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Abstract
This study investigates the potential short-term
fading of radiation-induced Electron Spin
Resonance (ESR) signals in quartz grains
following gamma-irradiation, a critical issue
for the optimization of Single Aliquot (SA)
measurement protocols. Through a signal
stability experiment carried out on two quartz
samples, we evaluated the evolution of the
Al and Ti ESR signal intensities over 2 to 8
months after gamma irradiation. Our re-
sults indicate that the variation of the ESR
intensities remains within typical experimental
uncertainties, although data might also suggest
a potential trend during the first day after irra-
diation. This trend is, however, non-systematic
and could be sample- and signal-dependent,
if not directly related to the stability of the
experimental setup. Regardless, for precaution
we may nevertheless recommend waiting for 1
day after gamma-irradiation before carrying
out the ESR measurements. Importantly, this
finding implies that ESR measurements of
quartz samples can be performed relatively
soon after gamma-irradiation, enabling the

implementation of more time-efficient SAR
protocols for ESR dating applications.

Keywords: Fading, ESR signal, Quartz,
MAAD, SAR

1. Introduction
Most Multiple Centre Electron Spin Resonance (MC-

ESR) dating studies based on sedimentary quartz grains
typically use the standard Multiple Aliquot Additive Dose
(MAAD) method for dose determination (e.g. Ben Arous
et al., 2025, 2024b; Duval et al., 2017; Liu et al., 2010;
Voinchet et al., 2020; Yokoyama et al., 1985). More con-
venient in many aspects than Single Aliquot (SA) proce-
dures, especially when direct access to an irradiation source
may be complicated, the MAAD method has demonstrably
proven its reliability to constrain the chronology of Qua-
ternary deposits in Europe, Asia, and Africa, providing re-
sults in good agreement with independent age control (e.g.,
Bartz et al., 2018, 2019; Ben Arous et al., 2024b, 2025;
Duval et al., 2022; Voinchet et al., 2020). However, one
may reasonably argue that ESR dose evaluations involving
Single Aliquot and/or Regeneration procedures (e.g., SAR,
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SAAD, MAR) show indisputable advantages compared to
the MAAD method. For example, SA measurements re-
quire a significantly smaller amount of prepared material,
which may be critical in quartz-poor deposits. In combina-
tion with Regeneration (SAR), it also involves significantly
less irradiation dose steps, significantly reducing irradiation
and measurement times. Typically, only 3–4 dose points may
be needed for the dose response curve, compared to 10–12
dose points usually measured for the MAAD. Moreover, the
dose evaluation based on SAR or MAR methods intrinsically
offers a smaller fitting uncertainty, since the De is obtained
by interpolation instead of back extrapolation. This is why
the SAR has become an increasingly popular method in ESR
dating over the last decade (e.g., Tsukamoto et al., 2015).

Time constraint being the essence of any experimental
work, one of the main issues with regenerative dose measure-
ment procedures is to properly evaluate whether any tran-
sient (short-lived) ESR signal induced by the irradiation may
potentially interfere with the main radiation-induced ESR
signals being measured for dating purposes. Such evalu-
ation is crucial in order to determine the appropriate wait-
ing time needed between the irradiation and subsequent ESR
measurement. However, unlike for tooth enamel (e.g., Hoff-
mann and Mangini, 2002; IAEA, 2002; Nilsson et al., 2001;
Sholom and Chumak, 2008), the possible presence of tran-
sient radiation-induced ESR signals in quartz grains remains
virtually unknown to our knowledge.

Regardless of the above, two main conservative strate-
gies have been traditionally adopted in ESR dating of quartz
to mitigate the potential impact of transient signals on dose
evaluation: (i) either a prolonged storage (which can vary
from a few days to a few months depending on the material
or laboratory involved) of the sample at room temperature
(e.g. Fattibene and Callens, 2010), (ii) a post-irradiation an-
nealing at a given temperature, regarded as sufficient to elim-
inate the temporary signals without affecting the radiation-
induced signal of interest. This first one is usually favoured
in dating application studies based on the MAAD method,
and a minimum storage of a few weeks (the exact duration
is very rarely reported) is commonly considered for extra
precaution (e.g. Niu et al., 2022), although there is currently
no published evidence that could possibly confirm, or invali-
date, the need of such procedure. The second is usually pre-
ferred for SAR protocol measurement based on quartz (e.g.
Tsukamoto et al., 2015). In simplified terms, to determine
the equivalent dose with the SAR protocol, the natural ESR
signal of a single aliquot is first measured after preheating at
a specific temperature (typically between 120 °C and 280 °C
for 2 min). This is followed by a high-temperature anneal-
ing step (420 °C for 2 min), irradiation with an X-ray source
(given dose), another preheating step, and finally measure-
ment of the regenerated ESR signal from the same aliquot.
The ESR-SAR protocol offers the major advantage of saving
considerable time, as it allows the quartz sample to be mea-
sured just a few minutes after irradiation and heating, unlike
the MAAD protocol, where all irradiations are performed in
a separate facility using a high dose rate source.

Consequently, the present study aims to evaluate the pos-
sible presence of transient radiation-induced ESR signals
generated by gamma-irradiation, through a short-term sta-
bility experiment involving two quartz samples repeatedly
measured over 2 and 8 months after irradiation. Such ex-
periment is also crucial for the future implementation of the
SAR protocol using gamma-irradiation sources.

2. Materials and methods
Two prepared quartz samples (100–200 µm grain size),

OUC1102 and BG03-06, were selected for our experiment
carried out at CENIEH (Spain). OUC1102 is a modern sam-
ple originating from the river bank of Oued Charef, Morocco
(Ben Arous et al., 2024a; Sala-Ramos et al., 2022). BG03-
06 was collected from the Middle Stone Age of Bargny 3
in Senegal (Ben Arous et al., 2024b). One natural aliquot
of each sample (OUC1102: 304.6 mg; BG03-06: 150.9 mg)
was irradiated with a Gammacell-1000 137Cs gamma-source
(OUC1102: 1327 Gy; BG03-06: 1000 Gy) and then mea-
sured by ESR. Low temperature (90–92 K) ESR measure-
ments were performed with an EMXmicro 6/1Bruker X-
band ESR spectrometer coupled to a standard rectangular
ER 4102ST cavity and using an ER4141VT digital temper-
ature control unit. To ensure constant experimental con-
ditions over time, the temperature of the water circulating
in the magnet was controlled and stabilized at 18 ºC by a
water-cooled Thermo Scientific NESLAB ThermoFlex 3500
chiller, and the temperature of the room was kept constant at
20 ºC by an air conditioning unit. Further details about the
setup and its stability over time can be found in Duval and
Guilarte Moreno (2012) and Guilarte and Duval (2020).

The ESR signals of both the Al and Ti centres were mea-
sured separately using the following acquisition parameters:

• Al centre: 10 mW microwave power, 1024 points res-
olution, 20 mT sweep width, 100 kHz modulation fre-
quency, 0.1 mT modulation amplitude, 40 ms conver-
sion time, 10 ms time constant and 1 scan.

• Ti centres: 5 mW microwave power, 1024 points res-
olution, 20 mT sweep width, 100 kHz modulation fre-
quency, 0.1 mT modulation amplitude, 60 ms conver-
sion time,10 ms time constant and 1 to 3 scans.

Each aliquot of a given sample was measured 3 times af-
ter a ∼ 120 ° rotation in the cavity for both Al and Ti signals
in order to consider angular dependence of the signal due to
sample heterogeneity, and a mean value and an associated
standard deviation were derived. Another quartz sample was
used as a standard and measured immediately before and af-
ter the aliquots to evaluate the stability of the experimental
conditions over time. Repeated ESR measurements of each
aliquot together with the standard were carried out over a pe-
riod of 8 months after after gamma-irradiation for OUC1102,
and over 2 months for BG03-06.

The ESR intensity of the Al signal was extracted from
peak-to-peak amplitude measurements between the top of the
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first peak and the bottom of the last peak in the domain rang-
ing from g = 2.0185 to g = 1.9928 (Toyoda and Falguères,
2003). The ESR intensity of the Ti centres was evaluated by
peak-to-baseline amplitude measurement around g = 1.913
to g = 1.915 (i.e., options C and D sensu Duval and Guilarte,
2015). All ESR intensities were corrected for the slight vari-
ations of temperature (up to ∼ 0.2 K) following Duval and
Guilarte Moreno (2012), and of the overall stability of the
experimental setup using the values from the quartz standard
as a reference.

3. Results
The results obtained for the two samples and for each sig-

nal (Al, Ti-H and Ti-mix) are summarised in Table 1 and
Fig. 1, while the numerical data may be found in Supple-
mentary Material Tables S1 and S2.

An apparent trend may be observed in the ESR inten-
sity of the Al signal of OUC1102 during the first 5 hours
(300 min; Fig. 1B), which decreases by about 5 % from 5.57
to 5.30 a.u. Then, the values increase again and oscillate be-
tween 5.34 and 5.67 a.u. (Fig. 1A). In contrast, the Al signal
intensity of BG03-06 first drops by about 4 % from 2.11 to
2.02 a.u., and then shows a slight but constant increase dur-
ing the first 5 hours of about 11 % (from 2.02 to 2.25 a.u.)
(Fig. 1D). This trend seems to disappear after 1 day, and ESR
intensities remain overall constant between 1.96 and 2.14 a.u.
(Fig. 1C).

Unlike the Al signal, the Ti signals measured in OUC1102
do not show any obvious apparent trend during the first 5
hours or beyond (Fig. 1E and F). In contrast, the two Ti sig-
nals of BG03-06 do show a similar notable increase over the
first 5 hours of about 21 % (Ti-H; from 0.23 to 0.28 a.u.) and
18 % (Ti-mix; from 0.33 to 0.39 a.u.) (Fig. 1G and H). Af-
ter 1 day, the ESR intensities seem to show instead a more
random variation (Ti-H : 0.24–0.28 a.u.; Ti-mix: 0.32–0.37
a.u) and no significant trend may be observed. Interestingly,
the evolution of the Al and Ti signals of BG03-06 is similar,
although the overall variability of the Al is lower than that of
the Ti signals.

Despite the variability observed in the Al and Ti signal in-
tensities, both samples show that the mean intensity value re-
mains virtually unchanged regardless of the time range con-
sidered. For OUC1102, the mean ESR intensities of the Al
signal are between 5.51 ± 0.10 a.u. (234 days) and 5.44 ±
0.09 a.u. (1 day) and remain systematically consistent within
uncertainty (Table 1). Similarly, the mean ESR intensities
of the Ti-H and Ti-mix in that sample remain around 0.19
a.u. and 0.28–0.29 a.u., respectively (Table 1). BG03-06
also show mean ESR intensities varying within narrow range
between 2.09 ± 0.06 a.u. (64 days) and 2.13 ± 0.06 a.u. (21
days), ∼ 0.26–0.27 a.u. and ∼ 0.34–0.35 a.u. for the Al, Ti-
H and Ti-mix signals, respectively (Table 1). In other words,
despite the variability observed, no significant difference in
the ESR intensities of the various signals can be observed
2 hours, 1 day, 7 days and 14 days after gamma-irradiation
when compared to the baseline values collected over a longer

period (234 days for OUC1102 and 64 days for BG03-06).
This variability most likely originates from the inherent

uncertainty associated with the stability of the experimental
setup (about 1.1 % and 2.8 % for the Al and Ti signals; Du-
val et al., 2024; Duval and Guilarte Moreno, 2012) or with
sample homogeneity, and especially the angular dependence
of the signal. The latter is typically about 1.1 %, 2.0 % and
3.0 % for the Al, Ti-mix and T-H signals, although higher
values may also be observed (Duval et al., 2024). Moreover,
the variability is also strongly dependent on the signal-to-
noise (S/N) ratio associated to each signal. For example,
for sample BG03-06 the mean S/N ratio of the Al signal is
about 2.1 and 5.4 times higher than that of the Ti-H and Ti-
mix signals, respectively (Table 1). A similar observation
can be made for sample OUC1102, with the Al signal show-
ing an S/N ratio approximately 5–16 times higher on average
for the various successive measurements (Table 1). Interest-
ingly, with significantly stronger ESR intensities, the Al sig-
nal naturally tends to return a higher measurement precision
compared to the Ti-mix and Ti-H signal (Duval et al., 2024).
The same applies here. For example, at t = 6.89 days after
irradiation, the Al, Ti-mix and Ti-H signal intensities show a
scatter of 1.9 %, 3.1 % and 4.6 %, respectively (Table 1). For
BG03-06, at t = 7.02 days, this variability is 2.9 % for the Al
signal, while it is 5.3–5.4 % for both Ti signals. Importantly,
these values are similar to those typically reported about the
stability of the experimental setup (Duval et al., 2024; Duval
and Guilarte Moreno, 2012).

Fig. 2 displays the spectra of the Al and Ti signals ac-
quired at measurements #3, #33 and #63 for sample BG03-
06. The Al spectra show little variability, with a slight shift
of less than 1 Gauss (G) in the position of the first peak. A
comparison of the ESR spectra obtained 7 days after gamma-
irradiation with those acquired immediately after irradiation
shows no significant differences for either Al or Ti signals.
The small variations in peak intensity observed for Ti-mix or
Ti-H are mostly attributable to high-frequency background
noise, which is expected given the smaller S/N measured for
these signals compared to Al. It is worth noting that other
studies have reported changes in signal shape between spec-
tra recorded immediately after irradiation and after preheat-
ing (e.g., Prince et al., 2024). However, such effects were
not observed in our experiments, as the samples were not
preheated. A slight difference in peak amplitude was ob-
served, for example around 3500 G and 3525 G, which we
initially attributed to the angular dependence of the signal.
Nevertheless, as highlighted in Fig. 2 for measurement #63,
the Ti-mix (signal D) exhibits a higher ESR intensity around
3525 G, while the Ti-H signal remains unchanged. This sug-
gests that the observed variation is more likely related to the
Ti-Li component rather than to angular dependence alone.
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Figure 1: Evolution of the ESR intensities measured for the Al and Ti (options C and D sensu Duval and Guilarte, 2015) signals
over almost 8 months (234 days) and 2 months (64 days) for samples OUC1102 and BG03-06, respectively. Left graphs (A, C,
E, G) show the full evolution of the intensities over the full-time range. Right graphs (B, D, F, H) are focused on the first 400
minutes (∼ 8 hours) after the irradiation. Graphs A to D show the Al signal, while graphs E to H display the Ti signals. Each
point represents the mean ESR intensity and associated 1 standard deviation (s.d.) from the three measurements performed
after a ∼ 120 ° rotation. The mean ESR intensity (in arbitrary units – a.u.) and associated 1 sd over the full time range is also
indicated by solid and dashed lines, respectively. All numerical values may be found in Supplementary Material Tables S1 and
S2.
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option C sensu
Duval and
Guilarte (2015)
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Sample n Duration after
irradiation
[min/day]

Mean ESR
intensity
± 1 sd (cv)

Average
S/N

Duration after
irradiation
[min/day]

Mean ESR
intensity
± 1 sd (cv)

Average
S/N

Duration after
irradiation
[min/day]

Mean ESR
intensity
± 1 sd (cv)

Average
S/N

OUC1102 3 129/0.09 5.51 ± 0.05
(1.7 %)

193 114/0.08 0.19 ± 0.02
(8.5 %)

12 114/0.08 0.28 ± 0.01
(2.0 %)

24

9 1362/0.95 5.44 ± 0.09
(1.7 %)

145 1339/0.93 0.19 ± 0.01
(4.6 %)

15 1339/0.93 0.28 ± 0.01
(2.1 %)

28

15 2775/1.93 5.49 ± 0.10
(1.8 %)

167 2728/1.89 0.19 ± 0.01
(4.8 %)

14 2728/1.89 0.28 ± 0.01
(2.5 %)

27

21 9919/6.89 5.49 ± 0.10
(1.9 %)

163 9919/6.89 0.19 ± 0.01
(4.6 %)

14 9919/6.89 0.28 ± 0.01
(3.1 %)

29

42 336889/234 5.51 ± 0.10
(1.7 %)

149 336913/234 0.19 ± 0.01
(4.0 %)

15 336913/234 0.29 ± 0.01
(3.6 %)

29

BG03-06 11 121/0.08 2.10 ± 0.04
(1.9 %)

45 125/0.09 0.26 ± 0.02
(6.0 %)

10 125/0.09 0.34 ± 0.02
(5.8 %)

12

21 1460/1.01 2.13 ± 0.06
(2.9 %)

50 1465/1.02 0.27 ± 0.01
(5.6 %)

10 1465/1.02 0.35 ± 0.02
(6.1 %)

13

33 10115/7.02 2.11 ± 0.06
(2.9 %)

42 10120/7.03 0.26 ± 0.01
(5.3 %)

14 10120/7.03 0.35 ± 0.02
(5.4 %)

17

48 20175/14.01 2.09 ± 0.06
(3.0 %)

48 20230/14.05 0.26 ± 0.01
(4.5 %)

14 20230/14.05 0.34 ± 0.02
(4.9 %)

18

63 92180/64.01 2.09 ± 0.06
(2.9 %)

54 92180/64.01 0.26 ± 0.01
(4.3 %)

15 92180/64.01 0.35 ± 0.02
(4.8 %)

20

Table 1: Mean ESR intensities and associated standard deviation measured for the Al, Ti-H (option C) and Ti-mix (option D) signals for a given duration, i.e., after about 2
hours, 1 day, 2 days, 1 week (7 days), and almost 8 months (234 days) for OUC1102, and after about 2 hours, 1 day, 1 week (7 days), 2 weeks (14 days) and about 2 months
(64 days) for BG03-06. Key: n = measurement number; sd = standard deviation; cv = coefficient of variation. The average S/N (signal-to-noise ratio) has been calculated
by averaging the noise at times 3, 9, 15, 21, 42 for sample OUC1102 and at times 11, 21, 33, 48 and 63 for sample BG03-06. All data, uncorrected and corrected with the
standard are provided in the Supplementary Material.
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Figure 2: Comparison of normalised Al and Ti signals of
sample BG03-06 from measurements #3, #33 and #63. A
baseline correction using a cubic function was applied for
each spectrum.

4. Summary

Our main observations may be summarised as follows:

• No apparent systematic trend in the short-term ESR sig-
nals stability is observed over time: while OUC1102
shows either a slight decrease (Al signal) or remains
somewhat stable (Ti signals) during the first hours after
gamma-irradiation, an intensity increase may instead be
observed for all signals of BG03-06 over that same pe-
riod.

• In other words, the more pronounced trends observed
during the first day after gamma-irradiation are strongly
signal- and sample-dependent. The intensity correc-
tions performed using a standard measured together
with the sample enable minimising the influence of the
relative instability of the experimental setup on the data
set, ensuring that the observed trends primarily reflect
sample-specific behavior.

• Mean ESR intensities remain within error indepen-
dently of the time range considered: over 2 hours, 1
day, 2 days or 7 seven days after gamma irradiation,
the mean ESR intensity is consistent with the baseline
value obtained over several months of measurements.
This simply indicates that the ESR intensities measured
shortly after gamma-irradiation do not significantly dif-
fer from the mean values derived from a longer time
range.

5. Conclusions

Our results indicate that Al and Ti signals measured in
two quartz samples do not exhibit on average any signifi-
cant change in their intensity shortly (2 hours, 1 day, 2 days
or even 7 days) after gamma-irradiation, suggesting that the
transient radiation-induced signals, if present, have negli-
gible influence on the measured ESR intensities. In other
words, any potential transient signal generated immediately
following the irradiation falls within the intrinsic experimen-
tal uncertainty, which is largely driven by factors such as the
stability of the ESR spectrometer, the inherent heterogeneity
of the quartz sample, or the S/N ratio. While some apparent
trends may be punctually observed during the first 5 hours
or 1 day after gamma-irradiation, they may be sample de-
pendent and are possibly related to the stability of the ESR
spectrometer, although the influence of the latter was tenta-
tively minimised by repeatedly measuring a quartz standard.
For precaution, it may nevertheless be recommended to wait
at least 1 day after gamma-irradiation before performing the
ESR measurements. An extension of the current study could
involve preheating the gamma-irradiated samples followed
by the same set of measurements.

Notably, our observations are consistent with those of
Tsukamoto et al. (2015), who showed that Al and Ti centres
remain stable over time following X-ray irradiation, with no
significant differences between signals regenerated immedi-
ately after irradiation and those measured after one month
of storage. Taken together, their findings and ours support
the conclusion that potential short-lived components have
little to no impact on ESR signal stability. As a corollary,
these results also indicate that there is currently no evidence
of short-term fading of the Al and Ti signals measured in
quartz. As a consequence, this study provides an impor-
tant experimental foundation for the future development and
broader application of time-efficient Single Aliquot Regener-
ative dose (SAR) protocols using gamma-irradiation sources.
Such advancement could significantly streamline the ESR
dating workflow, particularly in contexts where sample quan-
tity is limited or rapid turnaround is required.

Data availability. All data acquired in this study are
available as Supplementary Material to this article.
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