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12 Abstract

13 In luminescence dating, dose-response curve fitting is critical to obtain dose estimates that are

14  equivalent to the natural dose. For high natural doses several fitting functions are in use, but dose
15 underestimation remains a common result. To address this, we analyse two functions directly

16  derived from the one trap one recombination centre (OTOR) model alongside the single-saturating
17  exponential function (SSE), typically used for data generated by a single-aliquot regenerative dose
18  protocol (SAR) and, we test fit parameters using a set of natural samples.

19  Combining theory with empirical evidence we show, in agreement with earlier studies, that OTOR
20  and SSE functions are the same in terms of their parameterisations, with OTOR allowing for one

21  extra degree of freedom represented by the parameter R=A,/An. By allowing R to vary, OTOR

22 produces dose-response curves with high statistical significance. SSE produces dose-response curves
23 that show “early” bending towards a dose plateau because, as theory reveals, it assumes that A,/Am
24 s fixed at unity. Empirically however, R values are ~0.26 (quartz) and ~0.40 (K-rich feldspars)

25 confirming the observed sublinear response to increasing doses, which is stronger with quartz than
26 with feldspars. For both dosimeters extracted from our natural samples, the OTOR-derived

27  characteristic saturation dose is 30-50% higher than the D, value obtained from the SSE function.

28  We provide full explanation why the Dy parameter is always underestimated for quartz and

29  feldspars. Overall, the OTOR solutions are beneficial, not least due to the physical meaning of the fit
30 parameters derived from the simplest possible model.

31

32 1lintroduction

33 While highly desired, it remains a challenge for luminescence dating to determine high doses, hence
34  high ages (e.g., >300 ka). When employing the single aliquot regenerative (SAR) dose measurement

35 protocol, the challenge is to project a natural dose close to saturation to a dose-response curve
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36  generated with high laboratory doses. The single-saturating exponential (SSE) function mostly

37  delivers poor fits to this type of dose responses and equivalent doses obtained from such fits are

38 likely inaccurate (Timar-Gabor and Wintle 2013). Other functions are employed, mostly the single
39  saturating exponential plus linear function (e.g. Tribolo et al. 2022) or the double exponential

40  function (e.g. Timar-Gabor et al. 2015). These functions include constants that have no direct

41 physical meaning and this, in turn, is inconsistent with the luminescence measurement parameters
42 (e.g. detection wavelength) by which the signal from a dosimeter’s specific trap-hole pair is targeted
43 out of a broad light spectrum. It is therefore beneficial to employ a physically based model that

44 allows to interpret observations obtained from responses to high laboratory doses.

45 Dose-response curve fitting is critical to obtaining reliable equivalent doses (e.g. Griin and Rhodes
46 1992) and has been discussed accordingly in earlier studies (e.g. Bulur and Oezer 1992; Lyons et al.
47 1992). Since the SAR measurement protocol (Wintle and Murray 2000) was introduced, Bailey (2001)
48  and subsequent studies (e.g. Singarayer and Bailey, 2004) showed that the SSE is the appropriate fit
49  function for individual quartz OSL components. From this Wintle and Murray (2006) concluded that
50 for high natural doses the limit for determining reliably the equivalent dose (D) is at ca 86% of the
51 saturated value, hence the rule of thumb of De < 2Dy, where Dy is 63% of the saturated value.

52 Although not explicitly stated, this recommendation implied the accurate determination of the

53  saturation intensity /s and, as a consequence, highly variable Do values are reported (e.g. Thomsen
54  etal 2016).

55  Alongside the difficulty to determine /s when using the SSE, underestimation of D. was reported
56  frequently (e.g. Murray et al. 2007; Moska et al. 2012). Such underestimations are typically evident
57 by a suppressed laboratory-generated DRC relative to the natural dose response and explained by
58  the competition for free electrons from the R centre that is low during natural and high during

59 laboratory irradiation (Bailey 2004). The natural build-up of dose would therefore be different to

60 laboratory-induced build-up, resulting in a different shape of the dose-response curve (Chapot et al.
61 2012; Timar-Gabor and Wintle, 2013; Peng et al. 2022). Although empirically often not confirmed
62  (e.g. Chapot et al. 2012), the value of /st should be the same for natural and laboratory-induced

63  DRCs unless loss of trapped electrons occurred during burial (Peng et al. 2022). Chapot et al. (2012)
64  and Timar-Gabor and Wintle (2013) agree that the growth of the natural dose can be described by
65  the SSE and that the laboratory-induced DRC is best described using the sum of two exponential

66  functions. This is confirmed by Peng et al. (2022) who simulated quartz DRCs using the Bailey (2001)
67 kinetic model with slightly modified parameters. The results from the simulation suggest

68  competition for free electrons, either in the deep electron trap of the natural sample or in the

69 recombination centres of the irradiated sample (Peng et al. (2022). This well-known competition
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70 between trap and recombination centre during irradiation (Bailey, 2004) has prompted different

71 statements: the competition for electrons in the deep trap is dose-dependent which should explain
72  the second saturating exponential component in the DRC (Peng et al. 2022) or, the competition

73 effects result in non-linear dose dependence of the luminescence signal, even at relatively low

74  laboratory doses depending on the trapping probability of electrons in traps, and the trapping

75 probability of holes in centres, as well as on the recombination probability of free electrons with

76  trapped holes in the centres (Lawless et al. 2009). For the latter case, Do may not be independent of
77  the range of regeneration doses in a SAR measurement protocol (Murray et al. 2021) and the

78 resulting D. is then dependent on the model of luminescence response to dose.

79 Here we explore the analytical expression, Lambert W, developed by Pagonis et al. (2020) and the
80  OTORX function (Lawless and Timar-Gabor 2024). Both functions are an exact solution of the OTOR
81  (onetrap and one recombination centre) model, with OTOTX allowing for an additional, deeper, trap
82  totake partin the irradiation process. The well-studied OTOR model (e.g., Kitis et al. 2019, 2025)

83  suggests that the shape of the dose-response curve (DRC) depends on A,/A, which is the ratio of the
84  recombination to retrapping rate constants. If A,/A, ~ 1, both the OTOR and the SSE functions agree
85 and the DRC shape is the same (Pagonis et al. 2020). For A,/An, we establish values empirically for
86  quartz (see also Kitis et al. 2022) and for feldspar dosimeters, and we use the OTOR model to

87 understand the significance of the SSE-derived Dy parameter and to find the reason for the often

88 reported D. underestimation.

89

90 2 Material and methods

91 2.1 Samples and luminescence measurements

92  The samples used in this study are fine- and coarse-grained feldspar and quartz samples originating
93  from coastal or aeolian environments to ensure sufficient bleaching at time of deposition (Table 1).
94

95  Table 1. Characteristics and origin of samples used in this study.

Sample
Dosi- depositional

Sample meter Grain Size (um) environment Sample reference
Sbg 426 Feldspar 4-11 Aeolian dust This study

Sbg 452 Feldspar 4-11 Aeolian dust This study

Sbg 453 Feldspar 180-300 Desert sand sheet This study

Sbg 457 Feldspar 180-300 Desert sand sheet This study

BAT1.19A Feldspar 4-11 Aeolian dust Avram et al. 2020

XY575 Feldspar 4-11 Aeolian dust Avram et al 2022
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4
XY575 Feldspar 4-11 Aeolian dust Avram et al 2022
Love?7 Feldspar 4-11 Aeolian dust Avram et al. 2025
Loveb Feldspar 4-11 Aeolian dust Avram et al. 2025
Stayky Feldspar 4-11 Aeolian dust Veres et al.2018
CAC 2.1 Quartz 4-11; 63-90 Aeolian dust Timar-Gabor et al. 2017
CSTint Quartz 4-11; 63-90 Aeolian dust Timar-Gabor et al. 2012
M#6# Quartz 4-11; 63-90 carbonate Timar-Gabor et al. 2017
aeolianite
BT844 Quartz 4-11 Aeolian dust Meszner et al. 2013
BT755 Quartz 411 Aeolian dust Fuchs et al. 2013;
Dataset: Fuchs et al. 2023
BT754 Quartz Aeolian dust Fuchs et al., 2013;
4-11 Dataset: Fuchs et al.,
2023
BT753 Quartz 411 Aeolian dust Fuchs et al., 2013;
Dataset: Fuchs et al. 2023
XF153_A Quartz 4-11 Aeolian dust Timar-Gabor et al. 2017
XY575 Quartz 4-11 Aeolian dust Avram et al 2022
Stayky Quartz 4-11; 63-90; 180-250 Aeolian sand Veres et al.2018
Love5 Quartz 63-90 Aeolian sand Avram et al. 2025
Loveb Quartz 63-90 Aeolian sand Avram et al. 2025
BAT1.19_A Quartz 4-11; 63-90 Aeolian sand Avram et al. 2020
MV10 Quartz 4-11 Aeolian dust Timar-Gabor et al. 2012
MST19 Quartz 4-11; 63-90 Aeolian dust Timar-Gabor et al. 2012

96
97 The L./Tx data, required to undertake the analysis, were obtained from published datasets (see Table
98 1 for references) or from samples currently analysed in our laboratory (see Sbg-samples in Table 1).
99  The latter were measured using the pIRIR2s protocol (Thomsen et al. 2008) with integration
100 intervals of 0.06 s for the signal and last 60 s for the background to be subtracted. The detection
101  window used was 410A10 nm (BG39+HC414/46) in a Lexyg Smart reader equipped with a UV-VIS
102 photomultiplier tube (300-650 nm) and IR light stimulation (850A5 nm) delivering 100 mW/cm? at
103  sample position. The dose points selected followed doubling of the initial dose step (i.e. 1, 2, 4, 8...;
104  e.g. Griin and Rhodes 1991) with the maximum laboratory dose being around 5000 Gy. It is assumed
105  that the sensitivity change occurring during the measurement of the natural OSL is negligible and
106  that all sensitivity change occurring during the measurement of laboratory-dose induced OSL is
107  correctly monitored by the test dose OSL/IRSL.
108



https://doi.org/10.5194/egusphere-2026-4397
Preprint. Discussion started: 25 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

109 2.2 Generating dose-response curves

110  The experimental data were fitted using the three fit functions SSE, OTOR, and OTORX, each

111 delivering the relevant fit parameters. These are R=A,/Am, Ds3 and ¢ for OTOR(X) and D, for SSE (for
112 details see next paragraph). To avoid confusion, the characteristic saturation dose derived from the
113 OTOR functions is called Des, the one derived from SSE is called Do, both representing 63% of the
114  saturation dose /s.

115  Two codes, one written in Python and the other one written in R (R Core STeam, 2026), were

116  employed. The Python code 3.13.5 (main, May 5 2026, GCC 14.2.0) uses the SciPy package version
117 1.15.3. The R implemented used the package ‘Luminescence’ (Kreutzer et al., 2026) and the function
118 Luminescence: :fit DoseResponseCurve (.., fit.method = c(“EXP”, “OTOR”,
119 “OTORX”) . Both codes use to some extent the Fortran MINPACK library (Moré et al. 1980).

120 Both codes use standard approaches (non-linear least-squares and Levenberg-Marquardt algorithm
121  asdiscussed in Hayes et al. 1998) with the uncertainty being determined through weighting by the
122 inverse variance. This includes forcing the fit to go through the zero point (Lo/To from a SAR

123 protocol). This value varies according to the sample’s specific response to laboratory dosing and
124  according to the selection of the integration time intervals (Cunningham and Wallinga 2010).

125

126 3 Analysis of the dose-response curve functions

127  The dose response of dosimeters used in luminescence dating is the result of the trap-filling process
128  during irradiation followed by thermal or optical stimulation. The resulting luminescence signal is
129 proportional to the concentration of filled traps modified by the competition effects between traps
130  and recombination centres during thermal or optical stimulation (Pagonis et al. 2020). The simplest
131 model that describes the irradiation process, is the one trap one recombination centre (OTOR)

132 model (McKeever and Chen, 1997). This fundamental model is useful for SAR-derived data because it

133 can be described by a physics-based equation for the dose response, n(D)/N):

- @ s W{(R —Dexp(R—1-— Dﬂc)} (1)

N 1-R
135
136 where W is the Lambert function, R = A,/Am, D is the irradiation dose and D, is a characteristic dose.
137 For details about the derivation of this equation see Lawless et al. (2009) and Pagonis et al. (2020).
138  Within the OTOR model, R is understood as the ratio of the trapping coefficient of the electron trap
139  to the recombination coefficient of the recombination centre. If measured in units of electron-hole

140 pairs created per volume, the characteristic dose D.= N/R where N is the total concentration of the

141 electron trap. If R=1, then D, is the total dose, D+D;at which the OSL intensity is 63% of saturation,
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142 just like the SSE formula. If R=0.2, as might be typical for quartz (Lawless and Timar-Gabor, 2024),
143 then D, is the total dose, D+D;, at which the OSL intensity is 81% of saturation. In other words, the
144  normalised OSL intensity (//Isat) is a function of R when the total dose is D, (Fig. 1). On a DRC, small R
145  values correspond to strong sublinearity.

146 An important feature of the OTOR formula is that its DRCs are not self-similar, i.e. plots of ///sq:

147  versus (D+D;)/De3% do not overlap, unless they have the same R. In contrast, the same normalised
148  plots produced through the SSE function overlap, because in the SSE formula R=1, hence the same

149  for all plots. Thus, the OTOR-derived formula provides the flexibility to fit a wide variety of DRC.
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150

151 Fig. 1. The OSL intensity relative to the normalised saturation intensity as a function of R when total
152 dose is D, as derived from eq. 1. For R=1 //lss: = 0.63%.

153

154 An alternative formulation of the OTOR model, called OTORYX, is given by Lawless and Timar-Gabor

155  (2024) where equations are modified to use Ds34 as a fitting parameter:

156
1 e—1 D+ D;
157 Izlsat[1+—W<—(1—R)exp [— <1——(1—R)) L_(1-R) )] ()
Q e Dg39,
158  where Qis
_Am—4n N
159 Q= Am  N+Np

160 and Desy is the dose at which / = 0.63/s,; all other factors are defined as in eq. 1.
161
162 For SAR-derived data, eq. 2 is normalised in the same way as it is done for SAR data:

163
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7
14k w<—(1—R)exp[—<1—3_1(1—R)>M—(1—R)D
164 ;—x =c ¢ € Dé395 (3)
* 1+$ W<—(1—R)exp[—<1—e — 1(1—R))DLT)6—J3’O/?—(1—R)D
165  where Dris the test dose and all other factors are defined as in eqs 1 and 2.
166 In eq. 3 Iset N0 longer appears due to the normalisation, and is replaced by ¢ to monitor the
167  correction for sensitivity changes. If the sensitivity changes are corrected perfectly, cis 1. However,
168  for most materials c is only within 20% of one.
169  Thus, eq. 3 involves 4 parameters:
170 o Dg3 (%) is the dose at which the luminescence intensity reaches 63% of the saturation dose, /
171 = 0.63lsat
172 e Ris the ratio of the trapping coefficient of the electron trap to the recombination coefficient
173 of the recombination centre: R = A,/An called retrapping ratio
174 e cisthe correction for a systematic change in sensitivity occurring during readouts of the
175 regenerated dose OSL and subsequent test dose OSL. If ¢ differs strongly from 1, then
176 protocol and/or dosimeter are perhaps not appropriate
177 o D;reflects the fact that OSL signal is measured even with zero applied dose, typically
178 observed as recuperation signal.
179

180 Next, we examine the ability of the OTOR and SSE fit functions to determine the physical parameters
181 R, Dg3 and Dy, when the data to be fitted cover the low dose range, i.e., only the lower segment of a
182 DRC composed of slope and curvature is covered by the data. By generating relevant mathematical
183  formulation (see eqs A2 to A1l in Appendix), we find that error margins for De; are large. To assess
184  the error margins, the Dg; value computed at value R (Ds3actual) is compared to the Dovalue for R=1
185  (Fig. 2) using this equation:

D63 actual _ 1+ (e - 1)R

186
DO eR?
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187
188 Fig. 2. The ratio Dgsactual t0 Do plotted against R values ranging from 0.1 to 1, using eq. 4 (see

189  Appendix for details). For R=1 the ratio is 1.

190

191  The plot in Fig. 2 shows that the ratio Dssqctuai/ Do increases in a non-linear manner with decreasing R
192  values implying that for DRCs restricted to the low segment, the SSE model underestimates the

193 characteristic saturation dose Do when R < 1. When R < 0.5, the underestimation is significant .

194  Next, we test the control of the parameter R on the shape of the DRC by fitting the dose normalised
195  to the characteristic saturation dose against the luminescence intensity normalised to the saturation
196 intensity for various values of R using the OTOR function. In theory, the DRCs should not overlap and
197  should intersect at ///s5,=0.63 and (D+D;)/De¢s=1. Using selected samples analysed in this study, we
198 plot I/lsatvs D/De3 (Fig. 3): the lower segment of the curves appears to overlap due to generally small
199  Lo/Tovalues and the intersection point (see cross in Fig. 3) is a cluster of data points ranging from 0.6
200 to 0.7 at D/De3 =1 due to measurement uncertainty. Thus, the DRC shape is quasi-identical for

201 luminescence intensities up to Dg; (or slightly below Dgs3) as long as the curves’ zero-points are close
202  to zero. The DRC shape varies beyond Ds3 according to the sample’s R value. This demonstrates that
203  the fit parameters R and Dg; are key to accurately determine an equivalent dose from a sublinear
204 DRC.

205

206

207

208

209

210



https://doi.org/10.5194/egusphere-2026-4397
Preprint. Discussion started: 25 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

211
212
213
214
215
216
217
218
219
220
221

222
223
224
225
226
227

228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

0.8 |

——0.298 ——0.515
L= 0415 == 0.164. ;..
——0.378 ——0.232
——0.480 ——0.272

04} e 0521 - i 0.104
——0.551 ——0.191
02 | S S ;
0.0 1 i + i ! i n ] ; i
0 4 8 12 16 20
DIDg;

Fig. 3. The luminescence intensity (/) normalised by the intensity at saturation (/) plotted against
the laboratory dose (D) normalised by Dg; for various values of R derived from quartz (blue) and
feldspar (red) data. A — all data; B — lower segment of the curves shown in A. For values of R and De;

see Table 2.

In summary, our mathematical analysis reiterates what has been shown already by Pagonis et al.
(2020), by Lawless and Timar-Gabor (2024) and by Kitis et al. (2025): (i) direct solutions of the OTOR
model exist and these solutions are suitable to fit data derived from a SAR-based measurement
protocol, (ii) the solutions provide fit parameters that are physically meaningful, (iii) the SSE function
is a solution of OTOR for R = 1. Our mathematical analysis expand this knowledge by specifically
analysing long versus short DRCs: when fitting a short DRC, the SSE function underestimates D, of
those dosimeters for which R is actually smaller than 1. For the same short DRC, the OTOR model

yields accurate Dg; values with large error margins.

4 Results from experiments
Experiments were conducted to obtain fit parameters from SSE and OTOR(X) fit functions for a set of
L«/Tx data (for samples see Table 1), to obtain R values, examine fit parameters (Do, Ds3 and R) and to

assess fit quality using the chi-squared test. The results are listed in Table 2.
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10

246  Table 2. Fit parameter values for Dy, Des3, R, c,and fit quality parameter ratio y’sse/ ¥ otor Obtained
247  from the average of n measured aliquots using SSE, OTOR and OTORX fit functions where applicable.
248 Bmax is the maximum laboratory dose administered; *excluded from further examination.

249
Bmax

Sample Protocol n (Gy) Do (SSE) D3 R c P ssel Potor
Feldspar (n=13)
Sbg 426 pIRIRz2s 3 4812 303 422 0.36 1.024 10.54
Shg 452 pIRIR22s 3 2355 318 454 0.424 0.936 12.25
Sbg 453 pIRIRz2s 3 2816 337 424 0.521 0.951 1.024
Shg 457 pIRIR22s 3 2816 311 383 0.551 0.936 1.052
BAT_1.19A pIRIR2s0 3 5000 238 396 0.371 1.106 20.3
BAT_1.19A pIRIR22s 3 5000 321 519 0.301 1.062 198.9
XY575 pIRIR20 3 5000 249 521 0.315 1.015 152.4
XY575* pIRIR22s 3 5000 231 3213 0.061 0.914 134.9
Love?7 pIRIR20 3 5000 562 878 0.378 0.972 172.1
Love7 pIRIR22s 3 5000 634 971 0.364 0.976 69.4
Love6 pIRIR2s0 3 5000 490 805 0.497 0.956 100.3
Love6 pIRIR22s 3 5000 490 912 0.415 0.969 38.7
Stayky* pIRIRzgp 1 10000 283 1398 0.022 1.38 0.144
Quartz (n=21)
BT844 SAR-OSL 3 1200 179 272 0.329 1.185 25.90
BT755 SAR-OSL 2 1200 179 272 0.328 1.202 38.1
BT754 SAR-OSL 2 1200 188 307 0.302 1.269 51.6
BT753 SAR-OSL 2 1200 202 332 0.305 1.215 31.3
XY5754.11+ SAR-OSL 3 5000 241 660 0.191 0.376 71.3
Staykya.1: SAR-OSL 3 10000 237 688 0.223 1.046 39.6
Staykyiso-250 SAR-OSL 4 5000 50.8 91.2 0.256 1.180 107.5
Staykyes o0 SAR-OSL 3 5000 50.1 102 0.222 1.182 230.4

Love6 SAR-OSL 3 5000 153 246 0.232 1.139 4.6
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Love5
BAT1.19A63.90
CST_infs1
CST_infes.00
CAC_2.1411
CAC_2.163.90
M#6#4.11
M#6#63.90
MST194.11
MST1963-90
MV10
XF_153_As11

250

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

SAR-OSL

5000

5000

9984

5245

5000

5000

6000

2060

5114

5002

5000

134

54

302

143

285

99

315

105

346

172

314

208

244

111

668

187

673

184

585

158

853

294

808

515

0.216

0.323

0.184

0.376

0.173

0.153

0.137

0.343

0.146

0.167

0.110

0.184

EGUsphere\

1.216

1.144

1.056

1.082

1.011

1.137

1.191

1.251

1.104

1.101

1.091

1.087

11

19.8

171.3

23.6

15.0

11.2

11.9

4.95

737.6

45.0

20.5

52.1

32.2

251 For one quartz and one feldspar sample c deviates strongly from the expected value of 1. The values

252  of Dy, De3 and R obtained from these samples are therefore questionable and were excluded from

253  further examination. R-values obtained from the remaining samples are on average 0.26 (+27%) for

254  quartz and 0.41 (+20%) for feldspar. The ratio of D, (derived from SSE) and D3 (derived from OTOR)

255 is on average 0.54 for quartz and 0.65 for feldspar, i.e. Dy is around 46% (quartz) and 35% (feldspar)

256 lower than Dg; (Table 2; Fig.

1000
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[ ]
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.
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258 Fig. 4. The Dgs values plotted against the Dy values for quartz (blue) and feldspar (red) samples. Lines

259  indicate the 1:1 relationship and the +30% and +50% deviation.
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279 Fig. 5. Interpolation of L,/T, onto DRCs generated using SSE, OTOR and OTORX functions; A - feldspar
280  samples; B - quartz samples, both including grain size. Each panel shows the D. value and the fit

281 parameter values.

282

283  The quality of the SSE and OTOR(X) fits as shown in Fig. 5 is assessed using the chi-squared test with
284  smaller ¢? values indicating higher statistical significance. The ratio y%se/yoror is greater than 1

285  when the OTOR fit is more significant and hence, the poorer the SSE fit, the higher the ratio. Fig. 6
286  shows that most feldspar ratios and all quartz ratios are above 1, some by a factor of 10 or more (for

287  data see Table 2).
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288
289 Fig. 6. The statistical significance of the SSE and OTOR fits for feldspar and quartz samples plotted

290  against the OTOR fit parameter R. Note log scale of y-axis.

291

292 5 Discussion

293 In the empirical part of this study, the number of samples per dosimeter as well as the number of
294  aliquots measured per sample, is small. The small number precludes a quantitative assessment of
295  the experimental data, which is why uncertainties of individual parameter values are not meaningful
296 and, hence, not listed in Table 2 and not shown in relevant figures. However, the empirical data

297  compared with the mathematical analysis of the OTOR model (sec 3 and Appendix) allow us to infer
298  usefulness and limitation of the OTOR fit functions for determining high natural doses using SAR
299 protocols. This enables us to discuss the role of Is;: and A,/Ax and thereby understand the D,

300 underestimation caused by the SSE.

301

302 5.1 DRC shape and quality of fit

303  The usefulness of the OTOR functions lies in the physical meaning of its parameters, where c allows
304  toinfer how suitable the measurement protocol and/or the sample is, R is a measure of the shape of
305  the DRC and Deg;s is the characteristic saturation dose as is the parameter Dy of the SSE function.

306 The shape of the DRC is a function of experimental uncertainties, and the goodness of fit. Given the
307 importance of the DRC shape for determining D, R provides a quality check for the D. determined if
308 its value can be predicted. Our R values for quartz (~0.26) are close to the ones published so far (e.g.
309 Kitis et al., 2022; Lawless and Timar-Gabor, 2024) and slightly lower than those obtained from

310 feldspars (~0.41). However, a statistically significant difference between the two dosimeters does

311 not appear in our data: both dosimeters can show any R-value between 0.10 and 0.55 (Fig. 3) with
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312  quartz tending to lower R-values, hence stronger sublinearity, than feldspar. Some R-values (Table 2)
313  suggest dependence on measurement protocol where the pIRIR29 protocol tends to deliver higher R
314  values than the pIRIR22s protocol. Similarly, larger grain sizes seem to deliver higher R-values than
315  smaller grain sizes (Fig. 7). However, with the statistical noise not being quantifiable in our study,
316  these trends remain untested.
317
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318
319 Fig. 7. DRCs of small and large quartz grains (sample Stayky).
320
321  The goodness of fit is quantified by the reduced chi-square (RCS) with RCS<5 being regarded as
322  indicating a satisfactory fit (Peng and Li, 2017). We examine the chi-squared ratio (%se/x otor; Table
323 2) as statistical significance of the SSE and OTOR fits and note that the OTOR functions improves the
324  fit quality for almost all samples regardless the dosimeter (Fig. 6). Thus, the fit improvement
325  compensates for the one extra degree of freedom that OTOR has compared to SSE. However, the
326  improved fit quality is not independent of R: where R is outside the predicted value range, the OTOR
327  fit quality is reduced (Fig. 6).
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328  With the consistencies apparent so far, we can say that R is always smaller than 1, most probably
329  smaller than 0.5. The impact of R < 0.5 is shown by the normalised Dg; (Fig. 2) and by the normalised
330 fit curves (Fig. 3): both the Dy value and the shape of the DRC imply D, underestimation where the
331  inaccuracy of the D, estimate becomes significant when projecting a natural dose onto the upper
332 DRC segment, hence above ~D,. The empirical data confirm this by Dy being 30-50% lower than De;
333 (Fig. 4). Unrealistic R values (e.g. 0.01..., 2.0...) indicate an irradiation process that cannot be

334  described by the OTOR model. Conversely, natural doses projected onto a SSE-fitted DRC are reliable
335  for the lower segment because this DRC segment is negligibly affected by the fact that R is actually
336  smaller than 1 (Fig. 3) as long as the recuperated signal is small. With eq. 4 and eqs A2-A12 in mind,
337  itis clear that this statement is valid for long DRCs only. If the DRC is short, D is underestimated (Fig.
338  2)and the separation between lower and upper DRC segment is difficult to quantify. This is evident
339  from studies on standardised growth curves (e.g. Hu et al. 2019) demonstrating remarkably the

340  variability of quartz DRCs, apparently caused by variable Do values of individual grains. Here, the

341  OTOR functions are indeed useful, because they allow to double check fit parameters (e.g. Do, Isat)
342 required to establish standardised growth curves.

343

344 5.2 The role of the saturation intensity /s.:

345  The value of /s is needed to accurately determine D¢z and the value of De;3 is required to assess the
346 reliability of the saturation dose as shown by eq. 3 and Figs 2 and 3. Determining /s is @ non-trivial
347  task: quartz DRCs tend to show a non-monotonic shape (e.g. Duller 2012) which was explained with
348  ‘dose quenching’, i.e. loss of recombination centres (Huntley et al. 1996) or with competition taking
349 place during irradiation or during read-out (Lawless et al. 2005). The DRC of feldspar seem to reach a
350 dose plateau (Fig. 5), but the corresponding dose is likely underestimated due to signal instability
351  (Kars et al. 2008; King et al. 2018). Moreover, the study of Peng et al. (2022) suggests that there is a
352  dose-dependent change of signal growth due to dose-dependent change in competition for free

353 electrons in the deep trap. As dose grow, the efficiency of the trap in capturing free electrons

354 diminishes while the recombination rate becomes stronger (Lawless et al. 2009), hence the sublinear
355 dose response with R<1. Thus, long DRCs are required to reliably determine the OTOR fit

356 parameters. These long DRCs may or may not include /s, but must be, at least, close to /.

357

358 5.3 Underestimation of high natural doses

359  The data generated in this study suggest ca 10-30% underestimation of D, in the dose range 100 —
360 1000 Gy (Fig. 8) when using the SSE to construct the DRC. Our data echo the many age

361 underestimations reported for quartz (e.g. Lowick and Preusser 2011; Timar et al. 2010; Timar-Gabor
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362  and Wintle 2013). Quantifying the underestimation for feldspars requires fading correction using the

363 OTOR function (e.g. Guralnik and King, 2025).
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364
365 Fig. 8. Comparing Des obtained from OTOR and SSE fits. Feldspar data (red square) are not corrected

366  for fading. A —all samples analysed; B — detail of A for the dose range 150-450 Gy.

367

368  Approaches that circumvent the problem were proposed: selecting ‘supergrains’ out of the grain
369 population sampled (Yoshida et al. 2000), i.e. grains exhibiting Do values that are close to the

370  expected D. value (e.g. Arnold et al 2016) or, the weighted mean natural dose (L,/T,) of all measured
371  grainsis projected onto a standardised growth curve (Li et al. 2016). Both approaches rely on correct
372 estimation of the Do value. However, this value is underestimated for long DRCs (Fig. 4) and,

373 probably even more pronounced, for short DRCs (Figs. 2).

374  The often used alternative to the SSE is the double exponential (DSE) function. In fact, Pagonis et al.
375 (2020) show for a set of experimental data, that the DRCs obtained from OTOR and DSE fits are

376 indistinguishable. Earlier studies, albeit not referring to the OTOR model, demonstrate the

377 usefulness of the DSE function for determining high natural doses (e.g. Chapot et al. 2012; Timar-
378  Gabor et al. 2012; Berger and Chen 2011; Murray et al. 2007) and data displayed in Table Al clearly
379 show agreement of D, values obtained from OTOR and DSE fits. Thus, the DSE function likely delivers
380 reliable fits, with the only disadvantage being its less meaningful fit parameters and one extra

381 parameter that adds to the number of uncertainty components.

382

383
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384
385 Fig. 9. The ratio Dso/De;3 plotted vs R (see eq. A13 — A15 in Appendix for calculation).

386

387  Our study suggests that the dose range, for which the SSE offers reliable natural dose estimates, lies
388  below /=0.63/s:. From this follows that a D. determined with a SSE fit is reliable when Desse < Do. As a
389 consequence, the D. < 2D rule should be abandoned (see also King et al. 2018), because it does not
390 take the parameter R into account which controls the shape of the DRC. Fig. 9, displaying the

391 relationship between the ratio Dso/Dss and R confirms this: For R=1 the ratio is ~1.609 for OTOR, as

392  is for SSE. For R~0.26, which is the predicted value for quartz, the ratio is ~1.92, hence ~80% higher
393  than for SSE. For the calculation of these values see Appendix.

394

395  Conclusions

396  OTOR s a phenomenological model of the simplest form with the smallest number of parameters. It
397 s well described for a number of dosimeters including quartz. For feldspars the application is

398 justified by the simplicity of the model which captures the fundamental mechanisms of irradiation
399  andreadout in many insulators. We note that R values obtained experimentally are consistent, but
400  are generally higher for feldspars than for quartz, which confirms the pronounced sublinearity

401  observed with most quartz DRCs.

402  The OTOR fit functions are most useful for multi-grain aliquot data where the luminescence intensity
403 is the sum of light emitted by multiple grains and detected in a narrow optical window. The results
404  from the chi-square test show much better fit quality of OTOR compared to SSE, in particular for
405  quartz, although OTOR involves one degree of freedom more than the SSE function.

406  The OTOR model does not necessarily describe all dose responses possible for dosimetric materials

407  and may well be of limited use on the single-grain level. The OTOR solutions are unable to help with
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408  complications that arise in the dosimeter due to chemical composition, crystal growth dimensions,
409  defect locations in the crystal (e.g., Townsend et al. 2021) etc., all together making charge transfer
410  vialocalised and delocalised mechanisms a complex recombination process. Moreover, using the
411  OTOR functions to correct the DRC for fading is yet to be shown. Other functions should be taken
412  into consideration, such as the GOK (General Order Kinetics, e.g. Guralnik et al. 2015) and the

413 Broadly Applicable Function (Burbidge, 2015) both covering a wide range of dose responses.

414  Our study suggests that reliable equivalent doses are obtained from a SSE fit only when the natural
415  dose is smaller than the characteristic saturation dose while bearing in mind that the Do value is
416  always underestimated if the DRC is short and R<0.5. For high natural doses, i.e. De > Dy, the SSE is
417 unable to describe the dose response data, and this leads automatically to D. underestimation. To
418  avoid D. underestimation we recommend to replace the “2D, “rule with “1D,” when using the SSE
419  function for generating a DRC.

420

421

422 Appendix A

423 SSE and OTOR
424  In luminescence dating the single-saturating exponential function (SSE) is typically used to fit a dose
425 response curve (DRC) to the data points obtained from a SAR protocol. The relationship between the

426 SSE and OTOR functions is as follows: for R=1, eq. 1 in the main text reduces to:

427 Fl(DL;, 1)=1-exp (;—6”3) (Ala)

428  where F; is defined by:

1
a-Rr)

429 Fl(Di“,R)El+ w{—(1—R)exp[—(1—§(1—R))Diﬁ3—(1—R)]} (Alb)

430
431 OTOR and SSE for low-dose segment of the DRC

432  When the data obtained from a SAR measurement only cover the lower segment of a DRC
433 composed of slope and curvature, the DRC is described by eq. S2 where, for reasons of simplicity, we

434 assume no deep traps and no recuperation:

D
135 =Lk (5 R 1) (A2)

436  The low-dose segment of the DRC is short enough to be accurately described by a quadratic
437 polynomial which allows to expand eq. S2 into a Taylor series for low dose:
[1 + (e B 1)R]Isat [1 + (e - l)R]ZIsat

438 I = D— D? + 0(D? (A3)
eRDq3 2e2R3Dg;” 0%

439
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440  The same expansion is done for the SSE by setting R=1 in eq. S3 which yields:

I I
441 [=2%p - =% D24 0o(D?) (A4)
Dg3 2Dg3

442  We note that the OTOR expansion has three parameters (/sqt, Ds3, R) and the SSE has two parameters
443 (lsat, De3).

444 By fitting the low segment of the DRC, the experimental constants ¢ and ¢, are obtained

445

446 I =c¢,D—c,D? (A5)

447  The next step is to match the experimentally determined correlation (eq. S5) to the OTOR model (eg.
448  S3)in a way that each corresponding coefficient in the two power series match. We consider that, if
449  two polynomials of a continuous variable (D in our case) are everywhere equal, the two polynomials
450  must have the same coefficient. Thus:

[1+ (e— 1)R]Isat

451 = (A6)
@ eRD63
452
1+ (e — 1)R]J?I
453 ¢ = [ ( )2] sat (A7)
2e2R3DZ,
454

455 In eqs S6 and S7, ¢1 and c; are known from experiment, e~2.718 is the known constant and the

456 parameters De3, R and Is.:are unknowns. Thus, we have two equations and three unknows. As a

457  consequence, determining Dg3 (OTOR) from a low-dose segment of the DRC involves large error

458 margins. Conversely, Do (SSE) determined from a low-dose segment of the DRC, is precise when

459  assuming R=1 (see eq. S12 and Fig. 2 in main text for detail). To solve the problem of OTOR, we

460  assign a predicted value to R and solve eqs S6 and S7 to obtain /s,: and De3in terms of the

461  experimental constants ¢; and c;:

1+ (e — 1DR¢, (A8)
2eR?c,

Lot = 76}2 D, = i

ST 14 (e —1)R] %' 7 2R,

462 Dg3 =

463 (A9)

464

465 For SSE which assumes R=1, the above equations (S8 and S9) simplify to:

466 Dy, = &

63 = 2¢, Al10
467 I Lot

ST 2¢, Al1

468
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469 Next, we analyse how much error is incurred when assuming a fixed R to use for fitting. We
470  compare, for a given c1 and ¢, the Dg; value (OTOR) computed at value R to the value of Do (SSE)
471  computed for R=1. Taking the ratio of eq. S8 to eq. S9:

Des 1+ (1—e)R

5 T (A12)
o

472

473 For the plot of eq. S12 see Fig. 2 in main text.

474

475  Dezand Dgo

476 De3 is the dose at which the OSL response is 63.2% of its saturated value. Dg is the same for 80% of
477  the saturated value. Excluding recuperation, the formulation is:

478 For OTOR:

479 Dgs =[t—-(1-2)R]|D ~ (0.367 + 0.633R)D, (A13)
480

_ ln(S)—é(l-R) 0.809+0.800R (A14)
481 Dgo = De3 [1_(1_%)(1_13)] ~ Des [0.368+0.632R]
482
483 For SSE:
484 I1=(1-2)I  whenD=D, (AL5)
485 Dgo = Doln(s) ~ 1.609 DO

486 For the relationship of Dyor Dgs; to Dso for SSE and OTOR see Fig. 9 in main text.
487

488  Table Al. D, values obtained for samples analysed in this study. DSE (double saturating exponential
489  function) data with star (*) were obtained from Timar-Gabor et al. (2012).

40 ggmple, Grain Dosimeter De (Gy; SSE) De (Gy; OTOR) D. (Gy; DSE)
1ze

BT753411 Quartz 28615 34117 34417
BT7544.11 Quartz 2685 33047 33547
BT7554.11 Quartz 249+4 299411 30146
CAC_2.14.11 Quartz 10243 11244 1004
CAC_2.163.90 Quartz 902 12744 12945
CST_infa1s Quartz 36049 558+20 650+20*
CST_infss.00 Quartz 24615 37549 628+47*
M#6#4-11 Quartz 18327 21611 20612
M#6#s3-00 Quartz 1337 183£12 187414
MST194.44 Quartz 2206 27610 289+9*
MST19%3-e0 Quartz 210214 319+37 288+57*

MV104.11 Quartz 2138 30416 310+9*
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XF_153_As11 Quartz 208+7 293+16 304+23
Sbg 4264.11 Feldspar 8144144 1033£148 1090+152
Sbyg 4524.11 Feldspar 10224258 1094221 10754235
Sbg 453150-300 Feldspar 318413 351£16 355+17
Sbg 4574180300 Feldspar 365+16 41024 404125
491
492
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