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Dolomite luminescence
thermochronometry reconstructs
the low-temperature exhumation
history of carbonate rocks in the
central Apennines, Italy
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The lack of available thermochronological methods has so far hampered reconstructions of the
cooling and exhumation histories in carbonate rock regions. Here we develop a new trapped charge
thermochronometry tool based on the thermoluminescence signal of dolomite. It has a closure
temperature range of 45–75 °C and is applicable to carbonate domains with cooling rates of 2–200 °C
per million years. This new thermochronometric technique is tested in the central Apennines, where
seismogenic, carbonate-hostednormal faulting controls regional neotectonics. Thermoluminescence
dating is applied along the northeastern shoulder of the Late Pliocene-Quaternary L’Aquila
Intermontane Basin, at the footwall of the extensional MonteMarine Fault. Dolomite samples from the
bedrock have a mean thermoluminescence age of 4.60 ± 0.35 millions of years, whereas dolomite
clasts within the fault damage zone have a mean thermoluminescence age of 2.53 ± 0.13 millions of
years. These new thermoluminescence ages, corroborated by the existing stratigraphic constraints, (i)
provide the first direct, low-temperature exhumation ages of the carbonate bedrocks in the central
Apennines; (ii) constrain the activity of the basin boundary faults along the northeastern shoulder of the
L’Aquila Intermontane Basin. Our study demonstrates the potential of dolomite luminescence
thermochronometry in reconstructing the low-temperature cooling/exhumation history of carbonate
bedrocks.

Reconstructing the cooling and exhumation histories of carbonate bedrocks
has long been challenging due to the inapplicability of the classical low-
temperature thermochronometry techniques, such as zircon and apatite
fission-track and (U–Th)/Hemethods1. (U-Th)/He dating has been explored
for carbonates; however, its application is hindered by the low concentrations
of U and Th, as well as the complex diffusion kinetics of helium within
carbonateminerals2,3. This is amajor limitation for the tectonic reconstruction
in regions where carbonate bedrocks constitute the backbone of the exhumed
terranes, such as in the Alpine circum-Mediterranean orogens4.

In recent years, luminescence thermochronometry has been developed
and applied to unravel the cooling histories of rock bodies5–8. Luminescence
thermochronometry is based on the competition between the trapping of
free charges (induced by ionizing irradiation) into the electron traps inside
the mineral lattice (defects and impurities) and the thermally stimulated
detrapping (with the contribution of fading for feldspar) of the charges from
the traps. The concentration of trapped charges in a certain mineral can be
measured either as optically stimulated luminescence (OSL) or as ther-
moluminescence (TL), which are evicted by light and heat, respectively.
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The growth of the luminescence signal with irradiation follows a single
saturating exponential function9, as

In ¼ I0 � ð1� e�ðD=D0ÞÞ ð1Þ

where In is the natural luminescence intensity, I0 is the maximum lumi-
nescence intensity at saturation,D0 is the characteristic saturation dose, and
D is the dose the mineral received in nature. In dating, D is expressed as
equivalent dose (De). The luminescence age can be calculated by the ratio
De/Ḋ, whereḊ is the environmental dose rate (deducedmainly fromU, Th,
K concentrations). The effective closure temperature (TC) of luminescence
thermochronometry ranges from ~30 °C to ~90 °C, depending on the
mineral and signal, as well as the cooling rate and dose rate10,11. The most
used minerals for luminescence thermochronometry are quartz and feld-
spar. Since the number of electron traps in themineral lattice is not infinite,
the traps will be fully occupied with a high amount of irradiation, i.e., the
luminescence signal gets saturated. The low dating limits (lowD0 values) of
quartz and feldspar make their luminescence thermochronometry only
applicable to rapidly exhuming terrains, with cooling rates higher than
200 °C Ma−1 8. The concentration of trapped charges in quartz can also be
measuredwith the electron spin resonance (ESR), which has a higher dating
limit of ~2Ma, so that the quartz ESR signal can recover cooling rates as low
as 20–50 °CMa−112–14. In regions with cooling rates lower than 200 °CMa−1

(with regard to luminescence) or lower than 20 °CMa−1 (with regard to
ESR), the luminescence signals of quartz and feldspar and the ESR signal of

quartz in rocks exhumed to the surface are already in saturation. Further-
more, quartz and feldspar trapped charge thermochronometry is limited to
rocks containing theseminerals, and thus not applicable to carbonate rocks.

In this study, we develop the dolomite TL thermochronometry as a
new tool to assess the cooling and exhumation histories of carbonate rocks.
Diagenetic and/or structurally-controlled dolomitization is widely docu-
mented in carbonate bedrocks, imparting a first-order control on the
mechanical response and permeability distribution in carbonate rocks15–20.
Compared to dolomite, calcite is themore abundant carbonatemineral. The
semi-stable 230 °C TL peak of calcite is sensitive to surface temperature and
the thermal equilibrium state of this TL signal has been thus applied to
reconstruct the past surface temperature on Earth21,22. In contrast, dolomite
has a strong TL peak above 300 °C23–25, which has much higher thermal
stability at the surface temperature. Previous studies on the luminescence
characteristics of dolomite show that its TL signal has a strikingly high D0,
up to thousands of grays23–25. SuchahighD0 ensures ahighdating limit up to
tens of million years, which would be a significant advantage in recon-
structing thermal histories in regions with low cooling rates. Since dolomite
rheology has been documented to be harder than calcite during brittle
deformation26,27, dolomite TL thermochronometry may potentially provide
a useful tectonic/thermal marker to investigate the long-term crustal
deformation in carbonate bedrocks.

We test the potential of the dolomite TL thermochronometry in
reconstructing the cooling/exhumation history of the carbonate seismo-
genic crust of the central Apennines (Italy), in the L’Aquila region (Fig. 1a).

Fig. 1 | The study area framed within the regional geology of the central Apen-
nines. a Simplified geological scheme of the central Apennines, showing the main
tectonic structures and themain paleotectonic domains.MMF:MonteMarine Fault.
b Geological cross section across the central Apennines (from the L’Aquila Basin to
the Gran Sasso Range) showing the general structural architecture of the range

(based on the CARG sheet n° 349-Gran Sasso d’Italia112 and n° 348-Antrodoco113.
c Satellite image of the study area (Map data: Google earth, Airbus), showing the
main fault traces and locations of the studied samples, including the corresponding
dolomite TL ages (see also Table 1).
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The central Apennines provide a natural laboratory to study the long-term
response of the brittle upper crust to regional tectonics through dolomite
thermochronometry, since pre-orogenic dolomitized carbonate rocks28–32

are involved in Neogene-Quaternary syn-orogenic crustal shortening and
post-orogenic crustal extension. The central Apennine orogen consists of a
NE-verging thrust-and-fold belt formed by the Late Miocene to the Early
Pliocene stacking of Mesozoic-Cenozoic carbonate successions (Triassic-
Neogene platform-basin system33). Since the Late Pliocene, post-orogenic
extension affected the backbone of the orogen, causing the formation of
intermontane basins, such as the L’Aquila Intermontane Basin (AIB,
Fig. 1a), bordered by NW-SE striking high-angle normal faults34,35

(Fig. 1a, b). These extensional fault systems are responsible for the present
seismotectonic regime of central Italy, characterized by earthquake
sequences of moderate to high intensity, and potentially capable of earth-
quakes with Mw > 6.5

36–41.
Despite a good knowledge of the regional seismicity and the neotec-

tonic setting of the central Apennines, still poorly known is the exhumation
history of the carbonate bedrock during the transition from syn- to post-
orogenic tectonics. The orogenic crustal shortening regime (stage D1) has
been attributed to the Early Pliocene (~5.5–5.0Ma), as deduced from the
stratigraphic age of the thrust-top basins at the leading edge of the orogenic
chain (e.g., LeVicenneandMonteCoppe thrust-topbasins34,42–44). Theonset
of thepost-orogenic extension (stageD2) canbededucedby the stratigraphy
of the syn-rift deposits. Based mainly on magnetostratigraphy and bio-
chronology, the basal infill of the AIB has been referred to the Late Pliocene
(Piacenzian, 3.60–2.58 Ma45), or the late Piacenzian–early Gelasian (ca.
3.0–2.0Ma46), or the Early Pleistocene (Gelasian, 2.58–1.8Ma47). Direct age
of the D2 extensional faulting in Central Apennines has been obtained
through U-Pb dating of calcite mineralizations associated with the Monte
GorzanoFault (Fig. 1a), showing that extensional deformationbeganat least
~2.5Ma ago48. Finally, geomorphological, geochemical and fission track
thermochronological results from the central Apennines have documented
a major erosion/exhumation event since ca. 3.0–2.5Ma during the early
stages of formation of the intermontane basins, at rates of ~1mm yr−1 49–52.

The Monte Marine Fault (MMF) is part of the northeastern basin
boundary faults of theAIB, a 50–60 km long extensional fault system, able to
generate earthquakes with Mw higher than 6.553–57 (Fig. 1a). The MMF
comprises several active extensional fault strands with en-echelon geome-
tries that, striking NW-SE and dipping to the SW, form a ca. 10 km-long
deformation zone crossing the lower piedmont of the Monte Marine37,58.
These fault segments cut across previously deformed, Lower Jurassic –
Upper Cretaceous carbonate bedrock and the Upper Miocene foredeep
siliciclastic deposits32. The Lower Jurassic carbonate succession (Calcare
Massiccio Fm and Corniola Fm) documents Jurassic rifting, with the for-
mation of the Monte Marine Pelagic Carbonate Platform59–62. The Monte
Marine Pelagic Carbonate Platform shows evidence of post-sedimentary
dolomitization32, similarly to what was observed in analogous carbonate
platform systems of the central Apennines28–31. The dolomitized carbonates
are affected by two main stages of Neogene to Quaternary regional
deformation58: (i) D1, orogenic shortening; and (ii) D2, post-orogenic
extension (Fig. 2). The D1 deformation developed in response to a NE-SW-
directed maximum compression direction, with formation of disjunctive
andanastomosed solution cleavagedomains and low-angle cataclastic zones
(meter thick) along major NE-verging thrust systems in the carbonate
bedrocks (Fig. 2a, b). The D2 deformation overprints the D1 structures and
reworks the thrust-related cataclastic zones along sub-vertical fault zones
downfaulting the thrusted units to the SW along the MMF strands
(Fig. 2a, c). The damage zone of theMMF is characterized by a large volume
of in-situ shattered rocks hosting dolomite clasts of different sizes (Fig. 2d),
which are interpreted as the product of multiple seismogenic events in a
mechanically heterogeneous carbonate substratum58. Therefore, pre-
orogenic dolomite grains (preserved either as carbonate bedrock or as
fault clasts within the damage zone of theMMF)may provide an ideal strain
marker to reconstruct the tectono-thermal history of the Apennine carbo-
nate bedrock from D1 orogenic contraction to D2 post-orogenic extension.

Results and discussion
Dolomite TL ages and cooling rates
Four dolomite clasts were collected within the damage zone of the exten-
sional fault at the piedmont of the Monte Marine, and two dolomitized
bedrock samples were collected at different distances (~20m and ~100m,
respectively) from the main fault trace (Fig. 1c; Table S1; Methods section).
X-ray diffraction (XRD) analyses indicate that the samples are made of
almost pure dolomitewith only trace amount of calcite (Fig. S1). TL spectral
measurements show that the emission is centered at ~580 nm for both the
bedrock and clasts (Figs. 3a and S2). Natural TL curves have two peaks at
~280 and 350 °C with a heating rate of 5 °C s−1, while TL curves with
artificial dose administered in laboratory show three peaks at ~150 °C,
250 °C and 350 °C, respectively (Fig. 3b and S3). Peak deconvolution indi-
cates another peak at ~295 °C (Fig. S3). The 280 °C TL peak in the natural
signal appears to be a combination of the two TL peaks at ~250 and 295 °C.
In thermochronometric application, the TL curves with laboratory doses
were measured after a preheat to 260 °C to remove low-temperature peaks,
and the 350 °C TL peak is of our interest. A multiple-aliquot additive-dose
dating protocol was used63 (Table S2). The TL intensities of different groups
of aliquotswith different additive doses (0–8000 Gy)weremeasured and the
relationship between the TL intensity and the additive dose was fitted with
Eq. (1) to obtain theDe (Figs. 3c, d, S4). The TL intensity with 0 Gy additive
dose is the natural TL signal (In). Meanwhile, the maximumTL intensity at
saturation (I0) can be deduced from the fitting. The signal saturation level of
In/I0 will be used for the cooling history modeling. From the De values and
dose rates, the two dolomitized bedrock samples (LUM4774, LUM4775)
have apparent TL ages of 4.82 ± 0.46 and 4.38 ± 0.52Ma (1σ error),
respectively, with a mean age of 4.60 ± 0.35Ma. The four dolomite clasts
(LUM4524, LUM4525, LUM4771, LUM4773) on the fault damage zone
provide apparent TL ages of 2.50 ± 0.24, 2.47 ± 0.25, 2.69 ± 0.30, and
2.46 ± 0.23Ma, respectively (Table 1). The mean TL age of the dolomite
clasts is 2.53 ± 0.13Ma, which is ~2.1Myr younger than the dolomitized
bedrocks.

For trapped charge thermochronometry, the cooling rate can be
deduced bymodeling the charge accumulationwith the cooling history. For
minerals without anomalous fading, the rate of charges accumulating inside
the electron trap responsible for the luminescence signal can be described by
the following equation6,8,64, with the first-order kinetics:

dðnNÞ
dt

¼ ptrapping 1� n
N

� �
� pdetrapping

n
N

¼
_D
D0

1� n
N

� �
� 1

τ

n
N

� �
ð2Þ

where t (s) is time, n is the number of occupied electron traps,N is the total
number of the electron traps, n/N is the trap saturation level which is
represented by the luminescence signal saturation level (In/I0). The ptrapping
is the probability of a charge occupying the trap, which equals toḊ/D0. The
pdetrapping is theprobability of a charge escaping the trap,which equals to 1/τ.
τ is the thermal lifetime of the trapped charges, which can be described by
the following equation:

τ ¼ s�1eE=kT ð3Þ

in which E (eV) and s (s−1) are the activation energy and the escape fre-
quency factor of the trap, respectively, T (K) is the temperature, and k is the
Boltzmann constant.

With a certain cooling rate, the signal growth with time (with a reso-
lution of 1 kyr) can be modeled from an initial temperature of 100 °C (so
high temperature that electrons cannot be stored in the traps) to the surface
temperature (10 °C in L’Aquila). Since the signal saturation level of a sample
at the surface can be measured by In/I0, its cooling rate can thus be deduced
(Fig. 4a, b). The cooling rates of the two dolomitized bedrock samples are
11.3 ± 2.2 and11.3 ± 1.7 °CMa−1 (1σ error), respectively,whichare identical
to each other. The effective closure temperature (TC) is a key parameter for
any thermochronometrymethod.Here, we calculate theTC values from the
TL ages, the surface temperature (TS = 10 °C) and the cooling rates of the
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two bedrock samples (Table 1), using the equation:

Cooling rate ¼ ðTC�TSÞ=age ð4Þ

The TC values of the two bedrock samples are 64.5 and 59.5 °C,
respectively. Within the cooling rate modeling, these TC values correspond
to a detrapping/trapping rate ratio of 50% for LUM4774 and 51% for
LUM4775.Thus,we can also assume that theTC is the temperature atwhich
the electron detrapping rate is half of the trapping rate (i.e., 50% open
system) during the cooling history (Fig. 4c).

With trapped charge thermochronometry, the TC changes with many
parameters, i.e., cooling rates,Ḋ,D0 and thermal kinetic parameters (E, s) of
the trap10,11. For the 350 °CTLpeak of six dolomite samples in this study, the
Evaries in the rangeof 1.71–1.88 eV, logs in the rangeof 13.0–14.6, andD0 in
the range of 2450–5920 Gy (Table 1). To study the variation of the effective
closure temperature at different cooling rates and environmental dose rates,

we applied amedianE of 1.80 eV, amedian s of 1 × 1014 s−1 and amedianD0

of 5000 Gy, to simulate the signal growthwith the cooling rate in the rangeof
2–200 °CMa−1 and theḊ in the range of 0.1–2.0 Gy ka−1. Under each pair of
cooling rate andḊ, the signal saturation level of a dolomite sample exhumed
to the surface can be obtained, which can be converted into a TL age from
Eq. (1). Consequently, aTC can be calculated fromEq. (4). Overall, theTC is
in the range of ca. 45–75 °C (Fig. 4d). The TC is sensitive to the cooling rate,
with a higher TC at a higher cooling rate. However, it is not sensitive to the
dose rate except when the cooling rate is very low (<5 °CMa−1).

The youngerTL ages of the dolomite clasts (~2.1Myr younger than the
bedrocks) in the fault damage zone of the MMF is the evidence that pro-
cesses other than rock exhumation have operated to reset the dolomite TL
signal, such as (i) a fluid-mediated (re-)crystallization and/or (ii) frictional
heating during fault activity65–70. The shale-normalized rare earth elements
and yttrium (REY) of the dolomite samples (bedrock, fault clasts and cat-
aclasticmatrix) overlapwith eachother, showing a consistentREY signature
(Fig. S5), with anomalies that are typical for seawater-derived chemical

Fig. 2 | The structural architecture at the piedmont of the Monte Marine. a 3D
structural scheme of the study area (not to scale, location of structures is only
indicative) showing the tectonic overprinting of D2 post-orogenic extensional
faulting on the D1 contractional structures. The stereoplots (Schmidt lower emi-
sphere projection) shows representative D1 and D2 structures. b D1 anastomosed

dissolution surfaces formed by tectonic shortening in the dolomitized bedrock,
indicating the pre-orogenic origin of dolomitization. c Distributed extensional
faulting within the damage zone of the Monte Marine Fault (MMF) D2 at the
piedmont of the Monte Marine. d Detail showing dolomite clasts within the
MMF rocks.
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sediments, such as positive La, Gd and Y anomalies and a negative Ce
anomaly71,72. Variations in the overall REY concentrations among the dif-
ferent samples are thus probably related to regional variations within the
lithological units, as the sample sites are hundreds of meters apart. Indeed,
previous studies have reported variations of REY concentrations up to three
orders of magnitude for Italian limestones73. Therefore, the similarity of the
REYfractionationpatterns of the studied samples suggests a closedchemical
system without significant alteration/metasomatism in the carbonate bed-
rock during faulting. Accordingly, the more feasible scenario for the TL
signal resetting appears to be the frictional heating during the fault slip. The
luminescence and ESR signal resetting due to frictional heating have been
reported for fault zone samples74–76 and validated by laboratory
experiments65,66,77–79. The extent to which luminescence and ESR signals are
reset, completely or partially, depends on factors such as the slip rate, stress

regime, and proximity to the fault core65,66,79. Since polyphase and
active seismogenic faulting is documented along the MMF since
Pleistocene37,58,80,81, the apparent TL ages of ~2.5Ma of the fault clasts might
be a combinedresult of several partial resetting events that accumulatedover
the exhumation history of the clasts. However, under this scenario, the
similar apparent TL ages of the fault clasts would require similar degrees of
partial resetting between the clasts during these events. Considering the
different sizes and different along-strike locations of the clasts which should
result in different susceptibilities to frictional heating, the scenario of partial
resetting with similar degrees between different clasts is unlikely to occur.
Instead, the similar TL ages of the clasts can be reasonably explained by a
complete resetting scenario, which can be achieved by a single seismic event
or multiple seismic events within a seismic phase, as long as the frictional
heating is sufficiently intense. With the same slip rate, the luminescence

Fig. 3 | Thermoluminescence emission spectra and De measurements. a TL
spectra of a dolomitized bedrock sample (LUM4774). The signal corresponds to a
regenerative dose of ~1000 Gy. The emission is peaked at 580 nm for all three TL
peaks. The heating rate is 1 °C s−1. b The TL curves of a clast sample LUM4524. The
heating rate is 5 °C s−1. RTL is the TL signal corresponding to a regenerative dose of
2340 Gy. RTL (after PH) is the regenerative-dose TL signal after a preheat treatment
to 260 °C. NTL is the natural TL signal. NTL curves of 5 aliquots are shown. NTL

(after PH) is the natural TL signal after a preheat treatment to 260 °C. cTL curves for
the natural signals (NTL) and the natural+ additive dose signals for LUM4774. The
TL curves with added doses were recorded after a preheat treatment to 260 °C to
remove the low-temperature TL signal. Four aliquots were used for each group. The
heating rate is 5 °C s−1. d Dose response curve fitting and De estimation with the
multiple-aliquot additive-dose protocol. The fitted function is modified from Eq.
(1): In ¼ I0 � ð1� e�ðxþDeÞ=D0 Þ.
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signal of a sample from a greater depth is more easily to be fully reset due to
the higher stress79. At ~2.5Ma, the clasts were buried at depths below 1 km,
which would promote the complete resetting of the TL signal during
faulting. Another independent evidence supporting the complete resetting
scenario is that the dolomite clasts were sampled from an exhumed fault
damage zone along the basin-boundary faults of the AIB and their TL ages
are compatible with the inception of syn-rift sedimentation in the area46.
With a cooling rate of 11.3 °CMa−1, a TL age of 2.5Ma corresponds to a
geothermal temperature of 38 °C, under which the thermal detrapping/
trapping rate ratio of the TL signal is smaller than 0.05 (Fig. 4c). Addi-
tionally, the TL signal’s thermal lifetimes at 35 °C of the clasts are calculated
to be 28–99Ma, which are already more than 10 times longer than the
2.5Ma age. The thermal lifetimes at lower temperatures are even longer.
Thus, the TL signal can be regarded as sufficiently stable at temperatures
under 35 °C, and thermal loss is negligible. Consequently, the apparent TL
ages of ~2.5Ma can represent the true age when the resetting event hap-
pened. Given these considerations, we hypothesize that the TL signals of the
fault clasts were reset completely during a major seismic event (or a major
seismic phasewithmultiple seismic events) at ~2.5Ma ago, likely associated
with the onset of D2 post-orogenic extensional faulting in the central
Apennines. However, based on the field evidence documenting in situ rock
shattering associatedwith theMMFdevelopment,which suggests thatfluid-
and/or gas-mediated fracturing likely contributed to the development of the
fault damage zone58,82, we cannot exclude a contribution given by the
structurally-controlled fluid-rock interaction in resetting the TL signals in
the damage zone of the MMF.

Contribution to refining the central Apennine neotectonics
The Early Pliocene (4.60 ± 0.35Ma) exhumation age of the carbonate
bedrock at the northeastern shoulder of the AIB indicates an exhumation
event that predated the onset of post-orogenic extension in the central
Apennines. Assuming a geothermal gradient of 25 °C km−183 and a TS of
10 °C, theTC of ca. 60 °C corresponds to an exhumation depth of ca. 2.0 km
(Fig. 4c). From the cooling rates of the two bedrock samples (11.3 ± 2.2 and
11.3 ± 1.7 °CMa−1), the exhumation rates are calculated to be 0.45 ± 0.09
and 0.45 ± 0.07mm yr−1, respectively. The mean exhumation rate is
0.45 ± 0.06mm yr−1. It indicates that the carbonate bedrock traveled
through a paleo-geothermal temperature of 60 °C (2 km depth) at
4.60 ± 0.35Ma and continued to be exhumed to the surface with an average
exhumation rate of 0.45 ± 0.06mm yr−1. Notably, these Early Pliocene TL
ages are in principle compatible with timing of the orogenic thrusting in the
region (late Messinian-Early Pliocene in age33). Consequently, the bedrock
dolomite TL dating provided in this study suggests that exhumation of
the basin shoulders of the AIB was likely primarily driven by thrust-
related erosion during the D1 nappe stacking and orogenic construc-
tion (Fig. 5a).

The Early Pleistocene TL ages between 2.4 and 2.7Ma (average:
2.53 ± 0.13Ma) as derived from the fault clasts within the damage zone of
the MMF indicate a fault-related signal resetting event, which can be ten-
tatively interpreted as the timing of the onset of the D2 post-orogenic
extensional faulting in the central Apennines. At regionals scale, this timing
is in line with (i) the major erosion/exhumation event at 3.0–2.5Ma during
regional uplift49,50,52,84–86; (ii) the stratigraphic ageof thebasal syn-rift deposits
across the backbone of the orogenic chain46; and (iii) the direct dating of
extensional faulting in the central Apennines48 (Fig. 5b). After the signal
resetting at 2.53 ± 0.13Ma, the dolomite TL signals of the fault clasts within
the damage zone of theMMF started to accumulate again as induced by the
progressive hanging wall downfaulting during formation of the AIB
shoulder. In this scenario, assuming (i) themaximum~1.8 km stratigraphic
separation across theMMF32, and (ii) an average fault dip angle of 65° for the
extensional MMF, a maximum long-term (tectonic- and erosion-related)
exhumation rate of 0.71 ± 0.04mm yr−1 can be thus derived for the footwall
carbonate bedrocks, converting to an average maximum fault slip rate of
0.78 ± 0.04mm yr−1 (Fig. 5c). This value is inprinciple compatiblewithboth
the short-term (paleoseismic) and long-term estimates of fault slip rates inT
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the central Apennines, which are in the order of 0.4–1.2 mm yr−1 (preferred
0.6–0.8mm yr−136) and 0.9mm yr−148, respectively. Additionally, our long-
term exhumation rate of 0.71 ± 0.04mm yr-1 aligns with the short-term
tectonic throw rates of 0.4–0.6mm yr−1(cumulative ~1.0mm yr−1)
observed across different MMF segments over the last 35 kyr81. This evi-
dence suggests that, over the long-term, tectonic rates may have remained
nearly constant in the region since Early Pleistocene. It also highlights the
potential of dolomiteTLdating for assessingmean spatio-temporal fault slip
rates, contributing to a better understanding of the long-term tectonic
evolution in seismically active regions.

The potential of the dolomite TL thermochronometry
Due to the low D0 values, quartz and feldspar luminescence thermo-
chronometry tools are only applicable in rapidly exhuming terrains with
cooling rates higher than 200 °C Ma-18, and the quartz ESR thermo-
chronometry isonlyapplicable forcoolingrateshigher than20–50 °CMa−112,13.
For the six dolomite samples in this study, theD0 values of the 350 °CTL peak

range between ~2500 and 5900Gy (Table 1). Empirically, taking a 2D0 as the
maximumvaluebelowwhich theDe canbemeasuredwith sufficient accuracy9,
the maximum measurable De would be in the range of 5000–11800Gy. The
dose rates range from0.24 to 1.02Gy ka−1. Thus, the correspondedmaximum
TLages are 11–28Ma,which is 1–2ordersofmagnitudehigher than thedating
limits of quartz and feldspar. The applicable cooling rate range of each sample
can bemodeled by an n/N range of 5–85%. For an n/N value smaller than 5%,
the cooling rate is too high and only a small amount of the natural signal has
accumulated for the sample exhumed to the surface, which will result in large
uncertainty in signal measurements. For an n/N value higher than 85%, the
cooling rate is too low, and the natural signal is too close to saturation level.
Based on the parameters (E, s,D0,Ḋ) of the six dolomite samples in this study,
the accessible minimum cooling rate is 1.7–4.1 °CMa−1 and the accessible
maximum cooling rate is 92–232 °CMa−1 (Fig. S6).

The TL signals of dolomite samples in this study show no signs of
anomalous fading (details in theMethods section), whichmakes the cooling
history modeling simpler compared to the feldspar luminescence

Fig. 4 | Cooling rate modeling and closure temperature estimation. a TL signal
(signal saturation level, n/N) growth with temperature under different cooling rates
for the bedrock sample LUM4774. With a cooling rate of 11.3 °CMa−1, the modeled
signal saturation level equals to the measured one. The (n/N)ss means the signal at
the thermal equilibrium state under a certain temperature, i.e., the sample stays at
that temperature for infinitely long time. bTL signal growth with temperature under
different cooling rates for the bedrock sample LUM4775. cDetrapping/trapping rate

ratio vs Temperature (Depth) for the two bedrock samples. Depth below surface is
calculated based on a geothermal gradient of 25 °C km−1. d Modeling the effective
closure temperature (TC) under different cooling rates (2–10 °CMa−1 with an
interval of 1 °CMa−1, and 10–200 °CMa−1 with an interval of 5 °CMa−1) and dose
rates (0.1–2.0 Gy ka−1 with an interval of 0.1 Gy ka−1). For the TC modeling, the E is
fixed at 1.80 eV, the s at 1014 s−1, the D0 at 5000 Gy, and the surface temperature
at 10 °C.
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thermochronometry87,88. Furthermore, it avoids the additional uncertainty
associated with the measurements of fading rates. The E values of the
~280 °CTLare in the rangeof 1.52–1.60 eV, smaller than thoseof the 350 °C
TL peak (1.71–1.88 eV) (Table S3). The lower thermal stability of the
~280 °C TL peak results in a smaller TC compared to the 350 °C TL peak,
thus giving it the potential to constrain the late-stage cooling history.
However, the low thermal stability also means that the thermal loss of the
280 °C TL peak may still be significant at the surface temperature (e.g.,

10 °C). A thermal equilibrium state of the signal, (n/N)ss, will be reached for
a sample which stays infinitely long at the surface. The (n/N)ss is dependent
on the surface temperature, and can be calculated from Eq. (2) by setting
d n

N =dt
� �

to zero:

ðn=NÞss ¼
_D=D0

_D=D0 þ 1=τ
ð5Þ

Fig. 5 | Tectonic and exhumation history of the northeastern shoulder of the
L’Aquila Intermontane Basin. Left panel: Summary of the dolomite TL ages framed
within the available tectono-stratigraphic temporal constraints for the D1 syn-
orogenic thrusting and D2 post-orogenic extension stages in the central Apennines.
Right panel: Schematic exhumation and tectonic history at the footwall of theMonte
Marine Fault (MMF) along the northeastern shoulder of the L’Aquila Intermontane

Basin as reconstructed from the dolomite TL ages. (a) Syn-orogenic exhumation of
the carbonate bedrock; (b) Possible resetting of the dolomite TL signal along the
nascent MMF zone; (c) Final exhumation of the MMF zone caused by the westward
propagation of the extensional faulting and opening of the L’Aquila
Intermontane Basin.
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For the 280 °C TL peak, the thermal lifetime at 10 °C (τ10) of the six
samples is in the range of 1.03–7.56Ma (Table S3), making their (n/N)ss
valueswithin 0.15–0.72 (Fig. S7a, b).While these low signal saturation levels
at the thermal equilibrium state can be used for surface
paleothermometry21,22,89, it is a disadvantage for thermochronometry.
Taking LUM4774 as an example, an (n/N)ss value of 0.15 means that all
samples with different cooling rates always have signal saturation levels
lower than 0.15 at a surface temperature of 10 °C (Fig. S7b). In this case, the
uncertainty in In/I0 measurements will result in a very high uncertainty in
the modeled cooling rate. Thus, these low (n/N)ss values hinder the appli-
cation of thermochronometry. Instead, the high thermal stability of the
350 °CTLpeakmakes the 1/τ <<Ḋ/D0, resulting in (n/N)ss values very close
to 1 (Fig. 4a, b and S7c, d). The TL curve deconvolution shows that the
~280 °C TL peak actually contains two peaks at 250 °C and 295 °C,
respectively (Fig. S3). If the thermal kinetic parameters and growth curve
parameters can be determined individually for these two TL peaks, the
295 °C TL peak should have relatively higher thermal stability compared to
the combined 280 °C TL peak, and it might be suitable to be used together
with the 350 °C TL peak for thermochronometry, to study the cooling
history in different temperature regimes.

The cooling history modeling was performed by assuming that one
single trapwith a uniqueE is responsible for the 350 °CTLpeak of dolomite.
However, there is also a possibility that the 350 °CTL peak corresponds to a
group of electron traps with their E values in a Gaussian distribution, which
is the case for quartz ESR signal12–14, 69. The reported standard deviation
values of E (σE) for trapped charge thermochronometry are almost always
smaller than 0.2 eV12–14, 69. We performed cooling history modeling for
LUM4774 assuming Gaussian distribution of E values, with the σE value
ranging from 0 to 0.3 eV (Fig. S8a). The modeled cooling rate decreases
slightly with higher σE values, and reaches 10.3 ± 2.0 °CMa−1 with a σE of
0.2 eV, which is still consistent (considering the uncertainty) with the
cooling rate of 11.3 ± 2.2 °CMa−1 based on the single-trap modeling (σE =
0) (Fig. S8b). We also simulated the signal growth under different cooling
rates with a fixed σE of 0.2 eV. With the Gaussian distribution of traps, the
luminescence signal starts to accumulate at higher temperatures compared
to the single-trap scenario, due to the contribution of deeper traps; mean-
while, the (n/N)ss value at the surface temperature becomes lower than 1,
due to the contribution of shallower traps (Fig. S8c, d). Regarding the n/N
values at the surface temperature, significant deviation between the two
scenarios starts to occur only when the cooling rate is below 10 °CMa−1.

To conclude, the dolomite TL thermochronometry significantly
broadens the applicable cooling rate ranges for the trapped charge ther-
mochronometry compared to quartz and feldspar. Moreover, in carbonate
bedrocks, where traditional thermochronometry is not applicable due to the
absence of target minerals (e.g., zircon, apatite, quartz, feldspar), dolomite
thermochronometry provides a viable and effective approach for recon-
structing the cooling and exhumation histories, to contribute to refining the
long-term tectonic evolution at a regional scale. Finally, our study also
indicates that the TL signal of dolomite in the fault zone can be completely
reset during seismic events, and the corresponding TL age can be used to
constrain the paleo-seismic activity along major fault strands.

Methods
Sample information
Four dolomite clasts (LUM4524, LUM4525, LUM4771, LUM4773) at dif-
ferent locations in the fault damage zone of theMMFwere collected in June
2022, for TL dating. The clasts are of sphere shape, with diameters of ca.
3–5 cm, and weights of ca. 40–200 g. Five samples from the cataclasite
matrix were collected close to these dolomite clasts. Two dolomitized
bedrock sampleswere also collected forTLdating at different distances from
the fault damage zone (~20m for LUM4775 and ~100m for LUM4774,
respectively). Two fault clast samples, two matrix samples and two dolo-
mitized bedrock samples were tested with XRD analyses with a PANalytical
MPD Pro XRD equipment at the Federal Institute for Geosciences and
NaturalResources (BGR),Hannover,Germany, and the results indicate that

all the samples are dominated by dolomite mineral with trace amount of
calcite (Fig. S1). Details of sample information and adopted analytical
methods for the samples are provided in Table S1.

U, Th, K and REY measurements
The mass fractions of rare earth elements and the pseudolanthanoid Y, as
well as U, Th, and K (required for dose rate calculations) were measured
after wet chemistry with a QQQ-ICP-MS instrument in the Laboratory of
the Geochemistry Research Unit at BGR. The samples were ground into
powder in an agate mortar. 250mg of the dried powders were digested by
10ml of 5M HNO3 (suprapure grade) inside acid-cleaned Savillex PTFE
beakers. The suspensions inside the beakers were heated to 70 °C on a
hotplate for 2 h. Afterwards, the suspensions were cooled down to room
temperature, and were filtered with acid/DI-cleaned filter syringes with a
pore size of 0.2 µm. The filtered solutions were diluted with DI to achieve a
finalmolarity of 1MHNO3. These solutions weremeasuredwith a Thermo
Fisher iCAPTQ ICP-MS. TheREY, Th andUweremeasured inKEDmode
with He as reaction gas. Potassium was measured on mass 39 with O2 as
reaction gas to minimize interferences by e.g., 38Ar1H. The European Shale
dataset (EUS90) was used for normalization of the REY data. The reference
material J-Do1 (dolostone; issued by the Geological Survey of Japan) was
digested along with the samples for quality control. The measured K mass
fraction of J-Do1 was 18.8 ppm (reference: 19.3 ppm; georem Database;
accessed on 12.05.2023), and the measured Th and U mass fractions of
J-Do1 were 0.044 and 0.84 ppm (published literature values are <0.04 and
0.88 ppm91). The measured mass fractions of the rare earth elements and Y
in JDo-1 deviatedbetween+2 and+10% in comparison to published JDo-1
data91.

Sample preparation for TL measurements
Samples used for TL dating were prepared under subdued red light in the
luminescence laboratory in Leibniz Institute for Applied Geophysics
(LIAG),Hannover,Germany.Artificial bleaching tests show that thenatural
TL signals of dolomite samples can be depleted by~50%after being exposed
to a solar simulator (model: UVACUBE 400 of Dr. Hönle UV Technology)
for 2 h (Fig. S9). To remove the effect of sunlight exposure, the clast samples
were firstly immersed under the 32% HCl acid for reaction. The volume of
theHCl acid usedof each clastwas calculated to dissolve about halfweight of
the clast.Usually, after 1–2 h, the reactionbecameveryweak.The clastswere
taken out and washed by distilled water and weighed. The weight loss was
generally 40%. The two bedrock samples were large pieces of rocks. They
were firstly crushed into small fragments under the subdued red light. The
fragments from the middle part of the bedrock were chosen to be further
reacted with the 32% HCl acid to remove ~40% of the weight. Afterwards,
these samples were gently crushed in a steel mortar under water. The pro-
ducts were wet sieved and the 100–200 µm fraction was separated for De

measurements. For one sample (LUM4525), the 63–100 µm fraction was
also separated and itsDewasmeasured for comparison.Thedolomite grains
were mounted on stainless steel disks to prepare the aliquots for TL
measurements.

TL emission spectra measurements
The TL spectra were measured using an Andor Shamrock 163 Czerny-
Turner spectrograph coupled to an Andor Newton DU920P back-
illuminated charge-coupled device (CCD) camera built into a Lexsyg
Research reader at the Institute of Geography, Justus Liebig University of
Giessen. A diffraction gratingwith a groove density of 300 linesmm−1 and a
blaze wavelength of 500 nm was used. For wavelength calibration, we used
the ionization emission lines ofmercury andREY froma ‘white-light’ ceiling
lamp92. Spectra were efficiency-corrected using a spectral-response function
obtained from the product of efficiency curves provided by the manu-
facturers, including for a 3-mm thick SCHOTT KG-3 filter, diffraction
grating, CCD camera, and fiber optic bundle. Wavelengths spanning
350–650 nm were transmitted with over 50% efficiency. A background
spectrum obtained at room temperature was subtracted from the
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measurements prior to any data processing. The spectra contained abrupt
signal spikes probably caused by cosmic rays. These outliers were removed
by applying a running median of length 3 along the temperature axis and
then along the wavelength axis iteratively 6 times via the ‘apply_Cosmi-
cRayRemoval’ function of the ‘Luminescence’ (v0.9.19) R package93.

De measurements
Luminescence measurements were performed with a Risø TL/OSL reader
15. A 2-mm thick SCHOTT BG-39 filter (transmission window of
350–600 nm) was placed in front of an EMI 9235QB photomultiplier tube,
tominimize the blackbody emission signal. The Risø reader has an attached
90Sr/90Y beta source. The dose rate was calibrated to be 0.121 Gy s−1 for
coarse grains on stainless steel disks in April 2021, and corrected monthly
for the decay of the source. The multiple-aliquot additive-dose (MAAD)
protocol were used to measure the De (Table S2). The TL measurements
were always under N2 flow, and a heating rate of 5 °C s−1 was used. The
aliquots were preheated to 260 °C to remove the unstable low-temperature
TL signals. Then, theywere heated to 450 °C (with background subtraction)
to record the TL signals of interest, i.e., the ~280 and 350 °C TL peaks. To
normalize the inter-aliquot variation due to different number of grains on
eachdisk, a small dose (5 Gy)was given to the aliquots and the corresponded
TL signal was measured up to 200 °C. The 80–180 °C signal of this small
dose was used for inter-aliquot normalization for the ~280 and 350 °C TL
peaks, which is equivalent to mass normalization94.

As the two TL peaks observed in the natural signals (peak I centered at
~280 °C and peak II at ~350 °C, respectively) have different thermal stabi-
lities and thus different closure temperatures, theoretically they can record
cooling history information at different temperature regimes6,7,95,96. For the
laboratory dosed TL signal (regenerative TL), peak I of ~280 °C cannot be
identified, and there appears to be three TL peaks at ~150, 250, and 350 °C,
respectively (Figs. 3b and S3). However, peak deconvolution shows that the
regenerative TL curves cannot be fitted successfully with these three peaks
(Fig. S3a, b). Instead, they can be fitted perfectly with four peaks centered at
~150, 250, 295, and 350 °C, respectively (Fig, S3c, d). The peak at ~350 °C of
the regenerative TL curve is same as the peak II in the natural TL curve. The
lowest TL peak at 150 °C has very short lifetime and thus is absent in the
natural TL signal. The 250 °C and 295 °C TL peaks are located close to each
other and the 250 °C TL peak has a much higher intensity than the 295 °C
TL peak. Consequently, these two peaks cannot be distinguished from each
other in the regenerative TL curve, which only shows one peak centered at
250 °C, with a wide shoulder on the right side. Because the 250 °C TL peak
has a low thermal stability on the geological timescale, its intensity is low in
the natural TL curve. Thus, the peak I (at ~280 °C) in the natural TL curve is
closer to 295 °C rather than 250 °C. For De estimation, a preheat to 260 °C
was performed before the laboratory dosed TL signal measurements, to
remove the unstable low temperature TL signals. With this heat treatment,
the peak I of the regenerative TL curve is centered at 275–280 °C. Though
the position of peak I of the regenerative TL signal is close to the peak I of the
natural signal, age determination based on the synthetic peak I is still not
meaningful, as it contains components from two peaks (two electron traps)
with different thermal lifetime parameters and saturation characteristics.
Since the thermal kinetic parameters and dose response curve information
for each of the twopeaks centered at 250 °C and 295 °C cannot be accurately
determined due to the proximity of these two peaks, the cooling history
modeling of the synthetic peak one is notmeaningful. Thus, we only discuss
the TL ages and cooling rate modeling results of the 350 °C TL peak.

Thermal lifetime parameter measurements
The peak shifting method97 was applied to estimate the thermal lifetime
parameters for the dolomite samples, i.e., the activation energy/trap depth
(E) and frequency factor (s). The aliquots were repeatedly administered a
fixed dose of ~500 Gy, preheated to 260 °C to remove the low-temperature
signal (with a heating rate of 5 °C s−1), and then heated to 450 °C with
different heating rates to record the TL signal. The heating rates used for
peak shifting were 0.1, 0.2, 0.5, 1.0, and 2.0 °C s−1. These relatively low

heating rates canminimize the thermal lagbetween theheatingplate and the
sample grains. The peak positions of the ~280 °C and 350 °C TL peaks
shifted to lower temperatureswith smaller heating rates, and thus theE and s
values can be deduced97 (Fig. S10). The E, s values and the lifetimes at 10 °C
and 20 C are summarized in Table S3. Note that the E and s values for the
~280 °C TL peak are not meaningful as the ~280 °C TL peak is a combi-
nation of two peaks.

Anomalous fading tests
Anomalous fading is a phenomenon that the luminescence signal decays at
room temperature although the signal is thermally table98. Studies on TL
signals of dolomite samples from the AtakaMountain in Egypt indicate the
existence of fading99,100. It is not clear whether anomalous fading is ubi-
quitous in dolomite samples or not. Here we performed fading tests on one
clast sample LUM4524 and one bedrock sample LUM4774. A multiple-
aliquot test was performed on LUM4524. Thirteen aliquots of LUM4524
were prepared and heated to 450 °C to remove the natural signals. Then,
these aliquotswere givendoses of 1200 Gy, preheated to 260 °C, anddivided
into two groups. For one group, their TL curvesweremeasured up to 450 °C
immediately after the preheat treatment. For the other group, the aliquots
were stored in darkness for 14 days after the preheat treatment, before their
TL curves were measured. The intensity of the TL signals after a storage of
14 days showsnodepletion compared to theTL signalsmeasured promptly,
indicating that there is no fading (Fig. S11a). It is noteworthy that the TL
curves measured after a 14-day delay shifted by several degree Celsius
compared to the TL curves measured immediately. The reason is not clear
yet, but it might be related to the poor reproducibility of the luminescence
reader during the two measurements.

The single-aliquot regenerative-dose (SAR) protocol was also applied
to measure the fading rate (g-value) of samples LUM4524 and LUM4774
(3–4 aliquots for each)101. The regenerative dose and test dose were fixed at
600 Gy. The sensitivity corrected signals of the 350 °C TL peak were mea-
sured after different delay times (from 0.62 h to 226 h). The mean g-values
(tc = 0.62 h) are 0.57 ± 0.42 and 0.26 ± 0.21 %/decade for LUM4524 and
LUM4774, respectively (Fig. S11b, c). These near-zero g-values also indicate
no fading for the dolomite samples in this study.

Dose rate calculation
The samples are almost pure dolomite from the XRD analyses, and thus an
infinite homogeneous medium can be assumed for dose rate calculation.
The almost identical De values between the 63–100 µm and 100–200 µm
fractions of LUM4525 (Table 1) further proves that the initial grain sizes of
the dolomite crystals have no influence on the dose rate calculation.Within
a homogeneous medium, the alpha dose rate contributes most to the total
dose rate, making the alpha efficiency a key parameter102. In this study, we
apply the Sa value system

103 to describe the alpha efficiency. With the Sa
value, the alpha flux can be directly converted into the effective alpha dose
rate, and the Sa value system is less sensitive to the energy of alpha particles
compared to the k-value system. Sa values of two dolomite clast samples
(LUM4524, LUM4525) were measured in the luminescence laboratory in
University BordeauxMontaigne. The samples were ground into fine power
and the 4–11 µm fraction was separated following the Stokes law. Aliquots
were preparedwith steel cups from theLexsyg instruments. These cupshave
an internal diameterof 8mm.About 0.6 g offine grainsweredeposited onto
steel cups, making the covered cup surface thin-layered with a surface
density of 1mg cm-2104. The Sa value measurements were performed with a
Lexsyg smart TL/OSL reader (always under N2 flow), equipped with a
90Sr/90Y beta source which had a dose rate of 0.133 Gy s−1 (in March 2023)
forfinegrains (4–11 μm)on the steel cups. Because the sampleswere ground
into fine powder, strong spurious TL signals appeared at the high tem-
perature range, similar to what was observed in calcite105. The aliquots were
firstly heated to 450 °C for four times to remove anynatural and spuriousTL
signals. Afterwards, the aliquots were administered a beta dose of 100 Gy
and heated to 450 °C. This dosing and heating step was repeated for two
more times to stabilize the sensitivity change of the aliquots. The stabilized
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aliquots were moved out of the Lexsyg smart reader and irradiated by a
home-made 241Am alpha source for 12 h. The 241Am alpha source had an
alpha flux rate of 1.9 × 105 α-particles s-1 cm−2104. The equivalent beta doses
of these aliquots were measured using the Lexsyg smart reader. Since the
aliquots were already stabilized, the sensitivity change is stable and the SAR
TL protocol (Table S4) can be used for the betaDemeasurements102,106. Note
that for Sa valuemeasurements, the heating rate was set to be 1 °C s−1. With
this lower heating rate, the peak positions of the ~280 °C and ~350 °C TL
peaks with a heating rate of 5 °C s−1 shifted to ~245 and 320 °C, respectively
(Fig. S12). The betaDe was dividedby the received alphaflux to calculate the
Sa value. The Sa values for the 350 °C TL peak are 27.6 ± 2.7 and
26.7 ± 2.0 µGy/(1000α*cm−2) for sample LUM4524 and LUM4525,
respectively. The mean Sa value of 27.2 ± 1.7 µGy/(1000α*cm−2) was used
for another twodolomite clast samples (LUM4771 andLUM4773) for alpha
dose rate calculation. The Sa values of the two dolomitized bedrock samples
(LUM4774 and LUM4775) were measured in the Institute of Geography,
Justus Liebig University of Giessen, with a Lexsyg Research reader which
had an attached 241Am alpha source. Since the alpha flux of the 241Am alpha
source in Giessen has not been calibrated, the dolomite clast samples
LUM4524 and LUM4525 were repeatedlymeasured inGiessen and their Sa
values were applied to calibrate the Sa values of the two bedrock samples.
The Sa values of the LUM4774 and LUM4775 are much smaller compared
to the clast samples, which are 15.9 ± 1.6 and 15.7 ± 1.7 µGy/(1000α*cm−2),
respectively. The ranges of alpha particles107 in dolomite (ρ = 2.85 g cm−3)
were obtained from the software of ‘The Stopping and Range of Ions in
Matter’ (SRIM-2013). With these alpha ranges, alpha flux of 1 ppm U and
1 ppm Th in dolomite were calculated to be 18013 and 5047 cm−2*year−1,
respectively. Alpha dose rate was calculated by converting the alpha flux
with the Sa value. Since the alpha particle energy spectrum of the home-
made alpha source in the University BordeauxMontaigne is different from
the alpha spectrum in nature, a correction factor of 0.92 for U and a cor-
rection factor of 0.96 for Th were used for the Sa value when calculating the
alpha dose rate102. For beta and gammadose rate calculation, the conversion
factors of Guérin et al.108 were applied. Water contents were taken as zero.
Cosmic ray dose rate decays exponentially with depth109, and it is lower than
0.01 Gy ka−1 once the depth is larger than 35m (Fig. S13). Since the samples
were more than 35m below the surface for most time during the exhu-
mation history, the cosmic ray is not taken into consideration for envir-
onmental dose rate calculation. The details of dose rates are listed in
Table S5.

Cooling rate modeling
Themodeling of cooling rate is performed with home-made scripts written
inR110.Wemodeled the trapped charge accumulationwith different cooling
rates, froman initial temperatureof 100 °C toa surface temperatureof 10 °C,
and then compared the modeled n/N with the measured one, until the best
match was found. The modeling was performed at a time interval of 1 kyr.
Note that at the temperature of 100 °C, the lifetime of the trap is very short,
thus the electron detrapping rate ismuch higher than the trapping rate, and
the system can be regarded as a totally open system. The error of the cooling
rate is estimatedwith theMonteCarlomethod, by repeating the cooling rate
modeling 500 times with Gaussian distributions of TS, n/N, Ḋ, D0, E and
log(s). An error of 1 °C has been assigned to the TS. Since the 1σ error is
applied for generating theGaussian distributions of theTS,n/N,Ḋ,D0,E and
log(s), the standard deviation of the simulated 500 cooling rates corresponds
to 1σ error as well.

For cooling ratemodeling withGaussian distribution of electron traps,
a group of E values were generated within the range of 1.0–3.0 eV, by an
interval of 0.01 eV.Theprobabilityof eachEvalue is calculated following the
Gaussian function, based on the mean E and σE. The probabilities were
normalized to make sure the sum of the probabilities is 1. The initial tem-
perature for cooling history modeling was set to 150 °C instead of 100 °C.
Signal growth paths were modeled for each E value and the weighted sum
(the weight is the probability of each E) of these individual signal growth
paths represent the overall natural signal growth path.

Data availability
The thermoluminescence data and the cooling rate modeling results are
stored in Figshare repository111 (https://doi.org/10.6084/m9.figshare.
28462943.v1).

Code availability
The R scripts used for cooling history modeling are available in Figshare
repository111 (https://doi.org/10.6084/m9.figshare.28462943.v1).
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