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S1: Theoretical Model

The rate equation that describes the trapped charge population corresponding to a particular luminescence trap is
described by Biswas et al. (2018) for thermoluminescence (TL) of feldspar for general order kinetics, and is shown

below.
d =1 D =1 a _E ’ b o — 1_% 1= (0
a(n(r ,t)) = D—O(l —a(r ,t)) — se kT(n(r' ,t)) —Se P *M"a(r',t) (S1H

where 7 is equal to n/N (where n is the number of trapped electrons at time ¢ and temperature 7, and N is total
number of available traps), D is the dose rate due to ambient radioactivity (Gy ka™), Dy is the onset of dose
saturation (Gy), a and b are the kinetic orders of trapping and thermal detrapping respectively, E is the trap depth
or activation energy (eV), s and § are the thermal and athermal frequency factor respectively (s™), p’ is the athermal
fading parameter (Tachiya and Mozumder, 1974), and r' is a dimensionless distance that characterizes the
probability of athermal escape (Huntley, 2006). The validity of the model for TL of feldspar has been demonstrated

for samples from a controlled thermal environment, the KTB borehole (Biswas et al., 2018).

The above-mentioned model is valid for a single trapping energy. However, TL of feldspar arises from a continuous
distribution of trapping energies (Biswas et al., 2018; Griin and Packman, 1994; Pagonis et al., 2014; Strickertsson,
1985). Thus, it is necessary to obtain the distribution of the model parameters along the TL glow curve to access

the parameters for multiple TL thermochronometers (200-250 °C, 10 °C interval).

S1.1: Constraining model parameters

The kinetic parameters for growth (D, Dyand ), thermal decay (E, s and b) and athermal decay (§ and p’) can be

constrained in the laboratory through three different experiments.

S.1.1: Growth Parameters

The growth of TL due to ambient radioactivity in nature can be reproduced in the laboratory using a multiple aliquot
regenerative dose protocol (MAR; Aitken, 1985) and strong beta irradiation (0.22 Gy/s). The resultant dose
response curves (DRC) follow the first term of Eq. 1 (Eq. S2).
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The growth parameters (Djand a) are deduced by fitting the DRC using Eq. S3, obtained by solving Eq. S2.
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The dose rate parameter (D) can be deduced separately by measuring radioactive element U, Th and K
concentrations and converting them into an equivalent dose rate (Gy/ka) using DRAC (Durcan et al., 2015). The

method has been described by King et al. (2016).

S.1.2: Thermal decay parameters

For the general case, the thermal detrapping of trapped electron from a specific center (with distinct £ and s) can
be described by the equation given by May and Partridge (1964) (second term of Eq. 1):
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If the sample is heated with a linear heating rate (£), the intensity (/) of the single TL peak can be described by the

following equations, which is a truncated series approximation (Kitis et al., 1998).
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where /ir and Tys are the maximum intensity and peak temperature respectively. Note that Ty differs from 7, as the
former is the theoretical peak temperature of the given E, s and /£, and the latter is the maximum temperature of the

fractional glow peak.

The above mentioned equation is valid for a single trapping energy level. However, TL of feldspar results from a
continuous distribution of traps and the whole TL glow curve cannot be analyzed directly. To circumvent this
Pagonis et al. (2014), proposed that a composite glow curve that arises from a continuous distribution of traps can
be described as a linear combination of a large number of sub-peaks, each corresponding to a different but closely

located energy level, E. Each sub-peak can be obtained by subtracting the consecutive fractional glow curves,
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obtained through the T,-T,, method (McKeever, 1980). The details of the method are described by Pagonis et al.
(2014) and Biswas et al. (2018).

S.1.3: Athermal decay parameters

The athermal loss of the TL signal of feldspar is thought to be due to quantum mechanical tunneling of trapped
electrons and recombination with the nearest recombination center (Wintle, 1973). The distance dependent

athermal or anomalous fading is described by Huntley (2006) (third term of Eq. 1):
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Solving the above equation according to the formulation of Huntley (2006) the athermal loss of TL can be described
as;

7 = exp{—p'[In(1.85t*)]3} (S8)

where ¢” is the time delay since the irradiation is ceased plus half of the laboratory irradiation time (Auclair et al.,

2003).

Table S1: Kinetic parameters of sample MBTP9. Note that in the thermal decay parameters (E, s and b) no errors
are mentioned. The mean values of these parameters were calculated from the distribution and an arbitrary error

of 5% was considered. The dose rate (D) value was taken from Lehmann et al. (2019).

Growth Thermal decay* Athermal

decay

TL (°C) D (Gy/ka)* D. (Gy) a E (eV) log.(s) b log.(p')
200-210 844 + 44 1.00 + 047 121 1153 1.50 602 + 007
210-220 773 + 41 1.00 + 0.03 125 11.63 1.49 6.13 + 0.09
220-230 680 + 37 1.00 + 001 129 11.72 1.49 6.18 + 0.10
.| 230-240 625 + 40 1.18 + 033 132 11.79 149 633 +0.17
el 240-250 502 + 36 1.10 + 027 136 11.85 149 651 + 024
2| 250-260 707 +0.15 371 + 29 1.00 + 022 139 1190 148 6.60 + 0.30
260-270 274 + 33 1.00 + 031 143 1199 148 685+ 041
270-280 205 + 37 1.00 + 044 1.46 12.05 148 <20 + 0.00
280-290 166 + 42 1.00 + 0.52 1.50 12.14 148 <20 + 0.00
290-300 140 + 43 1.00 + 0.79 153 12.20 147 <20 + 0.00

S2: Random thermal histories for inverse modeling

For random thermal history generation, Greenland ice core 5'*O data up to 60 ka (Svensson et al., 2008) as

shown in Fig. S1a was scaled in the following way.

T(t) = Thase + Tamp X f(6180) (S9)
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where Thase is the temperature at 20 ka and T, is temperature difference between the present day (7presens) and
Thase as illustrated in Fig. S1b. The scale was chosen in a way such that the temperature at 20 ka was fixed to zero
and the present-day temperature randomly varied from 0 to 40 °C. T was then randomly varied from -20 to 30

°C. Only a few random paths are shown in Fig. S1c out of the large number of random paths simulated (300,000).
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Fig. S1: a) Greenland ice core 6'°O data up to 60 ka (redrawn afier Svensson et al., 2008). b) illustration of scaling
of 6"°0 into a time Temperature (t-T) path. c) Few random paths are shown here and a total of 300,00 paths were

generated for inverse modeling.
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S3: Constraining kinetic parameters of natural sample
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Fig. S2: Plots for kinetic parameters of sample MBTP1. al-a4 are the growth of four thermometers (210-250 °C,
10 °C interval). bl-b4 are the athermal fading of the four thermometers. ¢, d and e are the distribution of thermal

kinetic parameters (E, s and b) and the four thermometers’ regions are illustrated.



Supplementary Information

References
Aitken, M.J.: Thermoluminescence dating. Academic press, London, 1985.

Auclair, M., Lamothe, M., Huot, S.: Measurement of anomalous fading for feldspar IRSL using SAR,
Radiation Measurements, 37, 487-492, 2003.

Biswas, R.H., Herman, F., King, G.E., Braun, J.: Thermoluminescence of feldspar as a multi-
thermochronometer to constrain the temporal variation of rock exhumation in the recent past, Earth and

Planetary Science Letters, 495, 56-68, 2018.

Durcan, J.A., King, G.E., Duller, G.A.T.: DRAC: Dose Rate and Age Calculator for trapped charge
dating, Quaternary Geochronology, 28, 54-61, 2015.

Griin, R., Packman, S.C.: Observations on the kinetics involved in the TL glow curves in quartz, K-
feldspar and Na-feldspar mineral separates of sediments and their significance for dating studies,

Radiation Measurements, 23, 317-322, 1994.

Huntley, D.J.: An explanation of the power-law decay of luminescence, Journal of Physics: Condensed

Matter, 18, 1359-1365, 2006.

King, G.E., Herman, F., Lambert, R., Valla, P.G., Guralnik, B.: Multi-OSL-thermochronometry of
feldspar, Quaternary Geochronology, 33, 76-87, 2016.

Kitis, G., Gomez-Ros, J.M., Tuyn, J.W.N.: Thermoluminescence glow-curve deconvolution functions
for first, second and general orders of kinetics, Journal of Physics D: Applied Physics, 31, 2636-2641,
1998.

Lehmann, B., Herman, F., Valla, P.G., King, G.E., Biswas, R.H.: Evaluating post-glacial bedrock
erosion and surface exposure duration by coupling in situ optically stimulated luminescence and 10Be

dating, Earth Surf. Dynam., 7, 633-662, 2019.

May, C.E., Partridge, J.A.: Thermoluminescent Kinetics of Alpha-Irradiated Alkali Halides, The
Journal of Chemical Physics, 40, 1401-1409, 1964.

McKeever, S.W.S.: On the analysis of complex thermoluminescence. Glow-curves: Resolution into

individual peaks, physica status solidi (a), 62, 331-340, 1980.

Pagonis, V., Morthekai, P., Kitis, G.: Kinetic analysis of thermoluminescence glow curves in feldspar:

evidence for a continuous distribution of energies, Geochronometria, 41, 168-177, 2014.



Supplementary Information

Strickertsson, K.: The thermoluminescence of potassium feldspars—Glow curve characteristics and

initial rise measurements, Nuclear Tracks and Radiation Measurements (1982), 10, 613-617, 1985.

Svensson, A., Andersen, K.K., Bigler, M., Clausen, H.B., Dahl-Jensen, D., Davies, S.M., Johnsen, S.J.,
Muscheler, R., Parrenin, F., Rasmussen, S.O., Rothlisberger, R., Seierstad, 1., Steffensen, J.P., Vinther,
B.M.: A 60 000 year Greenland stratigraphic ice core chronology, Clim. Past, 4, 47-57, 2008.

Tachiya, M., Mozumder, A.: Decay of trapped electrons by tunnelling to scavenger molecules in low-

temperature glasses, Chemical Physics Letters, 28, 87-89, 1974.



