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Abstract

Dating of rock surface using optically stimulated luminescence (OSL) is an emerging tool to estimate exposure age and
post exposure erosion rates. The present study points out the lacuna in the mathematical model that is used for this method.
So far, all existing research, use first order kinetics (FOK) model. The FOK model predicts an exponential decay of OSL
signal of polymineral rock with sunlight exposure, which is contrary to the observation. The non-exponential decay of OSL
signal, more precisely infrared stimulated luminescence (IRSL) of feldspar, can be better explained by general order kinetics
(GOK). Thus, we propose a new GOK model for OSL surface exposure dating. Present theoretical study shows, for FOK
model the OSL (IRSL) depth profile propagates faster with time of light exposure than actual. Consequently, the FOK model
predicts lower exposure age. The propagation of OSL profile with time depends on order of kinetics of the GOK model. We
demonstrate how the order of kinetics can be constrained through laboratory bleaching experiment. The impact of the GOK
model on exposure age and upper age limit, for different order of kinetics are presented. We apply this new GOK model on
experimental data, available in the literature (Luo et al. in Geophysical Research Letter 49: €2022GL099526, 2022), of OSL
depth profile on exposed fault scarp and reevaluate the exposure ages for different order of kinetics to validate the GOK
model. We conclude that the GOK model better explains the IRSL of feldspar than the FOK model and should be preferred
for OSL rock surface dating.

Keywords OSL rock surface dating - General order kinetics - IRSL of feldspar - Inverse modelling - Bleaching of IRSL -
Non-exponential decay

Introduction

Luminescence, particularly Optically Stimulated Lumines-
cence (OSL) of the ubiquitous natural mineral (Quartz/
Feldspar), is one of the most reliable dating techniques
for Quaternary sediments. In OSL dating of sediment, the
“clock” starts when sun-exposed sediments are ceased
from sunlight (Aitken 1998). On the other hand, for OSL
surface exposure dating, the “clock” starts when sunlight-
shielded rock is exposed to sunlight. Natural luminescence
in a light-shielded rock, exposed to ambient ionizing radia-
tions, e.g., alpha, beta and gamma, emitting from radio-
active elements (U, Th, K, Rb) over millions of years, is
in equilibrium. The equilibrium luminescence level arises
when the growth rate due to radiation is balanced by the
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decay rate due to athermal fading (Wintle 1973). When
that rock is exposed to sunlight, the equilibrium lumi-
nescence level decreases. As the sunlight flux decreases
exponentially with rock depth following Beer-Lambert
law, the luminescence level which is minimum on the sur-
face, would be increasing with depth and reaching to the
equilibrium level at a depth where sunlight cannot reach
(Sohbati et al. 2011). Thus, the luminescence profile along
depth shows a curvy trend (resembling a sigmoidal shape)
which propagate forward (higher depth) with time, i.e., the
higher the exposure age deeper the luminescence depth
profile in the rock. Erosion of the surface (constant rate or
stochastic nature) will show the opposite effect; the OSL-
depth profile will move backwards because of the continu-
ous reduction of saturating depth (Lehmann et al. 2019a).
Depth-dependent luminescence in rock (polymineral) is
measured in the laboratory by stimulating the rock slices
(from different depths) either stimulating with blue light or
infrared (IR) light. In luminescence dating, OSL refers to
the blue stimulation of quartz (Murray and Wintle 2000),
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and infrared-stimulated luminescence (IRSL) refers to IR
stimulation of feldspar (Baril and Huntley 2003). However,
blue stimulation can stimulate both quartz and feldspar.
Thus, in OSL of polymineral rock, the signal comes from
both quartz and feldspar. In contrast, in the IRSL of pol-
ymineral rock, the signal predominantly comes from feld-
spar (Baril and Huntley 2003). It is also to be noted that
luminescence sensitivity of feldspar is much higher than
that of quartz. Thus, although the luminescence surface
exposure dating started with OSL (blue stimulation) (Cha-
pot et al. 2012; Sohbati et al. 2012a, b, c), later all studies
used IRSL (e.g. Freiesleben et al. 2015; Gliganic et al.
2019; Lehmann et al. 2019a, b, 2018; Meyer et al. 2018;
Sohbati et al. 2018). So, in the context of surface dating,
OSL of polymineral rock refers to IRSL of feldspar; OSL
is a general term. In this manuscript whenever we refer
OSL, it indicates IRSL. Inverse modelling of laboratory
measured OSL depth profile can provide the exposure age
and/or erosion rate provided appropriate model is used and
kinetic parameters are estimated or constrained accurately.

In the last decade, series of research on OSL surface
exposure dating, both on development and applications of
methodology, are ongoing as this method can potentially
estimate rock exposure age from very recent to < 100 kyr,
an inaccessible period that no other method (e.g., !°Be)
can date reliably (Guralnik and Sohbati 2019). The fea-
sibility of surface dating of archaeological material using
luminescence was first proposed by Polikreti et al. (2002).
However, the OSL surface exposure dating was first for-
malized by Sohbati et al. (2012a). This novel method has
been applied to several geological and archaeological
contexts, e.g. to date rockfall events (Chapot et al. 2012),
exposure age of archaeological sites (Ageby et al. 2022;
Sohbati et al. 2015), the slip of rock due to fault activity
(Luo et al. 2022), dating of megaflood deposits (Semiko-
lennykh et al. 2022). The method has been further devel-
oped to estimate post-exposure erosion histories (Elkadi
et al. 2022; Lehmann et al. 2019a, b; Sohbati et al. 2018).

The lacuna of this new exposure dating method is
that all the related research, exist so far, use the first-order
kinetics (FOK) model for IRSL of feldspar. The FOK
model assumes that the rate of decay of trapped electrons
associated with the IRSL signal is linearly proportional
to the concentrations of the trapped electrons. This would
result in an exponential decay of the IRSL signal with light
exposure time. However, IRSL signal decay with time of
light exposure slower than the exponential decay. The non-
exponential IRSL decay is explained by stretched expo-
nential (Bailiff and Barnett 1994; Chen and Leung 2003)
or power law decay (Thomsen et al. 2008). A delayed
exponential of the IRSL signal with time will result a
slower propagation of OSL (IRSL) depth profile with time
than predicted propagation through the FOK model. This

essentially suggests FOK model predicts a lower exposure
age (and thus higher erosion rate for eroded surface) from
a OSL depth profile of unknown sample.

The present study aims to propose a new model for sur-
face exposure dating using OSL of polymineral rock (IRSL)
that better explains the non-exponential decay of the IRSL
signal with time. Towards that, we first establish through
laboratory experiments that the decay of the IRSL with time
can best be fitted with general order kinetics (McKeever
and Chen 1997). We then propose a modified equation for
OSL surface exposure dating. A theoretical study is then
performed to understand the impact of the GOK model on
exposure age than that of the FOK model. We also discuss
the upper age limit (time to reach steady state) that is model-
dependent. We must mention here that similar research is
recently published (Freiesleben et al. 2022) that also sug-
gests using the GOK model instead of the FOK model. The
present research is independent of their work and parallelly
developed. Thus, without discussing their research, we pre-
sent our findings. Finally, we apply this new GOK model to
recently available data from the literature (Luo et al. 2022)
that try to predict the rock slip histories on exposed fault
scarp surface in Langshan, China and recalculate the expo-
sure ages.

Mathematical model

Natural OSL in light-shielded rock (primary luminescent
mineral is feldspar), exposed to natural radiations over
millions of years, is in equilibrium. The equilibrium level
is decided by radiation-induced growth and decay via the
athermal pathway (Wintle 1973). When the rock is exposed
to sunlight, the equilibrium level of natural OSL decreases.
The rate of decrease of OSL (proportional to trapped elec-
trons) depends on the decay constant, a product of solar flux
(¢p) and radiation matter interaction cross-section (o). The
solar flux attenuates with depth inside the rock, decided by
the attenuation coefficient of the material (u).

Existing model

The OSL profile along depth follows the Eq. 1 as described
by multiple research (e.g. Chapot et al. 2012; Lehmann et al.
2018, 2019a, b; Sohbati et al. 2011, 2012a).

: 1
% = %(1—5) — o@e M —nze! /3" (1)
where, 7 is the ratio of the number of trapped electrons (1)
and a total number of available traps (), D is dose rate
(Gy/s), D, is the onset of dose saturation, ¢ is the photoioni-
zation cross-section, ¢ is the solar flux on the surface of the
rock, o@, is light-dependent decay constant of de-trapping
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(s7h, u is the light attenuation coefficient (mm™Y), p'is dis-
tance (r”) dependent recombination center density, the meas-
ure of athermal fading, 5 is the athermal frequency factor.

In this rate equation, the three terms denote radiation-
induced growth, light-dependent decay, and decay due to
athermal fading. OSL of feldspar athermally fades from
samples of all depths by a same factor. Thus, the shape of
the OSL depth profile does not get affected by athermal fad-
ing; athermal fading only scales down the OSL depth profile.
Therefore, the third term can be neglected, as suggested by
Lehmann et al. (2019a, b). Here we are not incorporating the
factor for erosion; the present study focuses on exposure age
of uneroded surface.

The above existing model relies on the fact that the rate
of decay of OSL signal due to light follows the first-order
decay equation, which is an oversimplistic assumption. A
first-order decay would result an exponential decay of OSL
with light stimulation, which is not the case for feldspar.
Previous studies suggest that light-dependent OSL decay of
feldspar follows stretched exponential (Bailiff and Barnett
1994; Chen and Leung 2003) or power law decay (Thomsen
et al. 2008), which implies the light-dependent decay rate of
OSL of feldspar does not follow first-order kinetics (FOK).

Establishment of the new model

The delayed exponential OSL decay of feldspar can be better
described by general order kinetics (Chen and Leung 2003).
A similar exercise was followed to explain the isothermal
decay of feldspar OSL (IRSL) (Guralnik et al. 2015a).
The GOK model for the decay of OSL of feldspar can be
described as follows.

dn

_ —b
i opn 2)
n=e % forb=1 3)
=+ 0b- Do) forb # 1 @)

where b is the order of kinetics.

Thus, the rate equation for the OSL depth profile becomes
% = [% (1-7) ~7'5p,e™ &)

To establish the exact decay pattern of OSL of feldspar
and to have an idea of b, we perform experiments on six
rock samples of different types (Table 1). The samples were
gently crushed in a hand mortar and treated with 0.1 N HCI.
The dried samples were then sieved to 90-150 um grain
fractions. The grains were mounted on twenty-four stain-
less steel discs using Silkospray. The natural signals were
removed using post-infrared—infrared stimulated lumines-
cence (pIR-IRSL; Buylaert et al. 2009) using a Risoe TL/
OSL reader (facility at IIT Kanpur). An arbitrary beta dose
(100 Gy) was given to all discs. Eight sets were made, each
set contained three discs. All sets were illuminated by solar
light using a sun simulator (SOL 400) for different exposure
times (from O to 300 s). The remaining luminescence signal
(IRSL at 50 °C; IRs) in the dosed samples after illumina-
tion was measured using the same pIR-IRSL protocol (Buy-
laert et al. 2009). The inter-disc variations (sample amount,
brightness) were normalized by a fixed test dose (10 Gy).
The time difference between irradiation and remaining IRSL
measurement was kept constant for all sets to avoid the effect
of athermal fading. The background-subtracted normalized
IRs, signals (first 2 s) were then plotted as a function of
illumination time. The data were fitted with both FOK and
GOK equations (Egs. 3 and 4 respective), as shown in Fig. 1
and supplementary Fig. S1. It is evident that the GOK fits to
the data better. The order of kinetics of six different samples
varies from 1.4 to 3.5, which shows it is sample dependent
(Table 1).

Constraining the parameters

To calculate the exposure age of an unknown sample, we
need to constrain the parameters of Eq. 5. The growth param-
eters, dose rate (D) and onset of dose saturation (D) can be

Table 1 Characteristics of the natural samples used for constraining the order of kinetics

Sample name Rock type Mineral composition Location Order of
kinetics (b)
RB_2 Garnetiferrous gneiss Garnet, quartz, feldspar, plagioclase, petite Kondapally 1.9
RB_3 Garnetiferrous gneiss Feldspar, quartz, plagioclase, garnet Kondapally 1.4
RB_4 Charnockite Coarse-Grained, quartz, plagioclase, feldspar, clinopy- Kondapally 23
roxene (CPX)
RB_7 Granite Quartz, K-feldspar, plagioclase feldspar, biotite Calputta, Wayanad, Kerala 2.0
RB_9 Garnett Quartz feldspar, plagioclase Kondapally 22
RB_11 Gneiss Quartz, plagioclase, feldspar, pyroxene, hornblende Bundelkhand craton 35
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Fig. 1 Fitting of decay of normalized IRSL (initial 2 s) with bleaching time for FOK (left) and GOK (right). The fitting parameters (6¢ and b)
are shown inside the figures. The residuals (experimental data-fitted value) are shown in the insets of the figures

determined separately by measuring the concentration of U,
Th, and K, and the dose-response curve, respectively. The
order of kinetics (b) can be estimated by fitting the light-
dependent decay of the OSL signal as described above
(“Establishment of the new model”). However, constraining
the other two parameters, the light-dependent de-trapping
probability (c¢,) and light attenuation coefficient () is not
straightforward. To constrain those two parameters, we need to
rely on the OSL depth profile of a sample of known exposure
age having no erosion since exposure to sunlight. This cali-
bration sample must be of same rock type and same location
as of unknown sample. Here we take the OSL depth profile
of the sample LS_1K_cal of exposure age of 3 yrs (Luo et al.
2022). The D(=3.3 Gy/kyr) and D, (=506 Gy) of this sam-
ple are known. As the order of kinetics (b) of this sample is
not known, we constrain 6@, and y for different values of b
(1.0, 1.5,2.0, 2.5 and 3.0). We first generated a synthetic OSL
depth profile by numerically solving Eq. 5 for a random value
of o, (ranged from 10 to 10™* s7!) and u (ranged from 1
to 3 mm™~!). A total of 20,000 random OSL depth profiles
were generated through forward modelling, and the best pro-
files were selected using an inverse modelling approach as
described in several research (e.g. Elkadi et al. 2022; Lehmann
et al. 2019a, b). Each synthetic profile was compared with the
experimental data using the following misfit function (y) and
likelihood (P).

2
—(i) —(i)
1 _
(nsynlhetin nexperiment

P p ©

i=1

o

P=¢T @)

where [ is the number of experimental data points, and o is
the standard deviation of the plateau (where profile saturate
to 1) of n. Finally, the best profiles were selected through
the selection algorithm P/P,> R, where P, is the maximum
of P, and R is the random number between 0 and 1 (from
a uniform distribution). The fitting of experimental data is
shown in Fig. 2. Multiple selected profiles provide a distri-
bution of og, and p. As these parameters, particularly y,
are very sensitive for exposure age calculation, we report
here 6@, and u for the best path. Results show o, and u
are different for different b; with increasing b, both o¢, and
u increase (Fig. 2). Thus, multiple combinations of o¢,, u
and b are possible. To constrain ¢, and y uniquely, we must
determine the order of kinetics separately as described above
(“Establishment of the new model”).

Impact of order parameter, b

The general order kinetic (GOK) model predicts a slower
decay of OSL signal with the time of light exposure than that
of the first-order kinetic (FOK) model. It is established that
the GOK model (b> 1) best explains the OSL decay with
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Fig.2 Estimation of parameter (6@, and p using inverse modelling of Eq. 5 for the calibration sample (LS_1K_cal; Luo et al. 2022) of known
exposure age (3 yr) for different order of kinetics (b=1.0, 1.5, 2.0, 2.5, and 3.0)

time of exposure (“Establishment of the new model”). So,
it is expected that for the GOK model, the OSL depth profile
will propagate slower than the FOK model (b=1). To see
this effect, we synthetically generate the OSL depth profile
of the calibration sample (LS_1K_cal) by numerically solv-
ing Eq. 5 for different exposure times (1, 10, 10%, 10%, 10,
10° and 10° yr) and for different b values. Note that 5¢,_ and
u are different for different b (Fig. 2). A comparison of OSL
depth profiles propagation with time is presented in Fig. 3
for two different b (1 and 2). As expected, the OSL depth
profile propagates faster with time for the FOK model than
the GOK model. For the GOK model, the OSL depth pro-
files are squeezed within a shallower depth, and this effect
will be higher for higher b. Thus, compared to the GOK
model, the FOK model will predict (1) lower exposure age
of an unknown sample when the exposure age is higher than
the age of the calibration sample and (2) higher exposure age
when it is lower than the age of the calibration sample. Gen-
erally, the calibration sample is younger than the unknown
sample and thus we can state the FOK model underestimates
the exposure age.

Figure 4 shows both FOK and GOK (here b =2) mod-
els of the OSL depth profile reach a steady state where the
rate of growth of OSL signal due to ambient radioactivity is
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for first order (b=1) and second order (b=2) kinetics. The kinetic
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Fig.4 Variation of half saturation depth (x,5) with the exposure
time for different order of kinetics. This demonstrates how the depth
of half saturation propagates with time. The black dot in each curve
refers 95% of the saturation (x,s). The corresponding time refers

upper age limit (z,,,,) which is model dependent

balanced by the rate of decay due to exposure to light. Thus,
the OSL depth profile does not propagate further beyond
a particular time, which can be defined as the upper age
limit (z,,,,). To quantify 7, ., we trace the propagation of
half-saturation depth (x, s; depth corresponds to n = 0.5),
instead of the whole profile, with time for different b. The
results are shown in Fig. 4. The x5 reaches a steady state
at a particular time, and the times it reaches a steady state
are different for different b. To quantify the ¢,,, ., we define a
point in that nonlinear curve where x5 is 95% of x,,,, (xo5
corresponding to the infinite time of exposure); beyond this
point it is very difficult to estimate the exposure age. The
observed ¢, decreases with b; ¢, . equals 75, 61, 52, 45,
and 36 kyr for b equals 1, 1.5, 2.0, 2.5 and 3.0, respectively.
Here we must mention that these upper exposure age limits
are sample-specific, and the present calculations are based
on the calibration sample (LS_1K_cal; exposure age of 3
yrs; Luo et al. (2018).

Application of GOK model to unknown
samples

The exposure ages of 14 samples of Luo et al. (2022) were
recalculated using the GOK model. As the order of kinetics
of these samples is unknown, we calculated the exposure
ages of these samples for different b (1.0, 1.5, 2.0, 2.5 and

AN

3.0). Note that ¢, and p are different for different b (Fig. 2).
Same inverse modelling was applied to estimate exposure
ages from experimentally measured OSL depth profiles as
described in “Constraining the parameters”; for calibration,
parameters (¢, and p) were constrained when 7,,,,,,, Was
known, whereas here, 7,,,,,,, Was constrained for a known
set of parameters. Here we ran the code for 100,000 random
paths. We used the same growth parameters D (=3.3 Gy/
kyr), Dy (=506 Gy) and the five different sets of b, 6@, and
as derived from fitting the calibration sample (Fig. 2). Thus,
for each sample, five exposure ages were estimated for five
different b. The results are shown in Fig. 5 for three samples,
one young (LS 70-80), one medium (LS 310-320) and one
old (LS 590-600) and for two different kinetic orders (b=1
and 2). The exposure ages of all 14 samples and five different
b are tabulated in Table 1 and shown in supplementary Fig.
S2 to S15. Any reported age was calculated from the distri-
bution of 7,,,,,,,. of the accepted paths, and the value is the
median of that distribution with 1 ¢ uncertainty (asymmet-
ric). The percentage of uncertainty increases with increasing
the 7,,,.r.- As the OSL depth profile propagates nearly with
the logarithm scale (or slower than that), it is expected that
the uncertainty of 7, 18 very high for older samples.
When the predicted exposure is close to the upper age limit
(Tyax)s Lexposure CanNOL be calculated. Note that the 7,
calculated by Luo et al. (2022) using FOK exactly matches
our calculation for =1 (Table 1 and supplementary Fig.
S16). Importantly, the 7,,,,,,,,, calculated by Luo et al. (2022)
by incorporating an arbitrary erosion nearly matches with
the present 7,,,,,,,, for b=2 (see Table 2 and supplementary
Fig. S17). Luo et al. (2022) incorporated arbitrary erosion
(or erosion rate) and thus shifted the profile because their
exposure ages using first-order kinetics with no erosion were
lower than the expected ages reported by other independent
studies (Dong et al. 2018). And somehow, by shifting the
OSL profile arbitrarily (0.5, 1.0, 1.5 and 2.0 mm), their ages
matched with the expected ages. Here we argue that their
age underestimation was not due to erosion but due to inap-
propriate usage of the kinetic model (FOK model). We also
argue that these samples follow general order kinetic (b> 1)
and most possibly b~2.0.

As the different exposure ages give an idea of the spe-
cific event, k-means clustering of multiple age values is per-
formed on the fourteen samples as done by Luo et al. (2022).
Following the same clustering, ages are re-established for
general order Kinetics (7,5, corresponding to b=2 and
no erosion). The four clustered ages are 679 yr, 34-274 yr,
2.6-6.3 kyr, and > 17 kyr (Fig. 6) which coincides with
clustered ages reported by Luo et al. (2022) (using the FOK
model with arbitrary erosion) and other independent studies
by Dong et al. (2018).
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Fig.5 Prediction of exposure age using inverse modelling of three samples, one young (LS70_80), one medium (LS310_320) and one old
(LS590_600) using GOK model for two different kinetic orders (b=1 and 2)
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Table2 Summary of exposure ages calculated form the OSL depth
profile of fourteen samples of Luo et al. (2022) obtained using
the GOK model and for different order of kinetics (b=1.0, 1.5, 2.0,

2.5, and 3.0). The ages obtained by Luo et al. (2022) using the FOK
model with and without erosion correction are also tabulated here.
The & refers erosion thickness

Sample Exposure ages using GOK model [present study] Exposure ages using the FOK model (Luo
et al. 2022)
b=1 b=1.5 b=2 b=25 b=3 Without erosion With erosion correction
correction

LS0_10 13.0%] 2yr 17.742%yr 22.0*28yr 32.0%%yr 45.0*74yr 13£02 yr 22+3 yr (€: 0.5 mm)
LS30_40 15.3*10y 20.2+)8y 23.6'71yr 317438y 4.7+ yr 151 yr 26+2 yr (€: 0.5 mm)
LS70_80 34, 2f§ ;yr 53.5%34yr 74410 3yr 121 6“ lyr o 208.1730yr  34x3yr 59+5 yr (€:0.5 mm)
LS90_100  355%32yr 55.8%32yr 79.2+% yr 136.6* 0 1yr  244.4%8%yr  35+£3yr 454 yr (€:0.5 mm)
LS140_150 9+0 AL 6. 7+0 Layr 7. 24+1 Syr 7. 6+1 LT 8. 3+2 55" 6+1 yr 10+2 yr (€: 0.5 mm)
LS160_170  85.0*23yr 159.6*203yr 2742+ 8%y 628%%yr 928.173%8yr  84x+15yr 253 +44 yr (€: 1.0 mm)
LS210_220  26.6*;7 7yr 38.675yr 4750 yr 724700y 12047358y 254 yr 75+13 yr (€: 1.0 mm)
L5290_300  19.6*31y 26.572 1y 33.6733y 47.9* 2yr 73.80yr 1942 yr 57+4 yr (€: 1.0 mm)
LS310_320 759+62 Tyr 2.0%0 jkyr 4. 1+06kyr 13. 9+3'§4kyr > 35.6kyr 0.7+0.1 k yr 3.9+0.6 k yr (€: 1.5 mm)
1.S370_380 834. 3+50 2 7+0 3kyr 6. 3+0 Sky,- 25. 5+4 6kyr > 35.6kyr 0.9+0.1 kyr 5.0+0.5 kyr (€: 1.5 mm)
LS390_400 529. 6*27 Syr 3+0 lkyr 6+0 3kyr 5+0 (’kyr 26. 7+3 e 0.5+0.1 kyr 2.7+0.3 kyr (€: 1.5 mm)
18420_430 5.5+ 3kyr 23. 1+‘;22 Jor > 52kyr > 44 Tkyr > 35.6kyr 5.0+08kyr  73.4+16.6 kyr (€:2.0 mm)
LS450_460  3.5*03kyr 1542%yr > S2kyr > 44 7kyr > 35.6kyr 35+05kyr  43.5+8.6 kyr (€:2.0 mm)
L.S590_600 2. 1+04lwr 6. 6+1 3kyr 17. ()+4 7kyr > 44 Tkyr > 35.6kyr 2.0+0.3 kyr 19.9 +£3.3 kyr (€: 2.0 mm)
Discussion 106
The OSL of polymineral rock (or IRSL of feldspar) is a com- 10
plex process due to the presence of band-tail states where B 520y
the mobility of electrons is restricted (Jain et al. 2015; Pool- 10 °
ton et al. 2009, 2002). Thus, the IRSL system of feldspar E;D m GOO
(rate equation) is expected to behave non-linearly. The S 10 6o
non-exponential decay of IRSL with the time of light expo- 2
sure cannot be explained by the simple first order kinetics §*102 oo o
(FOK) model. It can either be explained by the presence of = pe L Q3

. . 10!
band-ta'lls (qulton et al. 2009, 2002)' (?r d1§tant-dependent 0 FOK Age (Luo et al. 2022)
tunnelling (Jain et al. 2015). Very initial signals (first few - ® GOK (b =2) Age (Present Study)

seconds) of IRSL are used for surface exposure dating. And
probably, in all previous studies, it was assumed that the
initial IRSL signal follows first order decay as observed for
OSL of quartz (Bailey et al. 1997). However, several studies
suggest the initial IRSL signal decay much slower than that
of quartz (Buylaert et al. 2012; Godfrey-Smith et al. 1988;
Thomsen et al. 2008). This is commonly used to test the
bleachability of the IRSL signal for dating applications. In
the general order kinetic (GOK) model, the order of kinetics
takes care the nonlinearity arising from band-tail states and/
or tunnelling (Biswas et al. 2018; Guralnik et al. 2015a, b).
The GOK model is used to explain temperature-dependent
decay of IRSL of feldspar (Guralnik et al. 2015a, b), TL
of feldspar (Biswas et al. 2018, 2020; Stalder et al. 2022).
Guralnik et al. (2015a) observed that the order of kinet-
ics (b) varied from 2.35 to 3.28 in KTB borehole samples.

100 200 300 400 500 600 700
Scarp height along fault slip direction (cm)

Fig.6 Clustering for exposure ages obtained using the GOK model
(b = 2) (present study) and FOK model (Luo et al. 2022). The
empty dotted clusters are for the FOK model (Luo et al. 2022) and the
solid (blue) clusters are for the GOK model (b = 2) (present study).
Note that exposure ages of two samples (LS420_430 and L.S450_460)
cannot be constrained for b = 2 as they are near to steady state (52
kyr) and are denoted as color gradient bars

The present study on light-dependent decay of IRSL signal
observes that b ranges from 1.4 to 3.5 for six different rock
samples (“Establishment of the new model”). This study
recommends using the GOK model that better explains the

@ Springer
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non-exponential decay of the IRSL signal and a modified
rate equation (Eq. 5) for surface exposure dating.

To constrain the light-dependent kinetic parameters
(o@,, u and b) of Eq. 5, a calibration sample from the
same location and same rock type is used. For this, either
a known exposure sample is used (Lehmann et al. 2018,
2019a; Luo et al. 2022; Sohbati et al. 2012c) or a freshly
exposed surface is kept for a year or so. Caution must be
taken that this calibration sample does not undergo any
erosion since exposure to sunlight or if there is erosion,
its pattern should be known. All three parameters (o@,,
u and (b) cannot be constrained simultaneously from the
OSL depth profile of the calibrated sample; with changing
b, the other two parameters (o ¢, and u) change. Thus, we
recommend constraining b independently, as discussed in
the “Establishment of the new model”, and then constrain-
ing o, and u. A few studies have attempted to estimate
u and 0@, independently (Fuhrmann et al. 2022; Meyer
et al. 2018).

The shape of the OSL depth profile changes with b;
for higher b, the profile becomes more slanting than that
of lower b. The slope of the OSL depth profile for FOK
is very high near the half-saturation depth point (x;5)
whereas experimental data show a lower slope (e.g., see
supplementary Fig. S5). This indicates that the GOK
model fits the experimental OSL depth profile better. The
OSL depth profile for FOK propagates with time in the
logarithmic scale or slower. Figure 4 shows the slope of
the half saturation (x;s) with logarithm of exposure time
is constant initially when light-dependent decay dominates
over radiation-induced growth. The slope becomes lower
when radiation-induced growth becomes significant to
light-dependent decay and reaches a zero when radiation-
induced growth equals to light-dependent decay (steady
state). For the GOK model, the propagation rate is slower
than that of FOK. Thus, it is expected for higher exposure
age (say higher than tens of kyr), the associated uncer-
tainty will also be larger (not as a linear percentage). So,
we recommend reporting OSL surface exposure age and
associated uncertainty in the logarithm scale (as shown in
Supplementary Figs. S16 and S17). The upper age limit
(,,4)» time to reach steady state, depends on b and thus
0@, and p as described in “Impact of order parameter, b”.

For a non-eroded rock surface, the FOK model under-
estimates the exposure age and often, this underestimation
is explained by different erosion patterns, such as con-
stant (Sohbati et al. 2018), step function like (Lehmann
et al. 2018, 2019a), or stochastic nature (Brown and
Moon 2019). Similarly, for an eroded rock surface, the
FOK model predicts higher erosion (if exposure age is
constrained separately). Thus, choosing the appropriate
model (GOK) and constraining the order of kinetics (b)
is essential.

@ Springer

The results on revaluation of exposure ages of the sam-
ples (Luo et al. 2022) using the GOK model indicate two
possibilities, either the samples follow second order kinet-
ics (b=2) and faced no erosion since exposure or follow
1 <b <2 if faced erosion but the erosion must be lower
than the arbitrary erosion considered by Luo et al. (2022).

Conclusions

The present research demonstrates that the first order kinetic
(FOK) model of OSL surface dating estimates the exposure
age inaccurately; it severely underestimates the exposure
age, particularly for higher exposure ages. The general order
kinetic (GOK) model explains the light-sensitive decay of
OSL of polymineral rock (IRSL of feldspar) more accurately
than that of the FOK model. We thus recommend using
the GOK model for the surface exposure dating. The order
of kinetics is sample dependent and should be constrained
separately by fitting the decay pattern of the first few seconds
of IRSL signal with sun exposure time and then the other
parameters (6@, and u) should be constrained from OSL
depth profile of known age sample. The upper age limit, time
to reach steady state, depends on the kinetic parameter; the
typical value for the present samples (Luo et al. 2022) for
b =2 is~50 kyr for non-eroded surface. However, this value
can vary for different rock types and different locations. The
reassessment of exposure ages of Luo et al. (2022) validates
the importance of the GOK model that we propose.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43538-023-00172-y.
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