 of 64
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Buylaert et al. (2012) compared the ¥alues of samples with independent age controéyTh
obtained different values between aliquots thatewdeached with UV LEDs (delivering 700
mW cmi?) with an exposure time of 25 min, compared to dféag with a Honle SOL 2 solar

simulator for 4 h. Samples bleached with the H&M..2 resulted in older, but partly also more
consistent ages compared to the independent agelc@. Buylaert et al., 2012, their Fig. 7).

Later Varma et al. (2013) concluded that expostir808 s is optimal for resetting the IR-RF
signal using the aforementioned UV LED (deliverit@ mW cnif).

Frouin et al. (2015) systematically compared theathing behaviour of monochromatic light
and a solar simulator spectrum. In their studyy teowed that: i) K-feldspars of various origins
exhibit the same behaviour during bleaching expemts, and ii) the IR-RF signal can be
bleached by all wavelengths, ranging from 365 nrB30 nm, and iii) the IR-RF signal can be
completely reset in nature and cannot be “overdbied” in the laboratory even with the use of
longer time exposures. Finally, they recommend larsspectrum close to the terrestrial solar
spectrum with minimal UV light contribution. Thegladeved this by individually adjusting the
monochromatic LEDs' power in their luminescenceleeand stated that this spectrum delivered
a sufficient amount of power (375 mW énto bleach the IR-RF signal in minimum time at
ambient temperature (Frouin et al., 2015). Furtloeenthey showed that the onset of a
bleaching plateau started after 3 h to 4 h of ligkposure (cf. Fig. 4 in Frouin et al., 2015).
Specifically, within this light spectrum, the powefrthe UV (325 nm) LED was reduced to 10
mW cmi? as this wavelength is absorbed by the atmosphwieita presence in the terrestrial
solar spectrum is minimal. Regardless, this low @owFrouin (2014, her Fig. 28) showed that
UV bleaches most efficiently within the first sedsnbefore it reaches a plateau after ca. 40 h.
Although an artificial bleaching spectrum usingyosix wavelengths (LEDs) cannot match the
terrestrial solar spectrum, it may remain a goopr@ydmation of natural bleaching conditions
(typical irradiance on Earth of 90-100 mW &nASTM international, 2012). A comparison
between the bleaching behaviour of the IR-RF signehsured at 70C (Sec. 6.1) with other
variants of the IRSL signals of K-feldspar showedttiR-RF seems to bleach at a similar rate to
the pIRIRg signal but much slower than the IRglsignal (Frouin et al., 2017; Fig. 6D).
However, a similar bleaching rate compared to 1R#Ry9 signal does not guarantee a complete

reset of either signal (i.e., pIRI&® and IR-RF); various studies have shown that tiRyyo
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signal is hard to bleach and can have large rekidoses even after 4 h of solar simulator
bleaching (e.g., Buylaert et al., 2012; Li et @&014). It may take up to ~300 h to reach a
constant residual dose (Yi et al., 2016). In sunyn&rouin et al. (2015) recommended a
minimum of 3 h bleaching using the inbuilt solanslator of their equipment with the following
settings: 365 nm (10 mW ¢fjy 462 nm (63 mW cif), 525 nm (54 mW cff), 590 nm (37 mW
cm?), 623 nm (115 mW cif), and 850 nm (96 mW crf).

5.3 Phosphorescence

In the context of IR-RF, two types of phosphoreseemave been observed: (1) Phosphorescence
after bleaching (Fig. 7) and (2) phosphorescencder afirradiation (so-called
radiophosphorescencePhosphorescence after bleachingas considered by Erfurt and
Krbetschek (2003b). They recognized that K-feldsganples, bleached with a solar simulator,
show a very strong phosphorescence at 865 nm. Bedianent sample with a palaeodose of
~1,500 Gy, extrapolation of the phosphorescencenakicgat room temperature using an
exponential decay shows that its effect lasts beéyh000 s after bleaching (cf. Fig. 6 in Erfurt
and Krbetschek, 2003b). To accommodate this effedR-RF measurement protocols, Erfurt
and Krbetschek (2003b) recommended a pause of amedifter bleaching, before starting the
next IR-RF measurement. In contrast, Buylaert et(2012) showed that after bleaching the
phosphorescence signal intensity is lower by twdem of magnitude than IR-RF, its effect on
the main IR-RF signal will be negligible. Howevérshould be noted that their setup differs
from the one used by Erfurt and Krbetschek (20Slec. 3). Varma et al. (2013) reported that
although the IR-RF signal of their sample was almadsits saturation level, it did not show
significant phosphorescence after bleaching thegkafor 800 s. Hence, they concluded that no
extra pause is needed and suggested that a deld0mfs is sufficient to reduce the
phosphorescence down to the background level iblgching time is less than 800 s. Similarly,
Schaarschmidt et al. (2019) reported a weak phaspbence compared to the IR-RF signal and
reduced the pause to 900 s for their samples.rmmrary, it seems that phosphorescence caused
by bleaching can be avoided by introducing a paokel5 min to 1 h prior to IR-RF
measurements (Erfurt and Krbetschek, 2003b; Freual., 2015; Schaarschmidt et al., 2019) in
the case of solar simulator bleaching and may eoteluired if the sample is bleached with a

UV LED for 800 s or longer (Varma et al., 2013).
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Radiophosphorescends a known phenomenon used in the past to chaizetkminescence
spectra from feldspar (e.g., Krbetschek and Riek@95; Baril and Huntley, 2003b). Varma et
al. (2013) observed phosphorescence with an ifeas~35 % of the IR-RF signal (cf. Fig 2b

in Varma et al., 2013) immediately after irradiatiop to 800 Gy. Phosphorescence caused by
irradiation can be a severe issue since IR-RF measnts need continuous irradiation during
signal measurement. Thus, phosphorescence supgerpasnto the main IR-RF signal can be
problematic and might be as high as 35 % of theRIRsignal (Varma et al.,, 2013).
Nevertheless, if the phosphorescence intensitywdependent of the previously administered
radiation dose, it might be neglected. In contriishe radiophosphorescence is dose-dependent,
it will be impossible to isolate it from the IR-R¥gnal. This possible superposition of IR-RF and

radiophosphorescence needs to be further investigat
Figure7
(Phosphorescence)
54 |IR-RF sensitivity

Schilles and Habermann (2000) conducted a bleackindy on natural and commercially
available K-feldspar samples. Two repeated cycle00h of sunlight bleaching resulted in
different IR-RF intensities and changes in the shafpthe decay curve for each bleaching cycle.
Natural and commercial samples showed differenadiiang levels and a relative change of
signal intensity of 3.64.8 % for natural sunlight and 58.9 % for artificial solar simulation
(SOL2, Honle). These variations in signal intensityglicated sensitivity changes due to
bleaching and/or irradiation during the measuremientrder to cope with this, Schilles (2002)
suggested using a separate aliqguot and measusihg-RF for two bleaching cycles. Based on
these additional measurements, a dimensionlessatiam factor could be derived from the ratio

of the regenerated IR-RF intensities (Fig. 8A).

Similarly, Varma et al. (2013) reported sensitivttyanges during measurement and could not
recover a given dose using IR-RF. They derivedreiseity correction factoiFs by repeating
the bleaching and regenerative IR-RF six tinkggalso Sec. 6.1) is estimated from the ratio of
IR-RF intensity of the first regenerated cycle be extrapolated intensity of the zeroth cycle

(Fig. 8B). Furthermore, Varma et al. (2013) recagdithat all six sediment samples investigated
Page 17 of 64



470
471
472
473
474
475

476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

496

497

Preprint for QG revision 4 - Infrared Radiofluoreswe (IR-RF) dating: a review

in their study needed a sensitivity correction bbatn reasonable dose recovery results. Erfurt
and Krbetschek (2003b) also showed a shape misnaasidhchange in intensity for multiple
measurements but demonstrated that this sensitohiynge would only affect the dose
estimation by 3 % (cf. Fig 4 in Erfurt and Krbetekh 2003b). In addition to these studies,
Buylaert et al. (2012) mentioned the possibilityaddignificant sensitivity change, either induced

by bleaching or by the IR-RF measurement itself.

Frouin et al. (2017) reported on a curve shape atismbetween the natural IR-RF (RFand

the regenerated IR-RF (Rf} curve (cf. Fig. 2 in Frouin et al., 2017), angeoted the measured
aliquots (Fig. 8C). In the literature, two attempiave been made to explain this behaviour:
Kreutzer et al. (2017) gave evidence that a teehradefact with the measurement equipment
caused an unwanted geometry change. Murari eP@L8]) investigated the possible reason for
this shape mismatch using three modern bleacheglearm a dose recovery study. For these
samples, a given dose was recovered using theg &tfel R4 signals. In their study, Rk refers

to IR-RF curves from the naturally bleached modsaample, and RE, refers to IR-RF curves
measured after bleaching with the solar simuladsrsamples are bleached in both cases, both
IR-RF curves, R and RFg can act as regenerated IR-RF curves. An offse230% was
observed when the dose was recovered from thg: Bgnal (cf. Fig. 2 in Murari et al., 2018)
while all the samples were able to recover the knalese from the RE signal with an
uncertainty of 4 %. Their findings showed the dépancy in dose recovery and the mismatch of
the shape of RE curves compared to Rfrcurves. The latter is attributed to the changtRin

RF sensitivity. Possible causes for these sersitiYianges are the high photon flux of the built-
in solar simulator, the high laboratory dose ratd/ar the interference from other neighbouring
peaks with the main IR-RF signal (i.e., 710 nm 848 nm emissions; Trautmann, 1999; Erfurt
and Krbetschek, 2003b). In summary, it seems R&RF is affected by sensitivity changes that
should be monitored and corrected. Based on timelinfys, Murari et al. (2018) suggested a new

analysis and correction method named tiwrizontal and vertical correctiomnethod (Sec. 6.2).
Figure8

(Sensitivity change monitoring)
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55 IR-RFinitial rise

A few IR-RF studies mentioned an unexpected sigisd at the beginning of the IR-RF
measurement (e.g., Schilles, 2002; Buylaert eR8ll2; Frouin, 2014; Huot et al., 2015; Frouin
et al., 2017). It was often described as a bunifl-ke peak or an initial rise of the RF signal
(Fig. 9A; for further discussions on the dynaminga see below) and it typically persisted for
the first few hundred seconds (~6—-12 Gy) befored fi&F starts decaying monotonically (Huot
et al., 2015). According to Frouin et al. (201 g initial rise in the natural signal seemed to be
positively correlated with the equivalent doBg)((cf. Fig. S7 in Frouin et al., 2017) of a sample

and was observed for every K-feldspar sample usdukir study.

In contrast, the Freiberg group never reported d8:RF behaviour (e.g., Krbetschek et al.,
2000; Erfurt, 2003b) leading to speculation thdfedences in instrumental design (overall
system efficiency, different detection bandpagerficombinations or radiation source strengths)
may cause the effect or favour its detection. Mesments using both commercial devices
(lexsyg researctand Risg, Sec.Error! Reference source not found.) showed the initial rise

behaviour (e.g., Huot et al., 2015; Frouin et 2017; Qin et al. 2018). However, this is not
discussed in detail by Buylaert et al. (2012) wistarded the signal corresponding to the first

~20 Gy from their data analysis considering it asu@ple-specific behaviour.

Huot et al. (2015) thoroughly investigated the iorigof the initial rise after bleaching
(regenerated signal). They hypothesized that thel iacrease in RF observed at the beginning
of the irradiation, is not due to higher electroapping, but can be explained by thermally
assisted phosphorescence. “Minute variations irptatemperature” (Huot et al., 2015, p. 241)
can cause this peak because of the existence lbdwteaps which emit phosphorescence in the
near-infrared region. Their recommendation to avbid peak was to wait at least 1 h after
bleaching, let the sample cool down to room tentpesa or measure IR-RF at elevated
temperatures of around AT to 100 °C. Nevertheless, the phenomenon doesse@in to
disappear from the IR-RF signal even when measateglevated temperatures of 70 and

waiting for one h after bleaching (cf. Fig. 2 vgFr in Frouin et al., 2017).

Furthermore, the reported a correlation betweenirttensity of the initial rise in the natural
signal and the sample; (cf. Frouin et al., 2017 their Fig. S7), indicatbat shallow TL traps
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alone cannot explain this phenomenon. Neverthefess) the perspective of dating, it seems
that the effect of the initial rise does not affdose estimation as it appears only for 100 s @ 20
s (typically ~6-12 Gy) in every IR-RF signal (i.matural and regenerated IR-RF signals).
However, further investigations combined with mdidgl are needed to better understand the

origin of the IR-RF signal increase during thetfssconds.
Figure9
(Initial rise and dynamic range)
5.6 IR-RF signal stability

The IR-RF signal stability has two dimensions: thak stability and athermal stability. The first
is directly related to the depth of the trap anore@sents the stability of the electrons captured by
the defect over time, dependent on the ‘burial’ gemture. The second, also known as

‘anomalous fading’ (Wintle 1973), is temperaturdependent.

The thermal stability of the IR-RF signal was inigsted by Trautmann et al. (1999a) who used
pulse annealing experiments, and they reportedniddestability of the IR-RF signal up to 480
(Fig. 10A). However, this result was observed dolyone sample (Ook1l), which is >1 Ma old;
two younger samples showed a decrease in signahdgity after 250C (Fig. 10A). Later
experiments by Erfurt and Krbetschek (2003b) anouifr et al. (2017) (Fig. 10B) confirmed
these findings. Further, it was noticed that fonperatures of 25€C and higher, natural IR-RF
(RFa) signal intensities decreased with pulse annealemperature (Fig. 10B) while they
increased slightly for regenerated IR-RF signals.d§R If annealing at high temperatures resets
the IR-RF signal, the IR-RF intensity should notcréase, which is in accordance with
observations on R, but in contradiction to that for RE This contrasting feature may be
explained by a change of the IR-RF sensitivity wgmperature. In thermoluminescence (TL)
studies on K-feldspar rapid, temperature-inducechinescence sensitivity decreases were
frequently reported (Aitken, 1985a, 1998). Thosanges are non-repeatable in subsequent dose

cycles (cf. reasoning in Frouin et al., 2017).

Nevertheless, while temperatures above ca.°€5May impact th®,, these observations should

not be used to draw general conclusions on thenthlestability of the defect responsible for the
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IR-RF emission. Erfurt (2003a, b) referred to wooksamazonite (cf. Ostrooumov, 2016 for an
overview) and argued that the 'Rientres are stable up to ~450 °C (Speit and Lehrh@88) or
even up to 700 °C (assumption in Erfurt, 2003b: 300700 °C in Ostrooumov, 2016). Above

this temperature, the Pbentre disappears (a process also referred te-amdzonitization).

Krbetschek et al. (2000) presented experimentailtesupporting the hypothesis of long-term
stability of the IR-RF signal. For instance, sherm (days to months) fading tests with storage
of samples for several months at room temperatooged no sign of signal increase (i.e., no
emptying of traps) which seems to confirm signabsity over short periods (at room
temperature). Furthermore, based on the datingdifrent samples using IR-RF, e.g., Wagner
et al. (2010) and Novothny et al. (2010) claimeat the IR-RF signal exhibited no indication of
fading for ages in the range ca 420-700 ka (Waghat., 2010) and 148-250 ka (Novothny et
al., 2010). Likewise, Frouin et al. (2017) and Keeu et al. (2018a) reported a good agreement
with the independent age control of even older aBgscontrast, Buylaert et al. (2012) showed
age underestimation for older samples (>100 ka)aiestimation for younger samples (< 50
ka). They speculated whether the offset could bplagxed by signal instability (fading),
bleachability and sensitivity change during measat. They also showed the natural IR-RF
signal from an infinitely old sample was only 84d¥the saturation, suggesting the signal might
fade. However, the measurement setup by Buylaait €012) did not match the suggestions by
Erfurt and Krbetschek (2003b), e.g., regarding tleection window, and should be read
cautiously. Recently, Kumar et al. (2021) reintetpd the findings by Buylaert et al. (2012).
They reported IR-PL age results in agreement witthependent age control. These findings
indicate that IR-PL does not suffer from athernadifig or signal instability. However, since
Kumar et al. (2018) hypothesised a similar traptti@r IR-PL and the IR-RF, they concluded that
IR-RF does not suffer from signal instability. Henavithout presenting new IR-RF data, Kumar
et al. (2021, p. 14) concluded.."] that the under-estimation in IR-RF [meant atestresults
reported by Buylaert et al.,, 2012] is likely becausf sensitivity changes rather than signal
stability.” Nevertheless, beyond the research summarizegeabarther studies should be carried
out to investigate the thermal and athermal stghiti the context of IR-RF as a luminescence

dating method. For IR-PL, Kumar et al. (2021) swtge tests on geological samples (~ Ma), i.e.
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samples in apparent dose saturation, which migitt ptovide a good test for the IR-RF signal

stability in future studies.
Figure1l0A B
(Signal stability)
5.7 IR-RF doselimits

The minimum measurable dose has not yet been systatly determined with IR-RF. While
Erfurt (2003b) estimated a dose of ca 40 Gy, Fratial. (2017) reported measurable doses of
05+ 1.0 Gy and 1.2 + 1.9 Gy for two modern anakgsamples. Current instrument
configurations allow signals with a few photon-ctsurper second to be distinguished. In
available luminescence measurement systems (Sate3R-RF signal of K-feldspar is usually
of the order of a million photon counts per secuariith signal intensities at its maximum when
the sample is bleached, i.e., for zero dose sampless, the minimum measurable dose (limit) is
a function of stimulation dose-rate (G})sthe measurement channel resolution (s ch&haeid

the applied statistical procedure to distinguisb twight signals and determine tbe(e.g., the
sliding method causes discretization effects, 8&2). For example, a sampling rate as applied
by Murari et al. (2018) of 10 s chantidbr a dose rate of ca. 0.06 Gy would theoretically

correspond to a minimum distinguishable dose ofGy@®n average.

The IR-RFdynamic ranges defined as the ratio of the maximum to the mummof the IR-RF
signal intensity. In other words, this is the ratib the IR-RF signal from saturation to the
bleaching level of the sample, which in generalesaabout a factor of 2 (Erfurt and Krbetschek,
2003a). The IR-RF signal dynamic range is mininkady(9B) compared to the signal dynamics
from the other variants of luminescence such as GSIRSL, where it typically is at least an
order of magnitude higher. Due to low signal dyramainges, the slope of IR-RF intensity (
with respect to doseDg) changes gradually and finally approaches zerdedms of resolving
dose estimates, the resolution becomes impoverishtb@ higher dose region as a slight change
in intensity (d) may lead to a large uncertainty in dose estimati¢). Erfurt and Krbetschek
(2003b) recommended determining the dose wherestbpe of signal intensity vs dose
approaches a value of zero (i.d/d®. = 0). Based on this parameter, they found thatHeirt

reader configuration, IR-RF curves allow dose eatiom up to ~650 Gy.
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However, the upper dose limit of IR-RF, and withtite temporal range, is subject to ongoing
research. Krbetschek et al. (2000) reported aa@mD, value of 1,440 £+ 215 Gy (nature of the
error not reported) for a single sample, and iac@nt IR-RF dating study Kreutzer et al. (2018a)
reported a measurable mean dose of 1,064 £ 41 @sr(rh standard deviation). Erfurt (2003b)
estimated a mean saturation dose as high as 1,90Bld@vever, Erfurt (2003b) and Erfurt and
Krbetschek (2003b) also estimated the maximum vabt¢ dose at 600 Gy to 650 Gy as the
small IR-RF signal dynamic range can limit the B of signal interpolatianThe highest,
single aliquot, IR-RF dose of 4,181 + 371 Gy (meastandard deviation) was reported by
Wagner et al. (2010) (cf. their “Supporting Infortoa”, Table S2) using the same instrument as
Erfurt et al. (2003).

On alexsygresearchsystem Frouin et al. (2017) recently reported ss&fte measurement of a
~2,100 Gy dose using a regenerated IR-RF signaktha recorded up to 4,000 Gy cumulative
dose (cf. their Fig. 7 for sample TML1). Furthermokurari et al. (2018) demonstrated accurate
laboratory dose recovery up to 3,600 Gy by intafwoy onto a regenerated IR-RF curve
measured up to 3,900 Gy. However, it should betpdiout that the intensity difference between
2,000 Gy and 3,500 Gy was only around 4 % (Figf@Bhe dynamic range of IR-RF), which
leaves the results susceptible to minimal intenslitsgnges. Hence, at this moment, we cannot
refer to a saturation limit of IR-RF. However, tbee single value published by Murari et al.
(2018) of ca. 3,600 Gy would allow age determinai¢dose rates in the order of 2-3 Gy ka
of 1.2 Ma to 1.8 Ma. Whether this dose (and temipoaage is feasible for routine dating is still
under debate.

5.8 ThelR-RF alpha-efficiency

The ionisation efficiency and, with it, the effioey of induced luminescence per unit dose,
depends on the type of irradiation (i.e:, vs (- vsy-radiation). Commonly, the luminescence
produced bya-particles per unit dose is substantially lowemtlier 3- or y-radiation. Thus, the
a-efficiency needs to be determined to correctlycdalte the -equivalent a-dose rate
contribution (cf. Aitken, 1985a) if polymineral fngrain (4—11 pum) or other grain size fractions
untreated with HF are used. So far, only a singldysexists determining thee-efficiency of K-

feldspar using IR-RF. Kreutzer et al. (2018b) uaed-flux calibrated*Am source. The central
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S-value (Guérin and Valladas, 1980; Valladas andadals, 1982) obtained from four fine-
grain K-feldspar samples (84 aliquots) was 9.26.621uGy/(16a cm?). The corresponding
(dimensionless) value in tleevalue system (cf. Aitken 1985b) of 0.067 + 0.013iiwilar toa-
values reported for IRSL polymineral fine graing(e.Kadereit et al., 2010). Based on these
findings and if theo-efficiency cannot be determined, an estimatedhlue of 0.07 + 0.01
(applied to fine grain and unetched coarse grathsKreutzer et al., 2018b) appears to be

justified.

6 Measurement protocolsand data analysis

Like other luminescence measurement protocolsdaivalent dosel¥.) determination (e.g., for
TL, OSL or IRSL), over the years, several measurgrpeotocols and data analysis techniques
have been proposed to determine@hdor IR-RF.

6.1 |R-RF measurement protocols

The first comprehensive IR-RF measurement protoemhed IRSAR (infrared single-aliquot
regenerative-dose) was presented by Erfurt and t&chek (2003b). Frouin et al. (2017)
introduced a modified version of this protocol amditled it RFo(where the subscript ‘70’ refers
to the applied measurement temperature of 70 "@ylit®nally, several other protocols have

been reported in the literature and are summaiizédble 6.
Table 6
(Measurement protocols)

All listed protocols consist of less than six measuwent steps. Common to all protocols are three
main steps: (I) measurement of the natural IR-RRai(RF4), (1) signal resetting by bleaching
and (Ill) measurement of the regenerated IR-RFgREignal after bleaching. The duration of
the IR-RF measurements (natural, regenerative)eterchined by the chosen data analysis
approach (Fig. 11). For examplB, determination via curve fitting and signal extrigon
results in IR-RF measurements of longer duratiantfi@ natural IR-RF signal than for the

regenerated signal and vice versa f@.aetermination via interpolation.
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Trautmann et al. (1999a), Krbetschek et al. (2@0@) Schilles (2002) distinguished between an
additive (extrapolation) and a regenerative (iméapon) measurement approach, depending on
the particular IR-RF signal (natural: additive; eagrative: regenerative) used for subsequent
curve fitting. However, this distinction is misleag and should be avoided as it conflicts with
the commonly accepted terminology used for TL/OBIL.recorded IR-RF signal curves are
dose-response curves, and signal resetting isedaott by optical bleaching. Thus, natural IR-
RF curves are always additive dose-response cuinespective of the technique used to
analyse the data and to obtain g namely: extrapolation, interpolation or slidingeé the

following section).

Bleaching durationAll published protocols include an optical blea@hstep to reset the natural
IR-RF signal. The bleaching is either carried optubing an artificial light source or by natural
sunlight. To mimic natural sunlight conditions, &m et al. (2015) proposed a bleaching
spectrum consisting of six different wavelengthsgiag from UV-A (365 nm) to NIR (850 nm),
while Buylaert et al. (2012) used only a single elangth (UV-violet LED, 395 nm) to reset the
IR-RF signal. The bleaching duration is sample ddpat and linked to the technical
specification of the equipment, the available wemgths, and power. Using a similar
measurement setup, Varma et al. (2013) and Buyaait (2012) found bleaching for 800 s and
1,500 s respectively, to be sufficient for mostesasFrouin et al. (2017) suggested solar
simulator bleaching for at least 10,800 s. Kreu&teal. (2018a) suggested a bleaching test using
the internal solar simulator of thdaxsygsystem. The test applied consecutive bleachingsste
of 1,000 s each. A stable signal plateau indicatégBcient bleaching. Generally, it appears that
longer bleaching times should be preferred to enthe resetting of the natural IR-RF signal.

For further details on the bleaching behaviouthef iR-RF signal see Sec. 5.2.

Pause durationfive out of seven IR-RF protocols (Table 6) sugegst pause after the optical
resetting of the IR-RF signal for at least 1,800Tke pause is believed to account for an
unwanted superposition of IR phosphorescence ofRiRF signal (e.g., Erfurt and Krbetschek,
2003b). Varma et al. (2013) carried out the passa phosphorescence measurement just before
the stimulation itself. Based on their resultgppears that the phosphorescence is induced only
by the irradiation (‘radiophosphorescence’) and thia not further increased by bleaching. They

thus proposed an optimum bleaching time of 800 setluce phosphorescence to its residual
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level without implementing an additional pause witthe measurement procedure. However,
this study contradicted the observation made orséimee systenmRisgTL/OSL DA-20 with IR-

RF attachment) by Buylaert et al. (2012) who showed appearance of IR phosphorescence
even after bleaching of 1,500 s, though it was ongers of magnitude smaller than the IR-RF
signal which can probably be considered negligiblevertheless, other studies contradicted
these findings, e.g., Erfurt (2003b), Erfurt and&tschek (2003b) and Huot et al. (2015) showed
the presence of phosphorescence directly emittedr dfleaching. The above-described
observations suggest that an additional pause afiB@p to 1 h might be beneficial to minimize
the potential effects of unwanted signal superpmsifrom the phosphorescence caused by
bleaching (also Sec. 5.3).

Preheat and measurement temperatufée work of Trautmann (1999) gave evidence for a
strong temperature dependence of the IR-RF sign&ifeldspar, which appears to be related to
the sample's age (see also Erfurt, 2003b). Consgléhe dependency of the IR-RF signal
intensity (Trautmann, 1999; Erfurt, 2003b; Frou#Q14) on the preheat and measurement
temperature, measurements under well-controlledpeéeature conditions appear advisable.
However, due to technical limitations, measurememtder controlled (elevated) temperature
conditions have only been applied by Frouin et(2017). They suggested a preheat of 70 °C
based on the observation of thermally assistedgitwwescence. Huot et al. (2015) advised that a
temperature range of 70 °C to 100 °C would be bl&taHowever, Erfurt and Krbetschek
(2003b) neglected the need for any preheat priongasurement following their observation of
no change in IR-RF intensity from room temperattoe250 °C (cf. Fig. 2 in Erfurt and
Krbetschek, 2003b). Nevertheless, a comparisorReRF ages with independent age control
showed improvement in results when measurementsaréged out at elevated temperature
(Frouin et al., 2017). Therefore, Frouin et al. {2ZDrecommended measurements at elevated

temperature.

Sensitivity correction (also Sec. 5.4fonitoring changes in the dose-response charatiteriis

an essential feature of every OSL SAR protocol.ilesh(2002) and Varma et al. (2013)
included treatments to correct for unwanted chamgdR-RF signal sensitivity by introducing a
correction factor for IR-RF measurements. Murariakt (2018) investigated a new way of

correction. In this method, the shapes of IR-RFvesrare matched by moving the RF
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vertically along with horizontal sliding (Sec. Fa¥ sensitivity change). This method was able to
recover a given dose with 3—10 % accuracy, comp@reah offset by 15-23 % when recovered
only using the horizontal sliding method proposgdBoylaert et al. (2012). The recommended
method (Kreutzer et al., 2017; Murari et al., 20d8gs not need any extra measurements other
than those implemented in the protocol suggeste#&rbuin et al. (2017). However, the RF
measurement should be long enough to produce asidrfal with pronounced curvature to

match the R and R4 curves.
6.2 Dataanalysis

Data analysis foD. estimation is essential for age determinatidpn.determination requires a
comparison of the natural and a minimum of one megged IR-RF signal. The different

methods available for making this comparison asexeed below.
Figurell
(De determination methods)

Extrapolation and Interpolation methodhree different approaches were presented to smaly
IR-RF data (Fig. 11): (I) extrapolation, (ll) inpedation and (lll) sliding. The first two
approaches comprise a mathematical curve fittindpfadetermination. Extrapolation (Fig. 11A)
and interpolation (Fig. 11B) requires that eithiee hatural or regenerative signal is recorded
over a more extended period (natural signal: extedipn; regenerative signal: interpolation).
The chosen channel resolution and stimulation ti@kermine the precision of the curve fitting
and thus, the statistical error of the For curve fitting (extrapolation, interpolatioMrautmann
et al. (1999a), Krbetschek et al. (2000) and S=$il{2002) proposed a single exponential
decaying function with three parameters. LateruErdnd Krbetschek (2003b) recognized that
the curve shape could be best described usingcalkat stretched exponential function (Fig.
12). This function was suggested in a general fbgme.g., Pavesi and Ceschini (1993). The
stretched exponential function introduces a digsperdactor (3, which accounts for the
underlying physical processes in disordered coretbnmatter systems. Unfortunately, the
mathematical expression of this function type is ecunsistent in the IR-RF literature (Fig. 12)
and differs regarding the placementih the equation. Although the functions shown ig. Ai2
may result in consistemde estimations, they reveal different curve shapessiimilar parameter
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sets. Therefore, parameters describing an IR-Rize@udecay cannot be compared without a

statement on the applied mathematical expression.
Figure 12
(Equations used for IR-RF curvefitting)

Due to the general difficulties associated withestimation by extrapolation (i.e., substantial
uncertainties), this methodological approach appeahave been abandoned in later studies, and
more recently onl\De estimation by interpolation has been applied (apgner et al., 2010;
Novothny et al., 2010; Kreutzer et al., 2014). Néweless, every fitting method requires an
assumption regarding the IR-RF curve shape, eitfased on a model or the best graphic
adaption of the curve shape. Furthermore, IR-Riasurecorded only for a short time do not

sufficiently reveal the curve shape and potenti@nges.

Sliding methodBuylaert et al. (2012) suggested a data analysihodebased on horizontal
sliding of the RE4; curve until the best match is reached (inspirethipAustralian slidemethod
introduced initially by Prescott et al., 1993). Jkapproach appears to be even more justified
since Frouin et al. (2017) pointed out an initigerat the beginning of the natural IR-RF curve
(Sec. 5.5). The observed initial rise at the begigrof the IR-RF curve does not allow an
unbiased channel selection if curve fitting comdingith interpolation or extrapolation is
applied. In other words, for IR-RF data analysie thorizontal) sliding technique should be
favoured over the curve fitting approach. Howevtewas often seen that Rfand Rk4curves

did not match after horizontal sliding. Kreutzerakt(2017) suggested enhancing the technique
by combining vertical and horizontal sliding to aaat for an observed IR-RF light level change
encountered for a particular technical setup, mteskein Murari et al. (2018). The sliding
method requires a long natural IR-RF measurememiatch the regenerative IR-RF, e.g., Frouin
et al. (2017) (their supplement) recommended a mim of 40 channels for robudd
estimation for the horizontal sliding method. Ire tbase of the vertical and horizontal sliding
methods, Murari et al. (2018) used 100 channelsvever, the precise number depends on the

signal shape.

Error estimation Krbetschek et al. (2000) suggested that the prireatyce of random error in
the IR-RF ‘meanDearises from changes in the sample geometry atgéesgrain level (see also
Page 28 of 64
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Trautmann et al., 2000b). In contrast to OSL, whete dose-response curve is typically
reconstructed with a few (e.g., 5-15) regeneraliege measurements, the number of channels
used for constructing the IR-RF dose-response atamebe increased dramatically (e.g., >1,000
values) and is limited only by the instrumentalnsilgto-noise ratio and the total number of
allowed channels by the system. Consequently,ReRF dating studies, individual (statistical)
errors have been ignored, and the standard erchrcedd from individuaDe distributions (e.g.,
Wagner et al., 2010; Lauer et al., 2011; Kreutzeale 2014). To account for potential errors
Frouin et al. (2017) (their supplement) developedpproach to estimate the standard error of
an individual aliquot based on a non-parametrict&tompping approach (Efron, 1979) for the
sliding method. Nevertheless, the results of Fraatiml. (2017) also showed that the obtained
individual statistical standard error remains rgiggle in comparison to inter-aliquot scatter and

becomes relevant only for dim IR-RF signals.

Data analysis softwareTo analyse IR-RF data, no specialized software esded, and
commercial software solutions, e.GigmaPlot™ or ORIGIN™ may be sufficient to analyse
single measurements. However, within a dating sttity amount of data may demand more
comprehensive and efficient solutions. Two freelaitable software solutions have been
published to analyse IR-RF data based on the IREARt and Krbetschek (2003b) approach.
TheMS Window?®" softwareRLanalysegLapp et al., 2012; latest version 1.20) has imgleted
the (horizontal) sliding method and works with BBV X-files produced by &Risg TL/OSL
reader. The most recent version of the functioal yse_| RSAR. RF() implemented in the
package ‘Luminescence’ (Kreutzer et al., 2012, 2)1Bakes use of the platform-independent
programming language (R Core Team, 2018), and supports the horizont@lvantical sliding
approach. The function also suppdBsestimation via curve fitting as described by Erfand
Krbetschek (2003b) as well as via sliding includithg individual standard error estimation
approach described in Frouin et al. (2017) and Metsal. (2018). Through the ‘Luminescence’
environment, XSYG-files (Freiberg Instrumeh¢gsygreaders), BIN/BINX-files Risg TL/OSL
reader) as well as various other data formats, @&endings *.csv, *.txt) are supported as input

data.
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7 Application of IR-RF dating

The broader use of IR-RF as a dating method foimssds started mainly after introducing the
IRSAR protocol by Erfurt and Krbetschek (2003bgr&il saturation levels of > 1,000 Gy (e.g.,
Erfurt and Krbetschek, 2003b and Sec. 5.7) favouRdRF dating applications on Middle
Pleistocene sediments which are generally beyoadjtiartz OSL dating limit. The typical dose
saturation for quartz OSL measured in the UV isched around 150-200 Gy (Wintle and
Murray, 2006) except for a few cases where quarsesl >300 Gy are reported (e.g., Lowick and
Valla, 2018). Until now, IR-RF dating has mainlyemeapplied to coarse grain K-rich feldspar
using multiple-grains (Secs. 7.17.2). Spatiallyohesd and single grain studies are limited to
preliminary work (e.g., Schilles 2002; Trautmannaét 2000b) and a manuscript in an open
discussion by Mittelstrass and Kreutzer (prepriawd are thus not further discussed here.
Applications of IR-RF on polymineral fine-grain spi@s (4—11 pm) are currently limited to
three studies (Schilles, 2002; Kreutzer et al. 833 LToussot et al., 2019).

7.1 Application to glacio-fluvial and fluvial sediments

In the past, IR-RF dating has been favoured pdatilyufor constraining the timing of the
Saalian glacial cycle and the Eemian interglacialdating fluvial deposits of sites located in
Central/Eastern Germany (Eissmann, 2002) by Degenmd Krbetschek (2007), Krbetschek et
al. (2008) and Kreutzer et al. (2014). Degering #&mndetschek (2007) presented IR-RF ages
ranging from 120 * 15 ka to 158 + 21 ka for the kensite Klinge (Germany), and the results
were in good agreement with quartz and K-feldsp8L @nd IRSL luminescence dating results.
IR-RF dated fluvial sites (e.g., Wallendorf and ixsich, Germany) are highly relevant for
establishing a chronology for Middle Pleistocenda®alithic human activity in Europe due to
the presence of stone-artefacts embedded in flgaatls and gravels. Krbetschek et al. (2008)
presented IR-RF ages ranging from ~150 ka to ~306k the Saalian period and highlighted
human activity in Central Germany already at aro80d ka. Lauer and Weiss (2018) compared
PIRIR2g0 luminescence ages from the important palaeolsite of Markkleeberg (Baumann et
al., 1983; Schafer et al., 2003) with previouslaiéable IR-RF ages (Krbetschek et al., 2003)
and found the pIRIRo and IR-RF ages were in excellent agreement anddao late MIS 6

ages for the upper fluvial sequence at the siteo Abr the key site of the Homo heidelbergensis,
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located at Mauer in south-west Germany, IR-RF wasied to fluvial deposits correlated to the
archaeological horizon of the Mauer mandible. A thite, the IR-RF ages were in good
agreement with results of combined electron spgomance (ESR)/U-series dating on mammal
teeth, yielding an age of around 0.6 Ma (Wagnexl.e2010). Lauer et al. (2011) used IR-RF to
date fluvial deposits collected from sediment-cateled into the northern Upper Rhine Graben
(Germany). They deduced several fluvial aggradapienods and phases of increased tectonic
subsidence between ~300 ka and ~650 ka based sm HReRF ages. Li et al. (2017) compared
the data reported by Lauer et al. (2011) with tbenonology based on fading corrected pIRIR
ages obtained for the core Heidelberg UniNord Icepk for the lowermost sample (below the
B/M boundary) both chronologies were broadly caesis For the lowest sample, Li et al.
(2017) reported a minimum age of >602 + 77 ka, sbpast with the magnetostratigraphic
information which was not available in 2011. Inhigpf the new findings, the IR-RF age of 643
+ 28 ka by Lauer et al. (2011) should be consida®aninimum age. The reasons for this age

underestimation should be subject to future researc

In general, studies presented by Krbetschek €2@08) and Wagner et al. (2010) demonstrated
good agreement with independent age control. Itrashto these studies, Buylaert et al. (2012)
showed that IR-RF dating results of coastal masediments from Russia and Denmark as well
as colluvial sediments from France were either estemated (for ages between 20-45 ka) or
underestimated (for older samples ~128 ka) comptreddependent dating methods based on
biostratigraphy, radiocarbor*C), OSL and pIRIR (for numerical values cf. Table S1 in
Buylaert et al., 2012).

Figure 13 ABC

(Age comparison)
7.2 Application to aeolian deposits

Well-bleached sediments, such as wind-blown loestuoe sands seem to be most suitable for
IR-RF dating applications, although the amountasfdssized K-feldspars in silt-dominated loess
is limited. Early aeolian samples used for IR-RErdaresult originate from a sediment core
from the Gaxun Nur Basin in North-West Chin (Wunem et al., 2007). The IR-RF dating
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result$ significantly overestimated previously reportedIRSL ages and were discarded by the
authors (Winnemann et al., 2007), without presgrftirther technical details.

Novothny et al. (2010) were the first to extracase-grained K-feldspars from Hungarian loess
for IR-RF dating. The IR-RF ages of ~200 ka preseérity Novothny et al. (2010) significantly

overestimated the fading-corrected IRSL ages oDKE explained due to insufficient bleaching
of the coarse-grained fraction. An IR-RF age oueredion compared to quartz OSL ages of
reworked aeolian sediments from Egypt was alsortegdy Buylaert et al. (2012), which was

either attributed to a preliminary determinationtieé bleaching level before the regenerative
dose measurement or sensitivity changes betweenmntbasurement of the natural and

regenerated curves.

It was recently demonstrated that the modified IRS#otocol, measuring the IR-RF signal at
70 °C (RFy), recovered IR-RF ages on modern aeolian sampbkasaigreed with independent
age control. Frouin et al. (2017) have shown realslenagreement with independent age control
from polymineral (411 pum) fine-grain results published by Mesznerle(2013). However,
they also observed a large scatter in tBeidistributions. Another age from a loess samplenfro
the same site appeared to be underestimated. Thet avas explained by the lo®, values

resulting from low signal intensities (Frouin et &017).

Kreutzer et al. (2018a) presented a dating apphicatudy on coastal dynamics from the Médoc
region (south-west France), comparing coarse dfaeldspar IR-RF ages (R&protocol) with
guartz OSL ages and quartz multiple-centre ESRhgdiioyoda et al., 2000). In this study, the
IR-RF ages were systematically older than the SARrtg ages, which was believed to be a
consequence of insufficient resetting of the IR-Rignal. However, this study showed
reasonable agreement with the ESR ages for oldemeats (200—330 ka). Similarly, Scerri et
al. (2018) also found that Rfand pIRIRg age estimates were consistent within a 2-sigmi lim
and in stratigraphic order. The aeolian samplemfen archaeological site in Saudi Arabia
resulted in age estimates of ~276 ka for the oldethaeologically sterile) layer and 197 ka for

the human occupation layer.

2 In Fig. 22.3 (Winnemann et al., 2007) the IR-R$ulis were erroneously presented as OSL dates.
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7.3 Remarkson |R-RF age accuracy and independent age control

Figure 13 presents a non-exhaustive overview ofighid IR-RF data. The ages from the IR-RF
dating approaches generally show good agreemehtimdependent age control (e.g., Degering
and Krbetschek, 2007), whereas the IR-RF ages fBuylaert et al. (2012) disagree with
independently derived ages. Again, a good agreebenteen IR-RF and independent ages was

reported using a modified IRSAR protocol (RFsuggested by Frouin et al. (2017).

The study by Frouin et al. (2017) was the firsptesent various IR-RF dating applications with
a modified IRSAR protocol (Rf), which agreed with independent age control. IReREng of

a Pleistocene beach deposit from Peru and colluegosits from France appeared to be
overestimated compared to independent age infoom&tom IRSL, U/Th series or radiocarbon
dating; a pattern also observed by Schaarschmidtl.ef2019). However, for the Peruvian
sample, IR-RF and pIRlg, ages agreed within error limits. Similarly, Holoeebeach sand
from Denmark and another colluvial example fromnéayielded ages in good agreement with
independent age information. In conclusion, puleicsiR-RF dating results indicated that the IR-
RF dating method produced correct ages in someschseé fails for other cases. It seems that
there are still methodological problems relatediReRF dating, and further investigation is

needed to overcome these challenges.

8 Summary and futuredirections of | R-RF dating

Overall, regardless of ambivalent dating resultsame studies, IR-RF appears to be a promising
but somewhat overlooked dating method on K-feldsp@he status quo renders a picture with
several, potentially, game-changing advantagesaithbut a significant breakthrough because
those benefits are not received as significant ginday dating practitioners. On the other hand,

IR-RF poses a bunch of open questions and chaliehgé are yet to overcome.
8.1 The statusquo

The plus side of IR-RF dating has different dimensi From amethodological perspective,
IR-RF is believed to monitor the trapping of eleas in the principal trap, i.e., it isdirect
measurement of the dose accumulation in the min€héé approach is conceptionally different

from conventional OSL, IRSL and TL measurementsolving secondary recombination
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processes to infer the signal of interest. Debatethodological issues, such as phosphorescence
and sensitivity change (see Secs. 5.35.4), appelae tmanageable by proper experimental and

data analysis design.

From apractical perspective, compared to post-IR IRSL dating, for instance, teasurement
sequence for one aliquot is reasonably conciss, de®r-prone, and, depending on the aimed
dose range, likely less time-consuming (dependimghe chosen measurement sequence). The
dose-response curve is the IR-RF curve measuredgdiaradiation with a resolution usually in
the order of a fraction of a Gy. Instead of applydifferent fitting equations determining tbe,

the data analysis using the sliding method, i.atching two dose-response curves{;; and
RFeg), could not be more straightforward. Software malgse IR-RF signals is freely available
and partly open-source. The biggest obstacle fplyamm IR-RF dating in the past, availability
of equipment, is no more. At least two commercianofacturers offer ready-to-use IR-RF

readers for research and dating applications.

From adating perspective, the target mineral, K-feldspar, shows a high retabundance, an
acknowledged higher luminescence dating range caedda quartz, and the internal potassium
concentration lowers the impact of the externaled@ge contribution. However, conventional
feldspar luminescence is reported to suffer fromuawanted athermal signal loss (fading).
Contrary to IRSL, no definite evidence was provided fading of the IR-RF signal of K-
feldspars to date. Although Buylaert et al. (201@ported age underestimations for older
samples of ca 30 %, this does not appear to beergley observed pattern. Furthermore, signal
instability as a cause for this observation wassmered unlikely by Kumar et al. (2021). The
thermal stability of the IR-RF signal (determinirtige potential age range) appears to be
sufficiently high up to 700 °C (Sec. 5.6), thougleypous experiments indicated changes of the
IR-RF signal shape above ~28Q (Trautmann et al., 1999a; Erfurt and KrbetscH#)3b;
Frouin et al., 2017).

However, to sustain, a dating method has to shoxargeges over established methods, which
are also perceived as significant for applicatibmdies. Supposing that the signal of choice is
thermally and athermally stable, for luminescenased chronologies such advantages are

measured in terms of bleachability and temporajean
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Compared to pIRIRo, which seems to suffer from no or at least ledinfathan IRSL, IR-RF's
bleachability is comparable. In other words, inunat environments involving sediment
transport processes with only short sunlight expasiiR-RF dating seems to be as applicable as
pIRIR290 and other methods may suit better. Whether th@aeah range is as high as the ~1.2-3
Ma (~ 3,600 Gy) postulated by Murari et al. (2013yet to be revealed. More realistically seem
values around up to 1,500 Gy measured by, e.gurtEf2003b), Frouin (2014), Frouin et al.
(2017) and Kreutzer et al. (2018). Here we conchlindé¢ the signal saturation limit (and thus the
temporal range) appears to be significantly highan for conventional OSL on quartz (up to
400 Gy, typically lower, for a review cf. Wintle diAdamiec, 2017). This “winning margin” is
less pronounced if IR-RF is compared to studiesontey post-IR IRSL (more specific:
pIRIR290) or MET-pIRIR results. For instance, Liu et al0{®) reported doses up to ca. 1,240
Gy, however, ages were reported to underestimatenttependent age control above ca. 600—
900 Gy (cf. Lieu et al., 2016; their Table 2 and.R). For MET-pIRIR, Li et al. (2014) reported
potential natural dose measurements up to ca. IBOowever, it remains unclear whether
such values can be met regularly in routine dashglies (cf. Zhang and Li, 2020 for a

discussion).
8.2 Futuredirections

Future methodological research on IR-RF should fesolve some open debates, particularly on
signal saturation and signal stability (fading)th@iugh fading does not appear to be a generally
observed pattern, this topic should be explorechare detail, along with potential sensitivity
changes using samples of known and geological Hge biggest obstacle to resolving whether
the signal recorded with IR-RF is stable or suffeosn an athermal signal loss over geological
timescales might be the experimental design. Filmenctirrent perspective, it appears that short
experiments over a couple of weeks to months atesafficient to provide answers to that
guestion. Hence, research should involve laboredowith a relatively long history and an
archive of already measured, irradiated and steleidpar specimen. The quantification of the

saturation level is more of theoretical than pradtrelevance.

With regard to the literature, it is safe to asswuanether broad, sample dependent, saturation

level range between 600 Gy and 2,000 Gy up to psrdg000 Gy. However, of relevance for the
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dating practice is the limit of the K-feldspar sdenpt hand, regardless of any theoretical value.
In other words, the saturation level of IR-RF dgtand with it the temporal range, will itself
establish circumstantially over time; with or witlialedicated research. However, both research
on the fading behaviour and the signal saturatiagghtrcontribute to a broader understanding of
the physics underpinning IR-RF. To date, Trautmammdbdel (Trautman et al., 2000a) remained,
to our knowledge, the only comprehensible modelgexty dedicated to IR-RF. Cleary, efforts
are needed to combine the old and new findings nafollR-PL and combine them with
established knowledge in IRSL to decipher the psedoresemblance of IR-RF and IR-PL (cf.
Kumar et al., 2020). Similarly, while there seemd$é extensive research to identify the defect
responsible for IR-PL (most recently Kumar et 2020), it appears that established knowledge
on the role of Pb in the luminescence productiofeidspar (cf. textbook by Ostrooumov, 2016)
did not (yet) receive full attention.

On the application site, the next logical applicatstep is spatially resolved IR-RF in a single
grain (Mittelstrass and Kreutzer, preprint) or ewei-grain level as concluded by Kumar et al.
(2020).

Another direction to test, for already availableltingrain IR-RF, are fine-grain (polymineral)
mineral fractions. The few attempts reported inlitezature yielded promising results (Schilles
2002; Coussot et al., 2019). However, the mixtdrenmerals in such samples may hamper its
application. Meyer et al. (2013) used quantitagvaluation of minerals by scanning electron
microscopy (QEMSCAN) for polymineral fine grain OSlamples from interglacial lacustrine
units (NW11 and THG 4 from Switzerland; Lowick dt, 2012) and found that K-feldspar
amounts only to ~24 %. The major component of the samples was qu@®z50 %).
Tsukamoto et al. (2012) confirmed similar obsensadi for various loess samples using X-ray
diffractometry (XRD) as well as scanning electroitnmscopy-energy dispersive X-ray (SEM-
EDX). While quartz samples emit RF in the IR regibat not beyond 735 nm (Schmidt et al.,
2015), quartz may not interfere with the main IR-RRission (865 nm). However, the
polymineral composition may lead to unfortunate ssioin spectra with, e.g., a dominating peak
at 710 nm (cf. Heydari et al.,, 2021, for an unsssfid IR-RF dating attempt using
polyminerals). Hence, for such an application, sp@geter measurements appear indispensable.

Besides, deploying IR-RF on polymineral fine graesmples would significantly broaden the
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application to environmental settings where grames <90 um dominate, and applications can

be tested preferably without extensive methodoklgiesearch.

In summary, the current status of IR-RF dating #ves room for rich methodological and

application studies towards a potentially brightife.
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Figure captions

Figurel

Schematic of the different luminescence transitionslved in IR-RF, IRSL and post-IR IRSL
measurements, based on Trautmann et al. (1998,a12®9®0a) and Jain and Ankjeergaard
(2011). Colours read as follows: Black lines inticalectron transitions; blue lines indicate hole
migrations. Red colours also refer to electronditzons but related to the production of IRSL.
[a] Exposure to ionizing radiation results in a stamt flux of electrons from the valence band to
the conduction band. These electrons may recomhbtatively [b], non-radiatively (not-shown
for clarity), drop immediately back to the valerfwand (not-shown for clarity) or populate the
IRSL trap [c]. Electrons that populate the IRSLptrass through the excited state, resulting in
infrared radiofluorescence (1.43 eV). Electronshimitthe IRSL trap are sensitive to infrared
light and preferentially recombine with proximallé®. Additionally, the electrons may tunnel
directly from the ground-state of the trap [d] (amaous fading). Alternatively, Trautmann
(2000) and Trautmann et al. (2000a) proposed haldyation by allowing a direct transition of
electrons into the valence band. This facilitatesv mpossibilities for the recombination of
electrons in the IRSL trap [e]. Note that each tetecr stimulated from the valence band will
result in the production of a hole. However, thase not shown for clarity. If the electrons are
stimulated with infrared light, they reach the éadistate of the trap, from which they can
migrate locally [f] before recombining. Higher teempture stimulations provide phonon-
assistance (dashed black arrows), allowing podRI& signals to be measured from electrons
that have diffused through the band-tail statesiéoe distal holes [g], which are thermally and

athermally more stable.
Figure?2

Schematic representation of self-made and comniigrelzailable measurement devices. A) The
device used by Erfurt (redrawn after Erfurt et 2003). B) The device used by Schilles (redrawn
after Schilles, 2002). C) The device manufactung®isglaboratories (redrawn after Lapp et al.,
2012). D) The device manufactured by Freiberg tmsants (redrawn after Richter et al., 2013)
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Figure3

The efficiencies of four different spectrometerteToverall efficiencies of spectrometers were
approximated by multiplying the individual efficieles of the grating with those of the

spectrograph and the CCD chip.
Figure4

Effective detection band for (A) the setups usedbiilles (2002) and Erfurt (2003b), and (B)
Risg andlexsyg researchieaders. The net transitions were estimated grpotation and by

multiplying the filter transmission and quantumi@#ncy of the PMT.
Figure5

Simulated Gaussian IR-RF peaks from K-feldsparldt @m, 865 nm and 910 nm (similar to
Erfurt and Krbetschek, 2003b). The main IR-RF psatentred at 865 nm. A) Simulated IR-RF
spectrum with a high 865 nm peak, simulating adiled sample. B) Simulated IR-RF spectrum
with a high 710 nm peak, a situation appearing whemnsample is dosed. C) A typical spectrum

from K-feldspar for a sediment sample (redrawnreBiehilles, 2002).
Figure6

IR-RF bleaching using different bleaching sourcé3. Sunlight bleaching (redrawn after
Trautmann et al.,, 1999a). Full signal resettingdached within 4-6 h. B) Monochromatic
bleaching for wavelengths <500 nm; a bleachingeplatseems to be reached within ca. 0.3 h
(redrawn after Trautmann et al., 2000a). C) Salaukator (200 W high-pressure Hg-lamp, 5
mm Schott KG3 heat absorbing filter at a distan@zer) allows full signal resetting within 0.7 h
(redrawn after Krbetschek et al., 2000). D) A bleag comparison of IR-RF measured at
elevated temperature (RJFwith IRso, pIRIRz2sandplRIR2go (redrawn after Frouin et al., 2017).
Resetting of the IR-RF signal is much slower coragan IRo and pIRIRzs, but it is similar or
slightly faster than pIRIR,ad needs ~3 h bleaching tinEhe x-axis scale is similar for all

subplots.
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Figure7

IR phosphorescence of a K-feldspar sample afteachieg as observed by Erfurt and
Krbetschek (2003b) (redrawn after Erfurt and Krbleek, 2003b).

Figure8

A schematic representation to explain the sensitahhange monitored by various authors using
different methods. A) Derived sensitivity correctifactor €) by fitting exponential functions to
two bleached regenerated IR-RF (gFcurves (Schilles, 2002). B) Sensitivity correati@ctor
(Fs) estimation using spline fitting and extrapolatifiarma et al., 2013). C) Sensitivity
correction of IR-RF data by sliding the natural RR-(RF,5) curve vertically up or down along
with horizontal sliding to find the best match witle R4 curve (see main text for detail).

Figure9

A) A typical behaviour of the initial rise of IR-Rffom a natural sample. The first few channels
of the measured data show an initial rise in IR#REnNsity before decaying monotonically. B)
IR-RF signal dynamic range measured while irradgthe sample with a cumulative dose of
3,900 Gy. The typical dynamic range of IR-RF signal~2, as reported by Schilles (2002) and
(Erfurt, 2003b).

Figure 10

IR-RF signal stability with respect to pulse animeatemperature. A) All natural IR-RF (RH
signals measured for a fixed short duration aedifit annealing temperatures. All samples show
an increase in IR-RF up to 150 °C. For samples Gan8 Esl the signal decrease for
temperatures > 250 °C, but remains stable for sa®pk1, a >1 Ma old sample (redrawn after
Trautmann et al., 1999a). B) The signal remainklstantil ca 250 °C for RE; and regenerated
IR-RF (RFeg for sample TH8 and changes its intensity for terafures >250C (redrawn after
Frouin et al., 2017).

Figure 11l

Graphical representation of IR-RF data analysiarigpies used to determine the A) TheDe
is obtained by extrapolation using the fitted naltulR-RF signal. B) The natural IR-RF signal is
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used to re-calculate thB. using the fitted regenerated IR-RF curve afteatiténg. C) The
natural and the regenerated IR-RF signals are deddoefore both are matched via (horizontal)
sliding. D) The natural curve is moved up or dovia vertically sliding to find both curves' best
match. TheD. is defined as the offset of the natural signathenx-axis (for further details, see

main text).
Figure12

Simulated IR-RF curves for different equations régm in the literature, witl®, the initial IR-
RF photon flux A@ the dose-dependent change of the IR-RF fluthe decay parametds,the
dispersion factor and the dose. For similar parameter values, the csinapes differ markedly.
Values chosen for the figurey=1,A® = 1,1 = 2.274e-033= 7.6e-01.

Figure 13

A) Independent age control vs IR-RF age (redraver degering and Krbetschek, 2007). All
IR-RF ages match within the error limits when coneplato independent ages. B) All IR-RF ages
show either over or underestimation compared teepeddent age control (redrawn from
supplement data, Buylaert et al., 2012). C) Inddpanage control vs IR-RF ages measured with
a modified IRSAR protocol (RG) (redrawn after Frouin et al., 2017). Almost allea match
within 20 uncertainty. Abbreviations used in figure legenii®&RF SOL2: IR-RF ages when
samples are bleached for 4 h using the externat ahp Honle SOL2, Biost.: Biostratigraphy,
IRSL-5Q.: Fading corrected IRSL age.
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Table captions

Table 1: The main emission bands and possible tetdrserved in feldspar (copyright by Prasad
2017, permission granted by the author).

Table 2: Irradiation source parameters for varidenaces used for IR-RF stimulation.
Table 3: The relevant parameters for different speteter configurations.

Table 4: Detection parameters for various devicesidor IR-RF detection.

Table 5: Bleaching source parameters for variowgcds used for IR-RF bleaching.

Table 6: Overview of published IR-RF measuremeatquols used fob. determinatioret al.,
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fauic 1.
Emission band Excitation Possible origin Reference
TL Strain and/or ionic diffusion Garcia-Guineaakt(1999)
~3.8-4.4 eV PL Tl Gorobets et al. (1995)
(280-320 nm) IRSL Baril and Huntley (2003a)
TR-OSL Clark and Bailiff (1998)
CL Paramagnetic defect *Finch and Klein (1999)
~3.1 eV (400 nm) IRSL ? Rieser et al. (1999)
IRSL ? Baril and Huntley (2003a)
IRSL Mn?* Rieser et al. (1997)
~2.2 eV (560 nm) IRSL Baril and Huntley (2003a)
CL Geake et al. (1977)
TR-OSL Clark and Bailiff (1998)
Absorption Fé White et al. (1986)
1.7 eV (730 nm) PL Telfer and Walker (1975)
IRSL Krbetschek et al. (1997)
PL Poolton et al. (1996, 2006)
~1.45 eV (855 nm) RL or RF IRSL dating trap Trautmahal. (1998)
~1.41-1.3 eV (900 nm) CL (at 7 K) IRCL trap with two sites and Fe Kumar et al. (2020)

as a competitor
(~880 nm and ~955 nm)

RL or RF PB Erfurt (2003b)
~1.3-1.36 eV (910 nm) Post IR phosphorescence IRSL dating trap Baril andlelu2003a)
TL ? Krbetschek and Rieser (1995)

TL: Thermoluminescence, IRSL: Infrared stimulatethinescence, CL: Cathodoluminescence, RF: Radiafdoence, RL: Radioluminescence, PL:
Photoluminescence

TR-OSL: Time-resolved optically stimulated luminesce, IRCL: Infrared Cathodoluminescence

* Finch and Klein (1999) reported the peak maximatrd30 nm related to ALO?~Al®*" “Léwenstein” bridges.
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Table 2:
Laboratory / Manufacturer Radiation source Activity Radiation Type Source type Doserate Active area Reference

[GBd] [Gy mir] [mn"]
Freiberg 187cs*'Ba 0.0037 B andy Planar 0.050 19.6 Trautmann (1999)
Freiberg B7cst*Ba 0.0050 B andy Planar 0.080 50.3 Erfurt (2003b)
Heidelberg B7cst*Ba 0.0037 B andy Planar 0.034 28.3 Schilles (2002)
Risg 05Oy 1.48 B Planar 2.640 50.3 Buylaert et al. (2012)
Freiberg Instruments 05Oy 1.6-2 B Ring 2.250 n.a. Richter et al. (2012)

#Erfurt calibrated the radiation source with®4:Cwhile the other readers were calibrated with naieedibration) quartz.
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Table 3:
Laboratory / Spectrograph/Grating CCD Camera Reference
Manufacturer Spectrograph Grating Blazed Dispersion [nm]  Company Camera type Active Pixels Cooling Type

. . . Not ) -100°C :

Freiberg Jobin Yvon CP200 Holographic ] 300-1000 Marconi NA 1152x298 Lo Rieser et al. (1994)
applicable (Liguid nitrogen)

. o . Not . . Front- -100°C Erfurt (2003b),
Freiberg Jobin-Yvon CP200 Holographic applicable 250-1152 Marconi iluminated 1152x352 (Liquid nitrogen) Rieser et al. (1994)
Heidelberg  Acton SP150 150 lines/mm 300 nm 200-1100 F'inceton Back- 1100x330 _ -100°C Rieser et al. (1999)

Instruments illuminated (Liguid nitrogen)
. Back-
Freiberg Andor Shamrock . Andor Newton 920- . . -80°C .
Instruments 163 300 lines/mm 500 nm 200-1050 BU/iDUS 420 OF illuminated / 1024x255 (TE Cooled) Richter et al. (2013)

Open Electrode

TE Cooled: Thermoelectric cooling
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Table 4:
Laboratory/ Detector Detection  Filters Bandpass Light References
Manufacturer [nm] [nm] collection
Freiberg Spectrometer 300-1000 No filter 300-1000 %F:Jt;gzl "Trautmann (1999)
) Spectrometer / Optical #
Freiberg Hamamatsu (R943-02) 160-930 HQ865/20 855-875 Guide Erfurt (2003b)
. Spectrometer / Optical P
Heidelberg Hamamatsu (R943-02) 160-930 IRB3 HOYA 820-930 Guide Schilles (2002)
. Chroma Optical
Risg Hamamatsu (H7421-50) 380-890 D900/100 850-890 Guide Buylaert et al. (2012)
Freiberg Spectrometer / Chroma : . .
Instruments Hamamatsu (H7421-50) 380-890 D850/40 845-885 Direct Richter et al. (2013)

“Trautmann’s research was based on spectrometetireesnts using a 200-800 nm detection range. lthegpectrometer was modified for detecting 3008¢ nm.
The integrated counts of IR-RF peak were usedtimate theD..

“Schilles and Erfurt used liquid-cooled thermoeledtousing (LCT50, Thorn EMI) at about -2 to reduce the thermal noise.
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Table 5:

Laboratory/ Bleaching source Spectrum Max Power” Connection Reference
Manufacturer [mMW cm?]

Freiberg Hg-Lamp uv-vIS -- Optical Guide #Trautmann (1999)
Freiberg 250W OSRAM LAMP Uv-vIS 100 Optical Guide "Erfurt (2003b)
Heidelberg 150w QTH Uv-vIS 80 Optical Guide *Schilles (2002)

Risg UV LED uv 700 Direct Buylaert et al. (2012)
Freiberg Instruments 6 LED solar simulator UV-IR 070 Direct Richter et al. (2013)

"Maximum power density of the bleaching units referapproximate power at the sample position. rit\zary from device to device.
*Trautmann (1999) used an interference filter imffrof the solar lamp for monochromatic bleaching.
*Schilles (2002) and Erfurt (2003b) both used acuRoff filter.
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Table 6:
Treatments and observations' .
Reference Protocol Data analysis Comments
Abbr. #1 #2 #3 #4 #5 #6
Buylaert et al. (2012) (ba'\sbgd on - IR-RF Bleaching Pause - IR-RF Slidin -
y : [RFna (21,800 s) (ca. 395 nm) (= 3,600 s) [RFed 9
IRSAR)
Bleaching e
Erfurt and Krbetschek IR-RF s Pause IR-RF Fitting
(2003b) IRSAR - [RFoad (= 1,800 s) (artificial (>3,600 s) - [RFed (interp.) RFhaiis represented by only a few channels
solar spectrum)
RFy o o Bleaching@70 °C o
Frouin et al. (2017) (based on P?g@ggg) ¢ R ?F':ggo ¢ (= 7,200 s) (artificial @ Zaéjosgs) olékég%éos) IR ?5950 ¢ Sliding -
IRSAR) nat solar spectrum) = b
Bleaching -
) IR-RF s > ) IR-RF Fitting Based on the results by Trautmann et al.
Krbetschek et al. (2000)  NA [RFoad (= 1,800 5) (artificial [RFed Sliding (1999a), but with artificial bleaching
solar spectrum)
Trautmann et al. } IR-RF Bleaching B ) IR-RF Fitting .
(1999a) NA [RFod (natural sunlight) [RFeqd (extrapol.) RF.q is represented by only a few channels
Bleaching Combination of extrapolation and interpolation
Schilles (2002) NA ;EFRl]: > 3,600 s) (artificial e Fia;osg s) ;EFRE Fitting for the data analysis; sensitivity correction
na solar spectrum) = i using a separate aliquot (Schilles, 2002, p. 97)
NA 200 s phosphorescence measurement before
varma et al. (2013) (based on ) IR-RF Bleaching ) IR-RF Slidin and after each IR-RF measurement;
' IRSAR) [RFnad (=800 s) (ca. 395 nm) [RFed g Repeat step #3 and #6 to monitor sensitivity

changes

The instrumental setup differs considerably acthssstudies and should be considered before proapiication. If no measurement temperature tedissuch value was not
reported by the study or no additional heating abambient temperature was applied. Please notehatble lists only general treatments, for ferttetails the reader is

referred to the respective publication.

The authors used their protocol for dose recoveststonly; distincb, determinations are not mentioned.

PH: Preheat | NA: Not available
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