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中文摘要
台灣不僅位於歐亞大陸板塊及菲律賓海板塊的聚合帶上，並且屬於濕熱多
雨的副熱帶季風氣候，活躍的構造運動加上每年颱風、梅雨所帶來的強降雨，
使得台灣在近年來地表抬升量及砂石輸出量都是世界上最高的區域之一。剝蝕
速率是抬升與侵蝕交互作用下的結果，利用各種熱定年工具及冷卻模型來觀察
剝蝕速率數百萬年以來的變化，是了解造山活動細部過程的重要方法。台灣山
脈抬升的剝蝕速率歷史，過去已經使用不同的熱定年工具進行了很多科學探
討，發現遠從六百萬年以來，平均的剝蝕速率可以達到每年3-6 mm，是全世界
活動造山帶速率最高的地方之一。然而，對於年輕於五十萬年剝蝕歷史，則因
為缺乏合適的工具及材料，仍是一件十分具有挑戰性的研究工作。螢光定年法
已經成功為地質學以及考古學的研究工作提供非常多年代，作為熱定年工具
時，螢光定年法因為具有非常低的封存溫度，有機會來探討年輕造山帶近地表
的剝蝕歷史。
因為對石英的螢光訊號有較完整的了解，加上分布普遍而廣泛，所以本研
究選擇石英顆粒為定年材料。研究區域以台灣中部山脈區為對象，採集了超過
十個標本，其由東到西分布自綠色片岩相的大南澳片岩帶，至葡萄石-綠纖石相
與成岩帶的雪山山脈，其中四個來自雪山山脈西側的較低變質度的標本，在各
種測試中表現出理想的螢光訊號，適合地質年代的測定之使用。在等效劑量的
估計上，相較於多片增加劑量法，單片再生法能提供較高的準確度，是較建議
的測試方法，但是單片再生法的螢光訊號較易飽和的問題，也同時限制方法使
用的年代上限。本研究將四個來自雪山山脈西側的標本分別利用數學模型建立
了冷卻模型，依據冷卻模型的結果，雪山山脈西側在近十萬年具有非常高的平
均冷卻速率，而近三萬年的平均冷卻速率更加驚人。這樣的快速的冷卻可能源
自於標本由地殼深處往近地表剝蝕的過程中，地溫隨著與地表距離減少而降
低。若考慮地溫梯度為每公里50 ˚C，剝蝕速率在過去十萬年的平均約為每年8
mm，而最近三萬年則平均每年約25 mm。

關鍵字:光螢光定年法，低溫熱定年法，石英，台灣造山，剝蝕速率
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Abstract
The island of Taiwan results from tectonic collision between the Philippine Sea
and the Eurasian plates, which has begun from late Miocene and currently an ongoing
active tectonic. Over past a few decades, numerous studies have been executed to
unravel the history of this active orogeny under different time scales. However, the
limited archives for the history in last 0.5 Ma bring out the aspiration on the
methodology to work on this timescale. Optically Stimulated Luminescence (OSL)based dating method has been considered to be a possible geo-thermochronometer
because of the low closure temperature and the relevant laboratory techniques have
been extensively applied to the geology and archeology for late Quaternary. This
study is designed to test the possibility of OSL method in investigating the
exhumation history of the young orogeny Taiwan.
Quartz is the target material for OSL-thermochronometer in this study. More
than 10 bedrock samples were collected from central Taiwan. From east to west they
are distributed from Tananao schist belt of greenschist facies to Hsuehshan belt of
prehnite-pumpellyite facies and diagenetic zone. Four of them from western
Hsuehshan Range are confirmed with accepted luminescence characteristics
consistent with ideal quartz used in luminescence dating. For equivalent dose
estimation, the SAR protocol is recommended because of relatively high precision.
However, its natural signal saturation level caps the maximum dating limit for OSLthermochronometer. The cooling process for above four samples were further
evaluated by the mathematical model. The results show a high cooling rate of 8
mm/yr in the past 0.1 Ma and even higher in the recent 0.03 Ma.
Keywords: OSL dating method; Low-temperature thermochronometry; Quartz;
Taiwan Orogeny; Exhumation rate.
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Chapter 1 Introduction

1.1 Motivation
Luminescence dating methods (Aitken, 1985) have been used as a chronometer
for archaeology (Chen et al., 2001), tectonic activities (Lai et al., 2006; Chen et al.,
2009; Chen et al., 2009) and sedimentary sequences (Lo, 1996; Wei, 1997; Chen et
al., 2003) in Taiwan for the past twenty years. Some questions have been answered
using the luminescence chronometer on coastal, offshore, or aeolian deposits (Chen et
al., 2003; Dörschner et al., 2012). However, due to high precipitation and relatively
short river courses, partial bleaching limits the application of luminescence dating on
terraces or fault systems which eagerly need age controls to help understand the
processing mechanism (Wu et al., 2010; Chen, 2014). Therefore, a new application
for materials collected in Taiwan is desirable to increase the diversity of applications
for luminescence dating studies.
Taiwan locates on the convergent plate boundary between the Philippine Sea
plate and the Eurasian plate, active tectonics lead to high uplift rates (Teng, 1990;
Ching et al., 2011). It is also characterized by intense rainfalls due to its location on
not only the margin of the Pacific Ocean but also the pathways of tropical cyclones.
High erosion rates are also expected and documented (e.g. Dadson et al., 2003; Cock
et al., 2014; Chen et al., 2015). The joint processes resulted from uplift and erosion
are usually defined as exhumation (Ring et al., 1999; Braun et al., 2006). Although
several studies in the Central Range of Taiwan using different kinds of
thermochronometers found a high exhumation rate in the range of 3-6 mm/yr from ~6
Ma (Simoes et al., 2012 and references therein; Herman et al., 2013), there is a gap in
the thermal history younger than 0.5 Ma because of the paucity of appropriate
1
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chronometric techniques and relevant target materials (Egholm, 2013). For the same
reason, the thermal histories in the Hsuehshan Range and the Western Foothills are
barely understood. Quartz Optically Stimulated Luminescence (OSL)thermochronometer with relatively low closure temperature has been proposed to be
appropriate for investigating the thermal history from the shallow crust (Herman et
al., 2010; Guralnik et al., 2013). Therefore, OSL-thermochronometer is considered to
have the potential to fill the gap in the Central Range and the thermal histories of the
Hsuehshan Range and the Western Foothills. The reliable ages derived from OSLthermochronometer is the intention of this study, as well as to obtain an improved
understanding of the reginal tectonic activity over the past half million years.

1.2 Research Question
It was assumed that OSL-thermochronometer can be used to understand the
thermal history of the mountain belt of Taiwan, especially for the geologic time
younger than 0.5 Ma. Since this is the first study that applies bedrock quartz in
Taiwan as OSL-thermochronometer, several questions needed to be answered before
geological application:


What kind of signal could be used for equivalent dose estimation in
luminescence dating method?



Is there any kinetic model for the signal in order to derive the cooling system,
especially for the closure temperature and cooling rate?



What are the maximum and minimum age limits for the applied OSLthermochronometer?



Is there any possibility to extend the maximum age limit?



If the above-mentioned issues can be answered, how the results in this study
2
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compare with others?

1.3 Overview of applied methods and results
In order to find suitable material for equivalent dose estimation in luminescence
dating, rock samples were collected from different metamorphic grades along the
Central Cross-Island Highway in central Taiwan (Figure 2.2). Mineral quartz was
extracted from these samples and treated as the target material for all measurements.
Four samples from western Hsuehshan Range were examined, showing feldspar
contamination is negligible, and the OSL signals not only dominate by fast
component, but also conform to the first-order kinetic model (Jain et al., 2003a;
Ankjærgaard et al., 2013). Therefore, they were regarded as applicable for OSL SAR
protocol (Wintle and Murray, 2006) and the cooling model by Guralnik et al. (2013).
For age estimation the equation where equivalent dose divided by annual dose
rate was applied for all samples in this study. The annual dose rates were estimated by
combining the results from ICP-MS (Inductively Coupled Plasma-Mass
Spectrometer) (Yang et al., 2005) and XRF (X-Ray Fluorescence) (Lee et al., 1997;
Wang et al., 2004) measurements. The equivalent doses for the four suitable samples
were estimated using the SAR (Single Aliquots Regenerative) protocol (Murray and
Wintle, 2000; Wintle and Murray, 2006). The MAAD (Multiple Aliquot Additive
Dose) procedures (Jain et al., 2003b) was also used for equivalent dose estimation,
mainly in the interest of extending the upper age limit (e.g. Wallinga et al., 2000).
Although some samples presented similar equivalent doses and characteristic doses
from the SAR protocol and MAAD procedures, the results from using the SAR
protocol were more precise compared to the results from the MAAD procedures.
The kinetic parameters and the ages derived from the equivalent doses using the
3
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SAR protocol together with the relevant annual doses were applied in the simulation
of the cooling model (Guralnik et al., 2013). The results show that the cooling rate in
the western Hsuehshan Range could have increased from 396 ˚C/m.y. ~0.1 Ma ago to
1266 ˚C/m.y. ~30 ka ago. If the geothermal gradient is considered as 50 ˚C/km (Hsieh
et al., 2014), the exhumation rate in the western Hsuehshan Range would have
increased from ~8 mm/yr to ~25 mm/yr in the time between 0.1 Ma and 30 ka. In
comparison with previous studies (Fuller et al., 2006; Wu, 2008; Hsu et al., 2016), the
exhumation rate ~0.1 Ma agrees with the results from other thermochronometers in
the timescale of 105-year. For the cooling rate since ~30 ka, the cooling rate by OSLthermochronometer presents a particular result in comparison with the results from
different thermochronometers under different timescale and location (e.g. Simoe et
al., 2007; Herman et al., 2013; Hsu et al., 2016). However, in the timescale of 104year, a lot of processes could be associated with local landform evolution (Shyu et al.,
2005; Chen et al., 2015) and may result in the speedy cooling. Therefore, more
studies from low-temperature thermochronology in western Hsuehshan Range are
necessary for the investigation of cooling history in the shallow crust.

1.4 Summary
In this study the cooling history of the shallow crust in central Taiwan, especially
in geologic time younger than 0.1 Ma, was investigated using OSLthermochronometer, because of its relatively low closure temperature. Since this is the
first study using bedrock quartz as material for OSL-thermochronometry in Taiwan,
an important part was to prove that the OSL signal of the quartz from the western
Hsuehshan Range meets the first-order kinetic model and without feldspar
contamination. Regarding the method to estimate equivalent dose, SAR protocol is
4
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recommended for relatively high precision in comparison with MAAD procedures.
For simulation of the cooling model, the model for classic first-order kinetic model
was applied on the samples. One of the results indicates an exhumation rate in the
western Hsuehshan Range of ~8 mm/yr in 0.1 Ma that agrees with previous studies
for the same timescale. The other result indicates an exhumation rate in the western
Hsuehshan Range of ~25 mm/yr in 30 ka, which is the first result presented in this
young time period.

5
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Chapter 2 Geological background and sample location

2.1 Geological background
The study area is located in the central part of Taiwan. In order to well describe
the stratigraphic and thermochronological information, it will be divided as several
tectono-stratigraphic units according to the previous study (Simoes et al., 2012 and
the references therein; Chen, 2016 and the references therein). From west to east they
are the Coastal Plain (CP), the Western Foothills (WF), the Hsuehshan Range (HR),
the Backbone Slate (BS), and the Tananao Complex (TC) (Figure 2.1). The BS
together with the TC are defined as the Central Range (CeR). Since this study is
focused on the thermochronometry, samples were collected from the HR, BS, and TC.
These tectono-stratigraphic units have gone relatively high-temperature thermal
histories and the peak metamorphic temperatures of these areas were confirmed with
metamorphic grades and geo-thermometers (Chen and Wang, 1995, and the reference
therein). The stratigraphic (sedimentary) ages, metamorphic grades and relative
thermochronological information of the HR, BS, and TC will be briefly introduced in
this chapter. Regardless the complex thermal history in central Taiwan, especially in
TC, the thermal ages here actually represent to the last thermal event which cooled
down the target minerals from the temperature higher than the closure temperatures.

7
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Figure 2.1: (a) The simplified tectono-stratigraphic map of Taiwan. The island of Taiwan is divided
into several tectono-stratigraphic units according to the study of structural geology and stratigraphy
(Simoes et al., 2012). (b) The metamorphic facies map of Taiwan was defined by K-mica crystallinity
index and stratigraphy studies (Chen and Wang, 1995).

8
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The Coastal Plain (CP) is composed of non-metamorphic Quaternary sediments
(e.g., Ho and Chen, 2000). The Western Foothills (WF) are composed of nonmetamorphic and deformed sediments of Miocene to Pleistocene age, and probably
Oligocene age in western Taiwan (e.g., Lo et al., 1999; Huang et al., 2000; Chen et
al., 2004). These two units underwent no or a very low-temperature thermal history
which could not be recorded by geo-thermochronometers. Therefore, sampling from
these two units was not considered.
The Hsuehshan Range (HR) (Eocene to Oligocene) is mainly composed of
intercalated massive metamorphosed sandstone (meta-sandstone) and slate (Lo et al.,
1999; Lee, 2000; Lo and Yang, 2002; Liu and Kao, 2010). The metamorphic grade in
most parts of the Hsuehshan Range is prehnite-pumpellyite facies and the peak
metamorphic temperature is estimated to be around 300 ˚C (Tsao, 1992; Beyssac et
al., 2007; Kidder et al., 2013). In the western Hsuehshan Range, the peak
metamorphic temperature was estimated less than 200 ˚C (Chen and Wang, 1995;
Wang, 2002), especially for the area close to the boundary between WF and HR, has
been categorized as diagenetic zone or unmetamorphosed (Chen and Wang, 1995).
The only reset thermal age in western HR was determined to be in the range of 0.5-3.2
Ma by Apatite Uranium-Thorium/Helium (AHe) dating (Lock, 2007). In the center of
the HR, the metamorphic grade can reach greenschist facies and the peak temperature
reached 475 ˚C (Beyssac et al., 2007). Actually most of previously published thermal
ages from samples collected in the center area of the Hsuehshan Range all indicated
the greenschist facies (Figure 2.1b), because of limitations from dateable minerals and
closure temperatures in thermochronometers. The methods analyzed before in the
center area of HR are Potassium-Argon (K-Ar), Zircon Fission-Track (ZFT) method,
and Zircon Uranium-Thorium/Helium (ZHe) , which yielded age 2.5-6 Ma, 2-3.5 Ma,
9
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and 1.5-3 Ma respectively (Tsao, 1996; Liu et al., 2001; Willett et al., 2003; Lan,
2009; Shyu, 2014 ; Beyssac et al., 2007). In general, these ages suggests that the
exhumation rate is around 1.5-4 mm/yr from 6 Ma to 1.5 Ma in the center area of HR
(Fuller et al., 2006; Lan, 2009; Shyu, 2014).
The Backbone Slate (BS) zone (Eocene to Miocene) is composed of
metasandstones interbedded with argillite, slate and phyllite (Lo, 1993; Lo and Yang,
2002). The metamorphic grade increases from the west to the east. The metamorphic
grade of prehnite-pumpellyite facies is identified in western BS close to the boundary
with HR and then increases to greenschist facies eastwards. The peak metamorphic
temperatures increased from > 200 ˚C to ~ 450 ˚C eastward across the BS section
(e.g., Ernst and Jahn, 1987; Beyssac et al., 2007). In terms of the thermochronological
data, the Apatite Fission Track (AFT) dating gave ages around 1-2 Ma for the western
BS (Fuller et al., 2006). To the eastern BS the K-Ar, ZFT, ZHe presented thermal
ages from 1.5-4 Ma, 2-3 Ma, and 0.5-1 Ma respectively (Liu, 1982; Tsao et al., 1992;
Tsao, 1996; Liu et al., 2001; Willett et al., 2003; Beyssac et al., 2007). The thermal
ages for the easternmost boundary area next to TC present a very young series by ZFT
and AFT thermal ages younger than 1 Ma and 0.5 Ma respectively (Liu, 1982; Liu et
al., 2001). According to these thermochronological data, the exhumation rate is 3-6
mm/yr in most of BS and may reach ~8 mm/yr around the boundary between BS and
TC (Fuller et al., 2006).
The Tananao Complex (TC) (e.g., Lo et al., 2009) can be divided into the Taloko
belt and the Yuli belt in the west and east respectively (Yen, 1963; Ho 1988; Chen,
2016). In the Taloko belt schists (e.g., green, black, and siliceous), massive
metasandstone, marble, and dolomite are intercalated with each other and locally
emplaced by gneiss. In the Yuli belt schists are intercalated with metasandstone and
10
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blueschist blocks. Due to the complicated metamorphic history and the lack of
preserved fossils, it is difficult to establish a complete sequence of sedimentary age
model for TC. The sedimentary age of TC is believed to be around Permian or early
Mesozoic which is inferred by several occasionally found fossils (Yen, 1963). The
metamorphic grade in most parts of TC is categorized to greenschist facies, but a few
rock bodies are up to amphibolite facies. The peak metamorphic temperature is
inferred from ~ 300 ˚C to 550 ˚C (Vidal and Parra, 2000; Hwang et al., 2001; Beyssac
et al., 2007), but in some outcrops the intruded member can give a peak metamorphic
temperature up to ~ 660 ˚C (Liou, 1981; Beyssac et al., 2007). In northeastern TC at
Nanao, K-Ar dating shows thermal ages below 2 Ma (Lo and Onstott, 1995; Tsao,
1996). In northeastern TC, ZFT and ZHe presented thermal ages ~ 1 Ma and 0.4-0.8
Ma respectively (Liu, 1982; Tsao et al., 1992; Liu et al., 2001; Willett et al., 2003;
Beyssac et al., 2007). Some of the AFT showed thermal ages around 0.5 Ma as did by
AHe (Liu; 1982; Beyssac et al., 2007; Wu, 2008). However, a few other AFT thermal
ages yielded a younger age of 0.25 Ma (Wu, 2008). Based on those
thermochronological data above, the exhumation rate in northeastern TC was 3-6
mm/yr before 1 Ma, but the rate increased up to 6-9 mm/yr after 0.5 Ma (Fuller et al.,
2006; Wu, 2008; Fox et al., 2014).

2.2 Sample location
As described in the previous section, the sandstones are widespread in the study
area and supposed to be rich in quartz. Therefore, the sandstones were mainly
collected as the target dating material for OSL-thermochronometer. Ten samples
collected from central Taiwan were used in this study. Location of these samples are
plotted in Figures 2.2 and 2.3. Six samples were collected from HR: 0523-02 was
11
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located in the diagenetic zone, S01 was located close to the west boundary between
WF and HR in the metamorphic grade of prehnite-pumpellyite facies, S02 and 052301 were located in prehnite-pumpellyite facies, 0518-01 and 0518-04 were located in
greenschist facies. The other four samples were collected from Central Range: 051807 was located in prehnite-pumpellyite facies, MetaSS01 and 0519-01were both
located in greenschist facies, and the last one 0519-06 was a gneiss collected in
amphibolite facies.
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Figure 2.2: The study area is in central Taiwan with sample location. Ten samples were collected in
different tectono-stratigraphy units.

Figure 2.3: Locations of the ten samples are marked on the metamorphic map (modified from Chen
and Wang, 1995).
13
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Chapter 3 Applying optically stimulated luminescence
dating method as thermochronometer

Thermochronological studies on surface processes, including the cooling and
denudation for the shallow crust, have attracted attention because of disasters such as
earthquakes and debris flows (e.g. Reiner and Ehler, 2005). In the meantime, trap
charge dating methods, such as thermoluminescence (TL), optically stimulated
luminescence (OSL), and electron spin resonance (ESR), have been used as a low
temperature thermochronometer to investigate the cooling history for the first time
(Grün et al., 1999; Tsuchiya and Fujino, 2000). The OSL dating method using quartz
as a target material for thermochronometer was introduced by Herman et al. in 2010.
The physical principles and mathematical descriptions for OSL-thermochronometry
following first-order kinetic model were established later by Li and Li (2012),
Guralnik et al. (2013), and King et al. (2016). In this section, the physical principle
and mathematical descriptions, which were applied in this study, will be summarized
in the beginning. The processes for target material preparation, the methods to define
the necessary luminescence characteristic parameters for mathematical models, and
the methods to estimate the age by OSL techniques will be presented in the second
part of this section.

3.1 Previous study
3.1.1 Physical principle
The source of luminescence can be described by a simple energy band model
(Figure 3.1) (Aitken, 1985; Chen and Pagonis, 2011). The target materials (such as
15
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quartz in this study) are crystals where the atoms are bonded with covalent bonds. The
electrons in the crystal stay in the valence band and will be stimulated to the
conduction band when giving sufficient energy for this process. The energy difference
between the conduction band and valence band is called band gap. Naturally formed
crystals are usually not in an ideal crystallization. The defects or impurities in the
crystal lattice act like traps. The energy levels of these traps represent different semistable energy levels in the band gap (T and L in Figure 3.1).

Figure 3.1: The electron trapping and detrapping processes for OSL-thermochronology. (a) The crystal
was irradiated by the energy from the decay of natural radioactive nuclides (e.g. U, Th, and K) and
cosmic ray. The electron in the crystal was stimulated into conduction band by the energy. (b) The
electron and hole attracted by a semi-stable energy level respectively and stored in the levels. During
the storage, the crystal lattice vibrated because of environmental temperature and resulted in the
thermal loss. (c) Once the energy of the electron (Etrap) was exhausted by the thermal loss and the
electron lifetime will go to an end. Therefore, the electron would escape out of the trap and combine
with the hole. The energy between L and T would be released as light which is Eluminescnece for dating.
(Modified from Aitken, 1985)

Electrons in the valence band will be excited by absorbing radiation energy, such
as the decay of natural radioactive nuclides (e.g. U, Th, and K) and cosmic rays, and
move to the conduction band (Figure 3.1a). Once the electron is stimulated and
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moved to the conduction band, a hole is left. Because of the energy absorption, the
energy level of both the excited electron and the hole are split into a pair of semistable energy levels in the band gap (Figure 3.1b). When the electron runs out of
energy (Etrap) through thermal loss, it will drop out of the semi-stable energy level and
recombine with the hole. The energy drop will be emitted in the form of light which is
luminescence (Figure 3.1c).

3.1.2 Mathematical models
The mathematical models were used to estimate the cooling system which will
provide the effective closure temperature, and the cooling rate plus the time after the
target materials were cooled below the effective closure temperature. The models
applied in this study were published by Guralnik et al. (2013). The models consider
not only the signal collection, leakage, and saturation during the cooling process, but
also the characteristics of the luminescence signal and the environmental parameters.
Therefore, a general temperature-time path for the environmental condition had to be
established in advance. In the following section, different scenarios of temperaturetime paths will be classified. After that, the mathematical model for each scenario will
be briefly introduced. Details of the mathematical deduction processes were referred
to Guralnik et al. (2013). Matlab was the software used for all simulations and
calculations of the mathematical descriptions in this study.
The temperature-time paths for the cooling history can be complicated (Guralnik
et al., 2013), but several simplified scenarios (Figure 3.2) help with the discussion of
the thermochronometric system during the cooling processes (Wu et al., 2015). In the
first scenario, the sample experienced an extremely fast cooling event and reached the
present temperature (TP) at the time tapp (apparent age). In the second scenario, the
17
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sample was cooled monotonically. While the sample was cooled through the closure
temperature (TC) at the time of tapp, the thermochronometer commenced accounting
with the time. In the third scenario, the sample was exposed to prolonged isothermalstorage at the temperature Tapp (apparent temperature), and the OSL signal of the
sample reached “steady state (SS)” which means that the electron trapping rate was
the same as the rate of electron detrapping. During “steady state”, the OSL signal in
the target materials did neither increase nor decrease with time. Although an age could
be estimated under scenario 3, but the sample might be stored in the environment
longer than the estimated age would suggest.

Figure 3.2: Three simplified scenarios of temperature-time paths for the discussion in OSLthermochronometric system (Modified from Wu et al., 2015).

For scenario 1, the estimated age by OSL dating method is the time duration
between recent and the last cooling event. Regarding the effective closure temperature
and the cooling rate, the time during cooling should be very short and therefore, the
effective closure temperature and cooling rate cannot be estimated by OSL
thermochronometer. Hence, the mathematical description is not necessary for scenario
1.
18
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For scenario 2, the concept of the mathematical description is based on the
cooling function by Dodson (1973). The relationship between closure temperature,
age, and cooling rate is described in Eq. 3.1 and Eq. 3.2.
T (T , T ) =
T=

1 K ∙t
−
T
E∙τ

Eq. 3.1

K ∙T
E∙τ
TC: Effective closure temperature

Eq. 3.2

T0: Initial temperature
Tp: Present temperature
T: Cooling rate
KB: Boltzmann’s constant for the signal following the Arrhenius law
tapp: The apparent age, the age estimated by OSL dating method is considered to
be equivalent to the apparent age.
E: Etrap in Figure 3.1b
τ: Characteristic time related to cooling rate
In order to decrease the unknown parameters and to involve specific
environmental and luminescence characteristic parameters, the age (tapp) which can be
estimated by OSL dating method, is represented by the mathematical description of
trap charge process (Eq. 3.3). In general, the age equation for the signal follows firstorder kinetic model (Brown et al., 1991):
t

=

λ−K n
1
ln 1 +
∙
λ
p
λ−K

K(T) = s ∙ exp

Eq. 3.3
Eq. 3.4

∙

tapp: The age
λ=

: Electron trapping rate;
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D: Annual dose rate
D : Characteristic dose which related to the signal saturation
K: K(T) is a temperature function in Eq. 3.3 as a thermal loss factor (s-1). K(T0)
is the initial value for K at T0 temperature. “s” is the frequency factor (s-1).
n: Number of trapped electrons
p: p(t) = p exp(−λt) ; instantaneous radioactive parent concentration (a.u.)
(Dodson, 1973); p0 is the initial parent. In OSL thermochronometry, p(t)=-N.
N: The number of the total available trap
In order to derive tapp in Eq. 3.3, the saturation fraction

is the most

important part since λ is defined by measurements in section 3.5; K is defined by Eq.
3.4. The saturation fraction

is defined by the solution to Eq. 3.5 and Eq. 3.6. For

Eq. 3.5, the rate of the saturation fraction is considered as the rate of electron
accumulation with the signal saturation phenomenon. Eq. 3.6 is described for the
simplest quartz OSL-thermochronometer following first-order kinetic model. The rate
of electron filling is proportional to the empty traps for electrons and the rate of
electron emptying is proportional to the trapped electron (Dodson, 1973;
Christodoulides et al., 1971; Huntley and Lian, 2006).
dn
D
n(t)
dr
=
+
∙ r; r =
p(t)
dt p ∙ dt D

Eq. 3.5

dr D
dn
=
−
∙r ∙p
dt
dt D

Eq. 3.5.1

dn
D
=
∙ (N − n) − K(t) ∙ n
dt D
The solution of

Eq. 3.6

was considered from the Eq. 3.5.1 which was re-written

from the Eq. 3.5 and identified with Eq. 3.6. The method published by Koshchug and
Solovyov (1998) was used to define

as the solution of Eq. 3.5.1 and Eq. 3.6. Then,
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the solution for

would be substituted into Eq. 3.3 to define tapp. The age tapp would

be substituted into Eq. 3.1, and the relationship between age, closure temperature and
signal collection and leakage for scenario 2 can be derived by the mathematical
expression in Eq. 3.7.
K
1
E
T (T , T ) =
−
T
τ∙λ−τ∙K

∙ ln 1 +

τ∙λ−τ∙K
(τ ∙ K ) ∙ ∙ e

∙ Г(τ ∙ λ, τ ∙ K ) − Г(τ ∙ λ, τ ∙ K )

∙

Eq. 3.7
Г(τ ∙ λ, τ ∙ K ) − Г(τ ∙ λ, τ ∙ K ): Incomplete gamma function, it is included in the
solution for

(Abramowitz and Stegun, 1964; Koshchug and Solovyov,

1998).
For scenario 3, regarding the “steady state” between trapping and detrapping, the
electron concentration in the target materials keep in a dynamic equilibrium.
Therefore, the

in Eq. 3.6 is zero. The equation for the relationship between the

trapping and detrapping becomes Eq. 3.8.
D
(N − n) = K(t) ∙ n
Eq. 3.8
D
While the electron accumulation follows the Arrhenius law, K(t) was referred to
K(T) = s ∙ exp

. The mathematical description for Tapp and

∙

, which

presents the ratio between trapped electron and total traps, was shown as Eq. 3.9.
T

−E

=
k ∙ ln

N
n

Eq. 3.9

D
−1 ∙ D
s
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3.2 Sample preparation
All samples in this study were collected from hard rocks in central Taiwan. In the
field, these samples were collected by geological hammer and brought to the
laboratory. In the laboratory, the surface of the samples was well-covered by spraying
black paint to mark the sunlight-exposed surface. In the dark room, at least 1cm below
the black-painted surface of the samples was removed and kept for natural dose rate
estimation. The inner part of the samples was manually crushed and then sieved to get
grains in the size between 60 and 150 μm in diameter.

Figure 3.3: Chemical treatment for collecting pure quartz.

To extract pure quartz from the samples, chemical treatments (Figure 3.3) were
processed. In order to remove carbonates, the sieved grains were first subjected to
10% HCl for one hour, then the liquid was removed and the grains were kept and
rinsed for three times. In the next step, 30% H2O2 was added to the grains for one
hour to remove organic materials. After rinsing and drying in an oven at 35 ˚C, the
samples were ready for density separation. For the extraction of quartz dominated
22
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grains (density around 2.65 g/cm3), a solution of sodium-polytungstate with a density
of 2.62 g/cm3 and 2.72 g/cm3 was applied for density separation. After density
separation the grains were etched using 10% HF for 30 min to prevent the dangerous
and violent chemical reaction between feldspar and HF. After rinsing the grains were
etched using 48% HF for one hour to remove the by alpha-radiation affected surface
and remaining minerals such as feldspars. Afterwards, the etched grains were rinsed
with water for three times, then treated with 37% HCl for 40 min to remove possible
fluoride precipitates. After rinsing and drying, the purified quartz grains were tested
for feldspar contamination by using the IR (Infrared) depletion ratio (section 3.4.1).

3.3 Facilities
All luminescence measurements were carried out on automated Risø TL/OSL
DA-15 and DA-20 readers (Bøtter-Jensen et al., 2010, Jain and Bøtter-Jensen, 2014).
Each reader was equipped with a 90Sr/90Y beta radiation source, a heating system, an
optical stimulation system, and a light detection system. The 90Sr/90Y beta radiation
source was used to add artificial doses to the samples. The dose rates of the beta
sources in the Luminescence Dating Laboratory in the Department of Geosciences,
National Taiwan University were 0.07~0.13 Gy/s for disks and calibrated using
calibration quartz (Hansen et al., 2015). The heating system can heat a sample in the
temperature range from room temperature to 700 ˚C with a constant heating rate of
0.1 to 10 K/s. Infrared (IR) (~875 nm) and blue (~470 nm) light emitting diodes
(LEDs) were used in the optical stimulation unit. Both, continuous wave (CW) and
linearly modulated (LM) stimulation can be done by both LEDs. In this study, the
blue LEDs were mainly used for measurements of quartz with a power of ~75
mW/cm2 at the sample position. The IR LEDs were used to detect potential feldspar
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contamination in the quartz sample with IR depletion ratio (Duller, 2003). The main
parts of the light detection system are the photomultiplier tube (EMI QA 9235) and
filters. In this study the luminescence signals from quartz were detected through a
Hoya U-340 filter.

3.4 Luminescence characteristics
A reliable and stable luminescence signal is important for the OSL dating method
when used as a geo-chronometer. Several luminescence characteristics are considered
as indicators to prove that the luminescence signal is acceptable as a chronometer. The
following criteria were applied to test the different properties of the luminescence
signal: IR depletion ratio, OSL signal component separation and photo-ionization
cross-section, and kinetic parameters.

3.4.1 IR depletion ratio
IR depletion ratio is an efficient method to confirm the apparent feldspar
contamination in quartz dominated samples (Duller, 2003). Feldspar or other
contaminants in quartz dominated samples can cause over- or underestimation of age
in OSL geo-chronometer because of the different luminescence behaviors between
feldspar and quartz (Bailiff and Poolton, 1991; Guralnik et al., 2015a). When
stimulation with IR light is done on different types of feldspars, a strong response will
be detected (Spooner, 1992). On the other hand, an extremely low intensity of the
signal was investigated by applying IR stimulation on pure quartz (Spooner, 1994).
This is the main characteristic for the IR stimulation to distinguish feldspar from
quartz.
The procedure to measure the IR depletion ratio is combined with SAR protocol
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(Wintle and Murray, 2006, see Table 3.4 in section 3.5.1). In the SAR protocol, the
sensitivity change is corrected by the test dose and tested by the recycling ratio (see
section 3.5.1). Therefore, IR depletion ratio is defined as the sensitivity-corrected
luminescence intensity with IR stimulation divided by the sensitivity-corrected
luminescence intensity without IR stimulation. The IR depletion ratio can be considered
together with recycling ratio. In general it is suggested that the recycling ratio is
between 0.9 and 1.1, and same for the relative IR depletion ratio.

3.4.2 OSL signal component separation and photo-ionization cross-section
The OSL signal can be deconvoluted into several components, such as fast,
medium, and slow (Bulur, 1996; Bailey et al., 1997), where each component is
considered to follow the assumption of first-order kinetic model (Randall-Walkins,
1945). These components have different characteristics in luminescence signal and
have different influences on the result of luminescence dating. The fast component is
considered to be the most stable and applicable component for OSL geochronometer
(Ballarini et al., 2007; Pawley et al. 2010; Cunningham and Wallinga, 2010). In order
to use the fast component for luminescence dating, it is necessary to identify these
components and if they are suitable to be used as a geo-chronometer. Several previous
studies have discussed practical methods by using continuous waves (CW)
stimulation (Smith and Rhodes, 1994; Bailey et al., 1997) and linearly modulated
(LM) stimulation (Bulur, 1996; 2000; Singarayer and Bailey, 2003). Furthermore,
general values for the specific components of the photo-ionization cross-section have
been published by Jain et al. (2003a) and Durcan et al. (2011). In this study, CW-OSL
and LM-OSL signals were both measured for component separation experiments. The
results of the fast component are represented by photo-ionization cross-section in
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section 4.1.2 and so is the intensity contribution by each component. The specific
procedures are introduced in the following section respectively.

3.4.2.1 Component separation on CW-OSL signal
In this study, contribution and constituent components of luminescence signal by
CW stimulation were defined through following procedures.
Table 3.1: The procedure for collecting CW-OSL decay curve.

Step

Treatment

Observed

1

Illumination, blue LEDs at 290 ℃ for 100 sb

-

2

Laboratory irradiation, Da

-

3

Preheat, at 260 ℃ for 5 sb

-

4

CW-OSL, for 100 s at 125 ℃b

Lic

a. D is a dose which can provide enough signal for analysis.
b. Aliquot cooled to < 60 ℃ after heating.
c. Li is derived from the stimulation curve and separated 0.01 s per
channel.

First, the CW-OSL decay curves for component separation experiment were
collected according to the procedure in Table 3.1. The samples were heated and
stimulated by blue LEDs at 290 °C (the process is called “illumination” ) for 100 s to
confirm that the signals were entirely contributed by the laboratory irradiation instead
of the noise from other sources, especially the slow component which was not
completely stimulated during the last stimulation. The CW-OSL decay curves were
collected after laboratory irradiation and a preheat process at 260 ℃ for 10 s with a
heating rate of 5 ℃/s. After the subsamples were cooled < 60 °C, the subsamples
were stimulated with 90% of the maximum blue LED intensity at 125 °C for 100 s
(Table 3.1). The decay curve was recorded in high-resolution at 0.01 s per channel.
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Second, in this study the CW-OSL decay curve was deconvoluted into three
components. Each CW-OSL decay curve was assumed to be a linear composition of
more than one first-order kinetic processes which were defined by single exponential
decay functions. Each single exponential function has a specific constant “b” (ex: b1
for the fast component in the following example) which is relative to the detrapping
probability. The CW-OSL decay curves were fitted using Eq. 3.10. In this study, the
fitting processes were completed by SigmaPlot Ver. 12.
I(t) = I0+n1* b1*exp(-b1*t)+ n2* b2*exp(-b2*t) + n3* b3*exp(-b3*t)

Eq. 3.10

Where I(t) is CW-OSL intensity; n1, n2, and n3 are constants represented as initial
trap population for relative components, respectively; b1, b2, and b3 are constants
describing the decay of each component and related to detrapping probabilities,
respectively; t is the observation time (s); I0 is a constant for background. The
intensity contributed by each component while t=0 is represented as each “n*b” in Eq.
3.10. The percentage of intensity contributed by each component is defined as a ratio
between the relevant intensity by each component (n1* b1; n2* b2; n3* b3) and total
relevant intensity (n1* b1+ n2* b2+ n3* b3).

3.4.2.2 Component separation on LM-OSL signal
In this study, contribution and constituent of the components deconvoluted from
the luminescence signal by LM stimulation were defined through following
procedures.
First, the appropriate signal was collected by LM-OSL stimulation according to
the procedure in Table 3.2. The subsamples were illuminated for 100 s at 290 ℃ to
clean the electrons in the traps in the target materials. Then, the LM-OSL signals were
collected after a laboratory irradiation and a preheat process at 260 ℃ for 10 s with a
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heating rate of 5 ℃/s. Subsamples were heated until 125 ℃ and held for 5 s before
stimulation. The LM-OSL signals were recorded for 500 s from 0% to 90% of the
maximum blue LED power in 0.25 s per channel (Table 3.2).
Table 3.2: The procedure for collecting LM-OSL curve.

Step

Treatment

Observed

1

Illumination, blue LEDs at 290 ℃ for 100 sb

-

2

Laboratory irradiation, Da

-

b

3

Preheat, 260 ℃ for 10 s

-

4

LM-OSL, for 500 s at 125 ℃b

Lic

a. D is a dose which can provide enough signal for analysis.
b. Aliquot cooled to < 60 ℃ after heating.
c. Li is derived from the stimulation curve and the stimulation
power is increased from 0% to 90% in 500 s and separated into
2000 channels.

Second, each LM-OSL curve was assumed as a linear composition of more than
one first-order kinetic processes defined by the single exponential function. Each
single exponential function has a specific constant b (ex: b1 for the fast component in
the following example) related to detrapping probability. In this study, the LM-OSL
signal curves could be deconvoluted into four components. The fitting equation for
these LM-OSL signal curves could be described as follow.
I(t)=I0+n1*b1*(t/P)*exp(-b1*t2/2P)+ n2*b2*(t/P)*exp(-b2*t2/2P)+
n3*b3*(t/P)*exp(-b3*t2/2P)+ n4*b4*(t/P)*exp(-b4*t2/2P)

Eq. 3.11

Where I(t) is LM-OSL signal intensity; n1, n2, n3 and n4 are the initial trap
populations for relative components; b1, b2, b3 and b4 are constants for describing the
detrapping probability as in Eq. 3.10; t is corrected stimulation time; P is total
observation time; I0 is a constant for background. In this study, the fitting processes
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were completed by SigmaPlot Ver. 12. For LM-OSL signal, the concept of intensity
contributed by respective component comes from CW-OSL (Bulur, 2000). Therefore,
the intensity contribution from each component represented as each “n*b” in Eq. 3.11.
The percentage of intensity contributed by respective component is defined as a ratio
between the contribution of intensity for each component (n1*b1; n2*b2; n3*b3; n4*b4)
and total intensity (n1*b1+n2*b2 +n3*b3+ n4*b4).

3.4.2.3 Photo-ionization cross-section
Photo-ionization cross-section was investigated from “b” in the exponential
equations for component separation (Eq. 3.10 and Eq. 3.11) in order to define the
probability of emission (photo-ionization) for the specific component and sample. The
definition and analysis (Choi et al., 2006) are introduced as follows.
For the same sample and component, the values of “b” deconvoluted from CWOSL and LM-OSL signal curves have been obtained as the same constant related to
detrapping probability (b) (s-1). The ratio between the constant related to detrapping
probability (b) (s-1) and the number of photons per second per square centimeter (α)
((s*cm2)-1) was defined as photo-ionization cross-section (σ) (cm2) referring the
probability of emission (photo-ionization) for specific sample and component.
b=σ*α

Eq. 3.12

In order to define σ:
σ= b/α
Since b is obtained by component separation, for σ, α is analyzed and introduced
as follow.

α=

∗
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Where W is the maximum power of stimulation light source (W*cm-2); h is
Planck’s constant which is 6.63*10-34 (W*s2); C is the speed of light which is
3*108*109 (nm/s); λ is the wavelength of the stimulation power (nm).
Thus, the photo-ionization cross-section (σ) (cm2) was determined as follow.
Eq. 3.13

σ=
ℎ∗
λ

3.4.3 Kinetic parameters of the fast component separated from OSL signal
Under the assumption that the first-order kinetic trapped-charge system,
characteristic dose (D0), trap depth (E) and frequency factor (s) are kinetic parameters
for describing irradiation, storage, and eviction processes by mathematical treatment
(Christodoulides et al., 1971). These kinetic parameters are representative indicators
for the source of luminescence and determine a trapped-charge system as a
thermochronometer (Li and Li, 2012; Guralnik et al., 2013). In this study,
characteristic dose (D0) was determined by SAR (single aliquot regenerative-dose)
protocol (Wintle and Murray, 2000) and was introduced in section 3.5.1 and section
3.5.3.3. Trap depth (E) and frequency factor (s) were determined by isothermalstorage experiments and the Arrhenius expression (Murray and Wintle, 1999;
Ankjærgaard et al., 2013).
The isothermal-storage experiment was done to determine the effective thermal
lifetime. The trap depth (E) and the frequency factor (s) were determined by the
Arrhenius expression.
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Table 3.3: The detail treatments for isothermal-storage experiment by SAR OSL protocol.

Step

Treatment

Observed

0

Illumination, blue LEDs at 290 ℃ for 100 sb

-

1

Laboratory irradiation, Dia

-

2

Preheat, at 260 ℃ for 10 sb

-

3

Heat depletion at storage temperature T for storage time t

-

4

CW-OSL, for 100 s at 125 ℃b

Lic

5

Laboratory irradiation (test dose), Dt

-

6

Heat TL 260 ℃b

-

7

CW-OSL, for 100 s at 125 oCb

Tic

8

Illumination, blue LEDs at 290 ℃ for 100 sb

-

Return to 1d
a. Dis for different “i” in this experiment are the same to confirm that the
OSL intensity depletion comes from heat storage process.
b. Aliquot cooled to < 60 ℃ after heating.
c. Li and Ti are derived from the stimulation curve, early background method
(the first 0-0.48 s of initial signal minus the signal from 1.12-1.6 s as
background interval) was applied for analyzations.
d. Repeat 1-8 with different storage temperature T at 160, 180, 200, 220, 240
℃ and storage time between 0 and 102400 s at step 3.

Isothermal-storage experiment (Table. 3.3) was based on a SAR protocol and
treated on one subsample (mounted grains of each sample on one disk or one cup).
The first step of isothermal-storage experiment was illumination for removing the
electrons in the traps used for dating. Then, the subsample was irradiated by a known
laboratory dose with a preheat treatment at 260 ℃ for 10 s after irradiation. For one
subsample, the progressive OSL depletions (Figure 4.5a) at various storage
temperatures (T = 160 to 240 ℃, in increments of 20 ℃) were monitored for varying
holding times (t = 0 and 400 to 102400 s in increments by a factor of 2; see Figure
4.5a). These OSL depletion observations were presented as a series of corrected
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luminescence intensities. Early background subtraction (Ballarini et al., 2007; Pawley
et al. 2010; Cunningham and Wallinga, 2010) was applied in the corrected
luminescence intensity for extracting the fast component from the CW-OSL decay
curve. Therefore, the effective thermal lifetime (τeff ), trap depth (E) and frequency
factor (s) which were determined by the method are specific for representing the
source of fast component.
The OSL depletion observations collected through isothermal-storage experiment
were used to define the thermal lifetime (Aitken, 1985) by a stretched hyperbolic
function (Eq. 3.14) (Ankjærgaard et al., 2013) due to the OSL thermal depletions of
the samples in this study were not perfectly followed first-order decay.



L (t ) / L0  1  ct /  eff



Eq. 3.14

1 / c

Where L0 is the corrected OSL intensity with zero second storage time at a
storage temperature; L(t) is the corrected OSL intensity with storage time t at a
storage temperature; τeff is the effective thermal lifetime; t is storage time; and c is a
constant accounting for deviation from first-order kinetic model. While c is getting
closer to 0, the system is closer to the first-order kinetic model. The effective thermal
lifetime (τeff) can be determined by the fitting processes with a constant c which were
completed by Sigmaplot Ver. 12 in this study.
Since the effective thermal lifetimes (τeff) at different storage temperatures have
been determined by isothermal storage experiments, trap depth (E) and frequency
factor (s) of the luminescence source is determined from the effective thermal
lifetimes (τeff) of trap and electron at a storage temperature by the Arrhenius
expression (Eq. 3.15) (Aitken, 1985).
τeff = s-1eE/kT

Eq. 3.15

Where s is frequency factor (s-1), E is trap depth (eV), k is Boltzmann’s constant
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(eV K-1) and T is storage temperature (K). The E and s are determined by fitting the
effective thermal lifetimes (τeff) of fast component at different storage temperatures
(T) with Eq. 3.15 and the fitting processes were completed by Sigmaplot Ver. 12 in
this study.

3.5 Age estimation
For estimating an age by luminescence dating, the age equation is written as
Age 

Paleodose
Annual Dose Rate

(Aitken, 1985)

Eq. 3.16

Therefore, reliable estimations of paleodoses and annual dose rates have the
same importance and are necessary for a reliable age estimation. The paleodose refers
to the total radiation energy which is absorbed by the dating materials during burial
and has the ability to induce luminescence with dating materials. In practice, the
paleodose is usually represented by simple average or by a special model of the
laboratory estimated dose which can be assumed to be equivalent to the luminescence
occurring in nature. Therefore, laboratory estimated dose is named as “equivalent
dose (De)”. For the evaluation of the equivalent dose by luminescence method, the
SAR (Single Aliquot Regenerative-dose) protocol and the MAAD (Multiple Aliquots
Additive Dose) procedures were used in this study. For both SAR protocol and
MAAD procedures, the luminescence signal is derived by blue light stimulated in
continuous wave (CW) stimulation. The detail treatments will be introduced in section
3.5.1 and 3.5.2. Important tests and characteristic, such as preheat test, dose recovery
test, and the characteristics of saturation, for both the SAR protocol and the MAAD
procedures, will be introduced in section 3.5.3.
Annual dose rate is an absorption rate of the energy which will induce
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luminescence with samples from the storage environment of dating materials in a
duration of one year and usually in the unit of Gy/ka. In this study, the radiation
delivered from the environment is assumed to be the same with the radiation
absorption by the dating materials and all leakage of radiation is predictable. The
method to evaluate the annual dose rate is introduced in section 3.5.4.

3.5.1 SAR protocol
The SAR protocol is a sequence of treatments to estimate the equivalent dose
(De) in luminescence dating (Murray and Wintle, 2000; Wintle and Murray, 2006) and
commonly used for age estimation on different materials in geology and archaeology
(Rhodes, 2011; Guralnik et al., 2015b). The sequence (see Figure 3.4 and Table 3.4
for the treatments applied in this study) of a SAR protocol operates with several
regeneration cycles on single subsample (aliquot or cup). One full regeneration cycle
starts from the first step to the 7th step (Table 3.4), then the next regeneration cycle
starts from the first step again. With the first cycle (Table 3.4, x=0) the natural
luminescence intensity is measured, and then the first cycle is followed by several
regeneration cycles. In the end of the protocol, there would be two or three cycles for
checking following criteria: the background of the samples without laboratory
irradiation (recuperation ratio), the sensitivity change during measurement (recycling
ratio), or the feldspar contamination (IR depletion ratio) (see section 3.4.1). Through
these measurements, a dose response curve for estimating the equivalent dose and
several criteria for checking primary characteristics can be both confirmed in a
complete SAR protocol.
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Table 3.4: The detail treatments for SAR protocol.

Step

Treatment

Observed

1

Laboratory irradiation, Dxa

-

2

Preheat, 260 ℃ for 5 sb

-

2.1d

IRSL, for 40 s at 50 ℃b

IR

3

CW-OSL, for 40 s at 125 ℃b

Lxc

4

Laboratory irradiation (test dose), Dt

-

5

TL 220 ℃b

-

6

CW-OSL, for 40 s at 125 ℃b

Txc

7

Illumination, blue LEDs at 290 ℃ for 100 sb

-

8

Return to step 1

-

a. For the natural sample, x=0 and D0 is natural dose.
b. Aliquot cooled to < 60 ℃ after heating.
c. Lx and Tx are derived from the stimulation curve, early
background method (the first 0-0.48 s of initial signal minus the
interval from 1.12-1.6 s as background) was applied for all Lx
and Tx.
d. Step 2.1 takes place in the measurement for IR depletion ratio.
After the regenerative doses are measured, one laboratory
irradiation which is the same with the first regenerative dose will
be added and followed by step 2.

In the first cycle (Table 3.4, x=0) of the protocol, this measurement aims to get
the natural signal of the subsample. It starts from a preheat process at a specific
temperature (see section 3.5.3.1) in order to remove the unstable signal from traps
which can be cleaned by heating at relatively low temperature. A natural OSL
intensity is recorded after the preheat process. Afterwards, a laboratory irradiation
dose will be given to the subsample as a test dose for sensitivity correction by
normalization (Jain et al., 2003b; Wintle and Murray, 2006). The ratio between the
regenerative luminescence intensity (Lx) and the luminescence intensity of test dose
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(Tx) is named corrected luminescence intensity (I in Figure 3.4) which will be applied
in the equivalent dose (De) estimation. The OSL intensity of the test dose will be
recorded after a heating process named cutheat with the same purpose of preheat.
Although the purpose of cutheat process is the same with preheat, the maximum
temperature of cutheat should not be higher than preheat temperature (Wintle and
Murray, 2006). An illumination which means an optical stimulation at a temperature
higher than preheat temperature will be treated at the end of the cycle for cleaning all
possible residual luminescence before the next regeneration processes.

Figure 3.4: A dose response curve (DRC, solid curve) created by SAR protocol is sketched on the
graph. Incremental regenerative points (I1, I2, I3, I7) and the points for relative criteria (I4, I5, I6) are
included. De will be defined by the natural luminescence intensity (I0=In) and dose response curve
(solid curve) with the relative equation defined by fitting the equation according to these regenerative
points. In this sketch, De and 2D0 (see section 3.5.3.3) defined from the equation are indicated as well.
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After the first cycle for collecting the natural signal from the subsample, several
regeneration cycles will follow the first cycle for creating a dose response curve to
estimate the De value. The only difference is that, one regenerative dose (D1, D2, D3
and D7 in Figure 3.4) will be given by laboratory irradiation before the treatment of
preheat. A complete SAR protocol will contain three or more regeneration cycles with
different regenerative doses with the purpose of building a dose response curve and
modeling a relationship between laboratory irradiation and corrected luminescence
intensity. In the end of the protocol, there will be two or three cycles for check the
background intensity (D4 and I4 in Figure 3.4), sensitivity change (D6 and I6 in
Figure 3.4), or feldspar contamination (D5 and I5 in Figure 3.4). The background
intensity is checked by Recuperation Ratio (I4/I0 in Figure 3.4). For geological
samples, the value of recuperation ratio should not surpass 5% (Murray and Wintle,
2000). The sensitivity change is checked by recycling ratio (I6/I1 in Figure 3.4). For
geological samples, the recycling ratio is suggested between 0.9~1.1 (Murray and
Wintle, 2000). The feldspar contamination is checked by IR depletion ratio (I5/I1 in
Figure 3.4). For geological samples, the IR depletion ratio is suggested between
0.9~1.1 (Murray and Wintle, 2000).

3.5.2 MAAD procedures
The MAAD (Multiple Aliquots Additive Dose) procedures are measurements for
estimating the equivalent dose from luminescence signal (Aitken, 1985). The sample
measured by MAAD procedures, will be firstly separated homogeneously into to
several subsamples. Afterwards, these subsamples will be split into several groups. To
one group of subsamples no artificial (laboratory) irradiation will be added and the
natural luminescence signal will be determined by the measurements of this group (I0
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and N in Figure 3.5). To the other groups of subsamples different doses of artificial
irradiation will be added on the top of the natural luminescence (I1 and N+D1, I2 and
N+D2, I3 and N+D3, I4 and N+D4, in Figure 3.5). The luminescence of the groups
with artificial irradiation are used for modeling the growth of luminescence intensity
when different artificial irradiations were added on the subsamples. After these
treatments, the equivalent dose of the natural signal can be estimated by extrapolation
of the dose response curve.
Table 3.5: The detail treatments for MAAD procedures.

Step

Treatment

Observed
a

1

Laboratory irradiation, Dx

-

2

Preheat, 260 ℃ for 5 sb

-

3

CW-OSL, for 40 s at 125 ℃b

Lxc

4

Laboratory irradiation (test dose), Dt

-

5

heat, TL 220 ℃b

-

6

CW-OSL, for 40 s at 125 ℃b

Txc

a. For the natural sample, x=0 and D0 is natural dose.
b. Aliquot cooled to < 60 ℃ after heating.
c. Lx and Tx are derived from the stimulation curve, early
background method (the first 0-0.48 s of initial signal
minus the interval from 1.12-1.6 s as background) was
applied for all Lx and Tx.

Several considerations have to be made before the MAAD procedures can be
applied on samples. First, the natural luminescence intensity of samples should be
assumed as homogeneous. Since the sample will be divided into subsamples and they
are separated into several groups for creating a dose response curve, each subsample
should be assumed with a similar nature dose (N in Figure 3.5). For example aeolian
deposits, which were well bleached before burial, are considered to be suitable
samples for MAAD procedures.
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Figure 3.5: A dose response curve (DRC, solid curve) created by MAAD procedures are sketched on
the graph. Incremental additive points (I1, I2, I3, I4) are included. De (the star sign) will be defined by
the natural luminescence intensity (I0=In) and dose response curve (solid curve) with the relative
equation defined by fitting the equation according to the natural intensity and the additive points. In
this sketch, De and 2D0 (see section 3.5.3.3) defined from the equation are indicated as well.

On the other hand, fluvial or colluvial samples are usually considered as not
suitable samples for MAAD procedures because of the poor bleaching conditions
according to the transportation process of these samples. Second, the extrapolation
method for estimating the equivalent dose using MAAD procedures is considered to
be one of the reasons for relatively large errors (Jain et al., 2003b). Therefore, the
samples, which are considered as suitable for the MAAD procedures, should be either
relatively young, which can be fitted by almost a straight-line, or should have good
luminescence characteristics with luminescence signals which can be fitted with the
expected extrapolation function.
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3.5.3 Preheat test, dose recovery test, and saturation of natural signal
3.5.3.1 Preheat test
Although it is known that rising preheat temperature may change the sensitivity
of samples, the preheat process is necessary for removing unstable electrons in traps
which can be excited immediately by heating at low temperatures from 100 to 230 ℃
(Wintle and Murray, 1998). The preheat test is used to identify a range of preheat
temperatures where the apparent dose remains constant. The apparent doses for
different preheat temperatures are analyzed to identify a “plateau” of the apparent
doses with the preheat temperatures respectively. The plateau of apparent doses can
show that the preheat temperatures have no influence on the apparent doses in the
range of preheat plateau temperatures. Figure 4.6 is a typical preheat plateau for the
sample in this study.

3.5.3.2 Dose recovery test
The artificial irradiations are applied in both SAR protocol and MAAD
procedures. However, the precision of artificial irradiation analyzed by the methods
was not confirmed. The dose recovery test is used to confirm that the given artificial
irradiation can be estimated precisely by SAR protocol and MAAD procedures. In the
processes for dose recovery ratio, 6 to 12 subsamples for measurement will be first
bleached at room temperature by blue LEDs. After waiting for 10000 s in order to run
out of electron lifetime of the trap charges in shallow trap depth, these subsamples
will be bleached again at the room temperature. The luminescence signals of these
double beached subsamples are assumed to be reset completely and without any
sensitivity change during the mentioned bleaching processes. These double bleached
subsamples are considered with the same luminescence characteristics as the samples
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that were reset in nature. Afterwards, a known laboratory irradiation (given dose) will
be given on these double bleached subsamples and analyzed by SAR protocol or
MAAD procedures. When the measurements are finished, a “measured dose” will be
provided by the analysis. The ratio between measured dose and given dose is socalled “dose recovery ratio”. According to Wintle and Murray (2006), the dose
recovery ratio should be between 0.9 and 1.1.

3.5.3.3 Saturation of natural signal
In both SAR protocol and MAAD procedures, samples are irradiated with
several artificial doses in order to create the dose response curve (DRC). The dose
response curve is characterized as an exponential increasing. While the samples are
irradiated with higher and higher artificial doses, the corrected luminescence
intensities do not increase with the artificial doses. This phenomenon is named
“saturation” and it limits the maximum detectable age for luminescence dating. The
functions of DRC are defined as Eq. 3.17 for SAR protocol (Figure 3.4) and Eq. 3.18
for MAAD procedure (Figure 3.5).
Ix(Dx)= Imax(1-exp(-(Dx+c)/D0))

Eq. 3.17

Ix(Dx)= Imax(1-exp(-(Dx+De)/D0))

Eq. 3.18

D0 is the characteristic dose and usually expressed in the unit of Gy; Ix(Dx) is
the corrected luminescence intensity (Ix=Lx/Tx) while given an artificial (laboratory)
irradiation Dx; Imax is the maximum Lx/Tx of the sample which is estimated
according to the curve fitting process; c is the estimated dose while the corrected
luminescence intensity is zero. For the MAAD procedure, the De is defined by the
extrapolation with Eq. 3.18. Thus, while the corrected luminescence intensity is zero,
De is presented at the x-axis (Figure 3.5)
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The saturation level is defined as the ratio between In and Imax (Figure 3.4 and
Figure 3.5). The 1×D0 represents the saturation level at ~0.63 derived from the DRC
functions and the 2×D0 represents the saturation level at ~0.86. Regarding the
maximum detectable limit, D0 plays a role in presenting the saturation level from the
insight of dose instead of the corrected luminescence intensity. The maximum
detectable limit is defined at the saturation level at ~0.86 due to the uncertainty from
the machine and the SAR protocol, which is <5% (Murray and Wintle, 2000), and
~8% of the uncertainty for general samples, which comes from the sample
characteristics (e.g. bleaching condition, annual dose, and the statistic distribution of
De) (Murrat and Olley et al., 2002).

3.5.4 Natural Dose Rate
The decay (alpha, beta, and gamma decay) of radioactive nuclides and the
cosmic ray in the surrounding of the dating materials deliver the energy to excite the
electrons to the conduction band and to store them in the semi-stable level. The
natural dose rate is used to evaluate the energy from the environment during the time
interval of burial. The unit for the natural dose rate is Gy/ka. In this study, the natural
dose rate was evaluated from the multiplication between the concentrations of the
nuclides and the emission energy coefficient of each nuclide that contributes for the
radioactive (alpha, beta, and gamma decay) decay (Aitken, 1985). Furthermore, the
energy emission from the surrounding was assumed to be equal to the energy
absorption of the dating materials. The method for annual dose estimation was
described as follow.
Annual dose= Dα+Dβ+Dγ+Dcosmic ray

Eq. 3.19

In practice, the energy from alpha decay was negligible because the out layer of
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quartz grains were etched by 48% HF. The water contain correction was not necessary
for hard rock in this study. For the dose rate contributed from beta decay, the grain
size, the shape and etching by HF were necessary to be corrected in the dose rate
contribution system. The attenuation by etching was corrected by the factor of 0.9
(Aitken, 1985). The attenuation factor for different grain size and shape were based on
Fain et al. (1999). The samples in this study fitted the size and shape for 100 μm and
sphere. The conversion factors from concentration to dose rate by Adamiec and
Aitken (1998) were used in this study. All the constants for annual dose correction
were summarized in Table 3.6a and Table 3.6b. Therefore, the full equation for annual
dose was Eq. 3.20.
Annual dose =
× (1 −

0.9 ×
+
,

Where

+
,

)+

× (1 −

+
,

,

)+

× (1 −

)

+

Eq. 3.20

,

are the dose rates contributed by

beta decay or gamma decay from the nuclide of uranium series, thorium series, and
potassium-40, respectively. Each dose rate contributed by relative nuclide were
defined as the concentration of nuclide multiplied with the conversion factor.
,

,

and the shape.

are the attenuation factors for different nuclides in the grain size
is 150 μGy/a (Aitken, 1985) for the dose rate contributed

by cosmic ray.
The concentrations of the radioactive nuclides were analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) combined with X-Ray fluorescence
(XRF). ICP-MS measurements were done by the group of Professor Sun-Ling Chung
in the Department of Geosciences, National Taiwan University. The concentrations of
uranium (U) and thorium (Th) were analyzed by ICP-MS measurement using an
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Agilent 7500cx spectrometer (Yang et al., 2005). The XRF measurements were done
by the group of Dr. Chi-Yu Lee in the Department of Geosciences, National Taiwan
University. The concentrations of potassium (K) were analyzed by XRF
measurements using a Rigaku® Rix-2000 spectrometer (Lee et al., 1997; Wang et al.,
2004).
Table 3.6a: Attenuation factor for grain size=100 μm and grain shape in sphere (Fain et al., 1999)

Attenuation factor for
beta decay

Uranium
decay series

Thorium
decay series

Potassium-40

0.065

0.087

0.039

Table 3.6b: Conversion factor from concentration to dose rate (Adamiec and Aitken, 1998)

Uranium-238

Thorium-232

Potassium-40

Conversion factor for
beta decay

0.1460
Gy/ka*1ppm

0.0273
Gy/ka*1ppm

0.7820
Gy/ka*1%

Conversion factor for
gamma decay

0.1130
Gy/ka*1ppm

0.0476
Gy/ka*1ppm

0.2430
Gy/ka*1%
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Chapter 4 Results

4.1 Luminescence characteristics of samples
4.1.1 IR depletion ratio
The OSL signals with and without IR stimulation before the OSL measurements
for samples S01 and 0519-01 are shown in Figure 4.1. The difference between the
OSL signal of S01 with and without IR stimulation is ~ 200 counts and the decreasing
trend of the two curves agree with each other (Figure 4.1a). On the other hand, the
OSL signal from sample 0519-01 after the IR stimulation is significantly decreased in
comparison with the OSL signal without IR stimulation (Figure 4.1b). This result is
considered as feldspar contaminated when the OSL signal decay curve presents as in
Figure 4.1b.

Figure 4.1: The CW-OSL signal decay curves from samples with and without a prior IR stimulation.
(a) Curves are derived from quartz of S01 and (b) curves are derived from 0519-01.

Figures 4.2 and 4.3 show IR depletion ratios and recycling ratios from samples in
this study. When examining samples for feldspar contamination, IR depletion ratios
are usually shown together with recycling ratios, in order to prove that the samples
with necessary IR depletion ratios can provide necessary recycling ratios. Samples
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WIDG8 (Murray and Wintle, 1998), SESA (Wintle, 1997), CalibQz (Hansen et al.,
2015), as well as S01, S02, 0523-01, 0523-02 in Figure 4.2 are considered to be
without feldspar contamination and well-recycled. The IR depletion ratio and
recycling ratio values are overlapping with each other within the standard deviation.

Figure 4.2: Quartz samples with undistinguishable IR depletion ratios and recycling ratios are shown.
All error bars in the figure present in one standard deviation. WIDG8, SESA and CalibQz are ideal
quartz samples from sedimentary source for luminescence dating. The luminescence characteristics of
these three samples are used as a standard in comparison to the samples collected in Taiwan. The upper
and the lower limits between 0.9 and 1.1 are bracketed by dashed horizontal lines. Samples in this
figure are considered to be without feldspar contamination.

Figure 4.3: Quartz samples with problematic IR depletion ratios and recycling ratios are shown in this
figure. All error bars in the figure present in one standard deviation. The bracketed area by dashed
horizontal lines presents the upper and the lower limits between 0.9 and 1.1. IR depletion ratios and
recycling ratios of these samples are either separable or out of applicable limit. Samples in this figure
are probably considered to be feldspar contaminated.
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However, the samples shown in Figure 4.3 are regarded as poor recycling ratios
(Duller, 2003). These samples appear not to be well-recycled in SAR protocol.
Furthermore, the IR depletion ratios and recycling ratios are significantly different.
Therefore, these samples could be inapplicable in SAR protocol due to the poor
recycled characteristics in measurements and feldspar contamination.

4.1.2 OSL signal component separation and photo-ionization cross-section
The component separation was processed on both LM (Linearly Modulated) and CW (continuous wave) - OSL signals for all samples without feldspar
contamination. The photo-ionization cross-section can be defined by the decay rate
derived from the component separation of OSL signals (Choi et al., 2006).

Figure 4.4: S01 is an example for the results of component separation. (a) Both vertical and horizontal
axis are an exponential expression. The CW-OSL decay curve is presented by solid circles and fitted by
the red curve. Three components are deconvoluted according to the red curve. (b) The horizontal axis is
in exponential expression. The LM-OSL curve is presented by solid circles and fitted by the red curve.
Four components are deconvoluted according to the red curve.

Figure 4.4 presents the curve fitting result of S01 and proves that the fitting
applied on both LM- and CW- OSL signals are good enough to be the accepted
results. Table 4.1a and 4.1b show the component contributions for each sample and
prove that both LM- and CW- OSL signals are dominated by the fast component
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which is widely applied to luminescence dating (Ballarini et al., 2007; Pawley et al.
2010; Cunningham and Wallinga, 2010). Table 4.2 shows the photo-ionization crosssections of the samples. None of them can be differentiated from the published
numbers as in Jain et al. (2003a).
Table 4.1a: The contribution from each OSL signal component deconvoluted from CW-OSL decay
curve. The fast component offers major signal for each sample. These two tables (Table 4.1a and Table
4.1b) suggest that the component separation results are the same whether derived from CW-OSL or
LM-OSL signal curves.

CW-OSL

fast component (%)

medium component (%) slow component 1(%)

WIDG8

88±3

12±2

N.A.

SESA

97±1

3±0.3

0.2±0.01

CalibQz

99±1

1±0.2

N.A.

S01

88±2

11±2

2±0.1

S02

86±1

13±1

1±0.2

0523-01

83±3

14±3

4±1

0523-02

80±3

17±3

3±0.5

Table 4.1b: The contribution from each OSL signal component deconvoluted from LM-OSL signal
curve. All LM-OSL signal curves of the samples are dominated by fast component. Two slow
components were deconvoluted from LM-OSL. The slow component 2 is even slower than slow
component 1.

LM-OSL

fast component medium component slow component 1 slow component 2
(%)

(%)

(%)

(%)

WIDG8

84±1

16±1

0.1±0.02

0.1±0.01

SESA

94±1

5±1

0.3±0.1

0.3±0.1

CalibQz

95±1

4±1

0.1±0.002

1±1

S01

88±1

10±1

1±0.1

0.4±0.1

S02

90±0.3

9±0.5

1±0.1

0.3±0.1

0523-01

86±1

11±1

2±0.5

1±0.2

0523-02

83±2

11±2

5±3

0.5±0.2
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Table. 4.2: The photo-ionization cross-sections (PCS) of fast components. The PCS with standard
errors are observed from fast components deconvoluted from CW-OSL and LM-OSL signal curves
respectively. In order to compare with the value by Jain et al. (2003a), all values in this table have been
adjusted according to the value of WIDG8 in the approach of LM-OSL. The ratio is ~0.677858
between the presented value and measured value. The two values are different because the power for
measurement is different between this study and the previous study (Jain et al. 2003a). All results of the
samples in table 4.2 are in the same order with the value of 2.32 ± 0.16 × 10-17 cm2 (Jain et al., 2003a).

CW-OSL
LM-OSL
PCS of fast component PCS of fast component
(cm2)

(cm2)

WIDG8

2.27±0.04 ×10-17

2.32±0.06 ×10-17

SESA

2.36±0.01 ×10-17

2.63±0.06 ×10-17

CalibQz

2.58±0.02 ×10-17

2.76±0.05 ×10-17

S01

2.11±0.13 ×10-17

1.98±0.07 ×10-17

S02

2.41±0.03 ×10-17

2.34±0.02 ×10-17

0523-01

1.90±0.14 ×10-17

1.98±0.2 ×10-17

0523-02

1.83±0.07 ×10-17

1.69±0.02 ×10-17

4.1.3 Kinetic parameters of the fast component separated from CW-OSL signal
Shown in Figure 4.5a are the results of the isothermal-storage experiment and
curve fitting for sample S01. The thermal lifetimes defined in Figure 4.5a were used
to draw the graph in Figure 4.5b. The trap depth (E) and the frequency factor (s) were
defined in Figure 4.5b.
The trap depths for samples from the Hsuehshan Range in central Taiwan are
between 1.61 eV and 1.64 eV and the frequency factors are between 1013.2 s-1 and
1013.9 s-1 (Table 4.3a). These numbers agree well with the published data: E = 1.59 eV
and s = 1012.9 s-1 for WIDG8 (Murray and Wintle, 1999).
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Figure 4.5: S01 is an example for the results of isothermal-storage experiment (a) and curve fitting by
Arrhenius expression (b). The solid circles in (b) indicate the effective lifetimes derived from (a) at
relative holding temperatures. The E and s values are shown with standard error.

4.2 SAR protocol
The details of the SAR protocol have been explicitly elaborated in section 3.5.1.
The results of equivalent doses and relevant criteria for SAR protocol are presented in
the following sections.

4.2.1 Preheat plateau and other criteria for SAR protocol
Sample S01 was taken as an example to show the preheat plateau, recycling
ratios and recuperation ratios (Figure 4.6). The preheat plateau presented between 240
˚C and 280 ˚C; thus, the preheat temperature used for measurement of the equivalent
dose was 260 ˚C. With this preheat temperature, the recycling ratio is between 0.85
and 1.15, and the recuperation ratio is lower than 5%.
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Figure 4.6: Sample S01 as an example for preheat plateau. All error bars in the figure represent one
standard deviation. (a) Apparent doses estimated by SAR protocol at different preheat temperatures.
The plateau was identified as the range of red line. (b) The recycling ratios of S01 at different preheat
temperatures. The blue dotted line shows upper and lower limit between 0.9 and 1.1; the gray dotted
line provides upper and lower limit between 0.85 and 1.15. (c) The recuperation ratios of S01 at
different preheat temperatures. The gray dotted line represents the upper limit of the ratio at 5%.

4.2.2 Dose recovery ratio
The details of dose recovery ratio are discussed in section 3.5.3.2. The results of
dose recovery for these four samples are presented in Figure 4.7. It can be seen that
almost all dose recovery ratios and recycling ratios for the samples are within the
acceptable range. However, the dose recovery ratio of 0523-02 is out of the
acceptable limit of error (0.9~1.1) (Figure 4.7a), suggesting that the equivalent dose of
0523-02 could be over-estimated by SAR protocol.
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Figure 4.7: Dose recovery ratios of the four samples (a) present with recycling ratios (b) for
confirming that the problematic dose recovery ratio is not due to problematic recycling ratio. The blue
dot line presents acceptable upper and lower limit between 0.9 and 1.1. All error bars in the figure
present in one standard deviation.

4.2.3 Characteristic dose (D0)
The details of this method have been elaborated in section 3.5.3.3. The results of
dose response curves and characteristic doses (D0) will be presented in this section.
Over 30 subsamples were investigated for each sample to derive the characteristic
dose (D0). To each subsample, 8 laboratory irradiations from 0 Gy to 640 Gy were
added to construct the dose response curve (growth curve). The average D0 of these
four samples is about 79.1 Gy (Figure 4.8). The upper limit is around 160 Gy (2D0)
for equivalent dose estimation.
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Figure 4.8: Dose response curves (DRC, so-called growth curve) and equivalent doses of the four
samples by SAR protocol. All the error bars in the figure are presented in one standard deviation. D0
means characteristic dose with the standard error; De means equivalent dose with the standard error; n
means the number of total subsamples for each sample in equivalent dose estimation and analyzation
by SAR protocol.

4.2.4 Equivalent dose (De)
The dose response curves and equivalent doses are shown in Figure 4.8. The
equivalent doses of S01 and 0523-02 cannot be determined precisely because both
natural signals are in saturation. The equivalent dose of 0523-01 is estimated as 44±2
Gy, which is lower than 2D0, compatible with the criteria for SAR protocol. The
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equivalent dose of S02 is estimated as 119±6 Gy, also satisfied with the criteria for
SAR protocol. Although the average equivalent dose is close to 2D0 in the dose
response curve for S02, the equivalent dose with standard deviation is under the upper
limit of the standard deviation of 2D0.

4.3 MAAD procedures
The preheat process is necessary and preheat temperature is applied according to
the result from Figure 4.6. The results of characteristic doses and equivalent doses by
MAAD procedure will be presented in the following section. The details of MAAD
procedures are discussed in section 3.5.2.

4.3.1 Characteristic dose (D0)
The natural luminescence intensity for each sample was estimated by using 6 to
10 subsamples in average. At least 3 laboratory irradiations were added on the natural
sample to generate the dose response curve for each sample. Each corrected
luminescence intensity of laboratory irradiation was averaged from 5 to 6 subsamples.
The average characteristic dose (D0) for these four samples is about 215 Gy (Figure
4.9). However, it is difficult to define an upper limit for the equivalent dose
estimation by MAAD procedures because of the relatively large standard error which
implies a low precision of the procedures.
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Figure 4.9: The results of equivalent dose estimation by MAAD procedures. The black curves are
regression curves by extrapolation according to the corrected luminescence intensities and laboratory
irradiations. The black solid circles with error bar present the average corrected luminescence
intensities with one standard deviation. D0 means characteristic dose with the standard error; De means
equivalent dose with the standard error.

4.3.2 Equivalent dose (De)
The results of equivalent dose for these four samples are shown in Figure 4.9.
The equivalent dose of 0523-01 is much smaller than D0 and the equivalent dose of
S01, S02 and 0523-02 are around D0. There seems to be no saturation problem for
these four samples using the MAAD procedures. However, one issue with the MAAD
procedures comes from the low precision resulting from curve fitting. Samples S01
and S02 show relatively small standard deviations for the luminescence intensity of
the natural signal and the signal after laboratory irradiation, but the error from curve
fitting increases the overall error to 20~60% of the equivalent dose. The fitting rocess
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for the equivalent dose of 0523-01 and 0523-02 give an error in 40~60% of the
equivalent dose.

4.4 OSL-thermochronometric system for quartz from western Hsuehshan Range
In this section the kinetic parameters of OSL signal and correlated external
information from western Hsuehshan Range (HR) will be applied to create an OSLthermochronometric system (Guralnik et al., 2013). The results will be introduced
through the three scenarios as presented in Figure 3.2. Finally, the results of the SAR
OSL protocol and the correlated external information (Table 4.3a) will be applied to
scenario 2 (Figure 3.2) of the OSL thermochronometric system. The corresponding
cooling rates and closure temperatures are shown in Figure 4.10.

Figure 4.10: (a) For samples from western HR in scenario 2 (Figure 3.2), the relationship between the
closure temperatures and the monotonic cooling rates is shown in (a). Diamond for each sample
represents the minimum detectable cooling rate limited by 2D0 which is defined by quartz SAR OSL
protocol. The thick lines present the available cooling rate for this system. (b) For samples from
western HR in scenario 3 (Figure 3.2), the relationship between the apparent storage temperature Tapp
and the OSL signal ratio at steady state (n/N)SS is shown in (b). Diamond for each sample represents
Tapp as minimum detectable apparent temperature for (n/N)SS =0.86. The thick lines present the
available (n/N)SS with correlated Tapp for this system.
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The first scenario can be induced by a lava flow (Tsukamoto et al., 2011) or fault
activity (Ikeya and Miki, 1982). For the samples from the western HR, the average
2D0 is 158±23 Gy. If the equivalent dose is higher than 158±23 Gy, the equivalent
dose cannot be properly estimated for the quartz samples from western Hsuehshan
Range by using the SAR OSL protocol. The average age suggests that the maximum
detectable age is around 114 ka. If the abrupt cooling event is older than 114 ka, the
OSL-thermochronometric system for samples from western HR cannot properly
evaluate the thermal age.
The second scenario (Figure 3.2) is the primary hypothesis of this study for the
samples cooled by tectonic uplift or exhumation. The scenario 2 is a monotonic
cooling process in the duration of exhumation. For the samples from the western HR,
the OSL-thermochronometric system (Guralnik et al., 2013) for scenario 2 is shown
in Figure 4.10(a). The maximum detectable OSL age is around 114 ka. Because of
this restriction, the correlated cooling rate and closure temperature are constrained.
The average of the minimum detectable cooling rate in OSL-thermochronometric
system is 308±140 ℃/Ma with the corresponded closure temperature of 46±3 ℃.
This result suggests that the OSL-thermochronometric system in this study (by SAR
protocol with fast component quartz) specifically works for the area with a cooling
rate higher than ~170 ℃/m.y..
The third scenario (Figure 3.2) can occur in a hot spring area or an environment
with steady and high geothermal gradient. For the samples from western HR, the
OSL-thermochronometric system (Guralnik et al., 2013) for prolonged isothermalstorage is shown in Figure 4.10(b). In this system, the maximum detectable OSL age
is expressed in “the saturation level in steady state ((n/N)SS) =0.86”, which is the ratio
between measured OSL signal and maximum OSL signal capacity, and correlates to
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2D0 in the dose response curve. The apparent temperature (Tapp) correlated to “(n/N)SS
=0.86” suggests that this is the lowest Tapp available for this system. In Figure 4.10(b),
the result suggests that if the storage temperature Tapp > ~ 30 ℃, it is possible that the
real storage time could be longer than the measured age (tapp).
With the ages (Table 4.3b) estimated from the ratios between equivalent doses
using SAR OSL protocol and annual doses, the correlated cooling rates and closure
temperatures were revealed according to OSL-thermochronometric system for
samples from western Hsuehshan Range (Figure 4.11). Since the present temperatures
(Table 4.3a) are lower than the limit Tapp in Figure 4.10, there should be a cooling
process after the low-grade metamorphism in the study area. Therefore, scenario 2 is
undertaken for the background setting of the cooling path.

Figure 4.11: The cooling rates and closure temperatures of S02 and 0523-01 determined according to
the equivalent dose. These results are determined according to the equivalent doses estimated by SAR
protocol and the OSL-thermochronometric system. The blue open triangle presents the closure
temperature and cooling rate for S02. The black open triangle presents the closure temperature and
cooling rate for 0523-01.
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Even though for sample S01 the equivalent dose cannot be estimated properly by
quartz OSL SAR protocol because of signal saturation, the ratio between the corrected
OSL signal (Ln/Tn) and corrected maximum OSL signal (Imax, defined by the dose
response curve of SAR protocol) can be used as n/N (Table 4.3b) to define the cooling
rate and closure temperature (see section 3.1 for details). However, the simulation
result from the relative corrected OSL signal of S01 could be far from the real
condition because the real (Ln/Tn) with error can be larger than the Imax. This
phenomenon made the error of the relative cooling rate and closure temperature
unpredictable. According to the (Ln/Tn) of S01, the correlated cooling rate is 68
℃/m.y. and the closure temperature is 39 ℃, but the errors of these values cannot be
evaluated. For S02 and 0523-01, there is no saturation problem during the equivalent
dose estimation by quartz OSL SAR protocol. The simulation for the cooling system
of S02 and 0523-01 was presented in Figure 4.11. According to the age of S02, the
correlated cooling rate is 396 ℃/m.y. and the closure temperature is 47 ℃ for S02.
According to the age of 0523-01, the correlated cooling rate is 1266 ℃/m.y. and the
closure temperature is 53 ℃ for 0523-01. The cooling rate of 0523-01 is rather high
according to other studies (e.g. Simoe et al., 2007), and the reasons will be discussed
in section 5.3. For 0523-02, the OSL signal (Lx/Tx) cannot be corrected because of
signal saturation (see section 4.2.3). Therefore, the correlated cooling rate and closure
temperature cannot be determined from the simulation of OSL-thermochronometric
system. However, the correlated cooling rate and closure temperature are considered
to be lower than the minimum detection limit which has been suggested in Figure
4.10(a). It means that the correlated cooling rate for 0523-02 should be slower than
188 ℃/m.y. and the closure temperature should be lower than 43 ℃.
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Table 4.3a: Kinetic parameters with their standard error and the environmental parameters for the four samples collected from Hsuehshan Range in central Taiwan. Ḋ is the
annual dose derived by ICP-MS and XRF. The present temperature (TP) is adjusted according to the altitude and the records of automatic weather stations (AWS) of Central
Weather Bureau. The reference AWSs are C0F9V0 and C0F861 and the time duration for data collection is from 2012 to 2014. These data were provided from the “Data
Bank for Atmospheric &Hydrologic Research” of Taiwan Typhoon and Flood Research Institute (TTFRI).

Sample location, present-day temperature and natural dose rate

Best-fit kinetic parameters

Latitude

Longitude

Altitude

TP

Ḋ

D0

E

Log10 s

(°)

(°)

(m asl)

(°C)

(Gy/ka)

(Gy)

(eV)

(s in s-1)

c value

S01

24.2593

120.9945

2093

13.3

1.09±0.03

88.9±4.9

1.62±0.05

13.2±0.5

0.43

S02

24.2659

121.0338

2660

10.5

1.24±0.04

80.4±2.5

1.62±0.03

13.6±0.3

0.53

0523-01

24.2127

121.0163

830

19.4

1.60±0.06

47.4±1.9

1.64±0.03

13.9±0.3

0.74

0523-02

24.1886

120.9117

606

20.5

1.62±0.06

99.7±3.9

1.61±0.03

13.5±0.3

0.77

ID
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Table 4.3b: The results of the detectable limits from figure 4.10 and the correlated simulation results in figure 4.11.

Scenario 2

Scenario 3

Detectable limit

Detectable limit

(n/N=0.86)

(n/NSS=0.86)

TC
ID

Cooling rate

Scenario 2
Simulation results according to SAR protocol

Tapp

n/N

De

Estimated age

L
T

(Gy)

(ka)

Disk No.

Cooling rate

TC

(˚C/m.y.)

(˚C)

(˚C)

(˚C/m.y.)

(˚C)

S01

49

243

37

0.9918

N.A.

N.A.

n=30

68

39

S02

45

292

33

0.7743

119±6

96±6

n=48

396

47

0523-01

47

507

37

0.6094

44±2

28±1

n=54

1266

53

0523-02

43

188

34

1.0203

N.A.

N.A.

n=30

N.A.

N.A.

I
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Chapter 5 Discussion

5.1 The feasibility of quartz OSL-thermochronometer
The feasibility of quartz OSL-thermochronometer is considered from two
aspects: the material and the cooling rate of the study area. The materials have to fit
with the criteria of the method for equivalent dose estimation, which is the SAR
protocol in this study. The samples collected in central Taiwan were examined
through the luminescence characteristics and the kinetic parameters, and four of them
can be used as the testing materials of OSL-thermochronometer. The cooling rate of a
suitable study area has to be higher than the minimum detectable cooling rate defined
by the simulation model, especially limited by the characteristic doses (D0) and the
annual dose rates of the samples. The luminescence characteristics and kinetic
parameters of the four tested samples were applied in the simulation model (Guralnik
et al., 2013) and the minimum detectable cooling rate for western Hsuehshan Range
was determined from these four samples.

5.1.1 The feasible materials for OSL-thermochronometer
Quartz has been commonly used as geo-chronometer for sediments. On the other
hand, bedrock quartz for the application as an OSL-thermochronometer, can show
disadvantages, such as feldspar contamination, low-sensitivity and saturation of the
luminescence signal, which impedes the application (Guralnik et al., 2015a).
According to the results in section “4.1 Luminescence characteristics of samples”,
samples S01, S02, 0523-01 and 0523-02 show that the fast component dominates the
luminescence signal, the luminescence signals follows first-order kinetic model, and
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the feldspar contamination is undetectable from the luminescence signals.
Furthermore, the criteria for SAR protocol of the four samples were proved
acceptable in section “4.2 SAR protocol”. Therefore, the four samples were
considered as suitable for quartz OSL-thermochronometer. However, the other
samples were not usable for chronological application by quartz SAR OSL protocol
because of feldspar contamination and low-sensitivity of the luminescence signal. In
this section, the metamorphic grades of the samples will be summarized (Table. 5.1).
The connection between metamorphic grades and luminescence characteristics of
samples for quartz OSL-thermochronometer will be discussed. In the end, suitable
materials and related environment will be suggested.
The four suitable samples (S01, S02, 0523-01 and 0523-02) (please see Figure
4.2) were all collected from the western Hsuehshan Range (HR) in central Taiwan.
Samples S01, S02 and 0523-01 were located in the belt of prehnite-pumpellyite
facies, and 0523-02 was located in diagenetic zone or unmetamorphosed (please see
Figure 2.3). The peak temperature of these four samples in the burial duration was
considered to be not higher than 300 ˚C. The other samples (0518-01, 0518-04, 051807, 0519-01, 0519-06 and MetaSS01) were located in the area with higher
metamorphic grade than with western HR (Table 5.1, figure 2.3). As it can be seen in
Figure 4.3, poor recycling ratios and IR depletion ratios of these samples makes them
unusable for quartz SAR OSL protocol.
The thermal history can make a significant influence in the sensitivity of the
luminescence signal due to temperature and pressure, which can be characterized by
metamorphic grades (Sawakuchi et al., 2011; Jeong and Choi, 2012). The higher peak
temperatures and tectonics stresses may trigger the displacement or vanishing of
defects, the reconstruction of crystal lattices, and may result in the change of
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sensitivity. The poor recycling ratios from the samples collected in Taiwan are
probably resulted from high peak temperatures and tectonic stresses, which can be
represented by metamorphic grades.
In the rocks from low-metamorphic grades, such as prehnite-pumpellyite facies,
the luminescence properties of bedrock quartz is supposed to be close to the
properties of ideal quartz, hence the SAR protocol and the simulation model can be
applied. Quartz with stable and sensitive luminescence signal, which is tested for all
the methods in this study, is an ideal dating material for OSL-thermochronometer.
Table 5.1: Locations, metamorphic grade and peak temperature for samples in this study

ID

Location

Metamorphic grade

Peak temperature
(˚C)

0523-02

western HR

diagenetic zone/unmetamorphosed

< 200

S01

western HR

prehnite-pumpellyite facies

200~300

S02

western HR

prehnite-pumpellyite facies

200~300

0523-01

western HR

prehnite-pumpellyite facies

200~300

0518-01

eastern HR

greenschist facies

300~400

0518-04

eastern HR

greenschist facies

300~400

0518-07

Central Range

prehnite-pumpellyite facies

200~300

MetaSS01

Central Range

greenschist facies

300~400

0519-01

Central Range

0519-06

Central Range

greenschist facies
(locally with amphibolite facies)
amphibolite facies

300~400
~600

5.1.2 The minimum detectable cooling rate
The luminescence characteristics of the four samples, which were collected in
the western Hsuehshan Range, were categorized and showed that they were feasible
as dating material for an OSL-thermochronometer (Wu et al., 2015). According to the
result of the cooling model simulation, a high-speed cooled environment was the
appropriate study area for OSL-thermochronometer using quartz SAR OSL protocol
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(see Figure 4.10). The minimum detectable cooling rate was limited by the D0s
determined from the SAR protocol.
Since the present temperature is lower than the Tapp (Figure 4.10b), the cooling
history of the study area would match with scenario 2 (Figure 3.2; Figure 4.10a).
According to the results of the simulation, the thermal ages can be properly estimated
by SAR OSL protocol, while the cooling rate is higher than the average minimum
detectable cooling rate of 308±140 ˚C/m.y. (Figure 4.10a). It suggests that the dating
materials could work well as thermochronometer using SAR OSL protocol, while the
dating material could be cooled faster than 170 ˚C/m.y. at least. Therefore, the area,
where has experienced high-speed cooling, was considered as the ideal study area for
quartz OSL-thermochronology using SAR protocol. The high cooling rate occurs in
an area with high uplift rate or high erosion rate. Therefore, the location of Taiwan on
the boundary of active convergent plates and the pathways of tropical cyclones make
it to be the best place for the study of quartz OSL-thermochronology.

5.2 The comparison between SAR protocol and MAAD procedures for feasibility
in OSL-thermochronometer
MAAD procedures without cyclic heating are considered to have the potential of
extending the age range for luminescence dating (Wallinga et al., 2000; Kars et al.,
2014; Ankjærgaard et al., 2016). In this study, the four suitable quartz samples from
bedrock quartz are used as dating material to test the upper limit of age range between
SAR protocol and MAAD procedures. The characteristic dose (D0) and equivalent
doses (De) were estimated by SAR protocol and MAAD procedures (Figure 5.1). The
saturation level is defined as two times of the D0 derived from the SAR protocol
(Wintle and Murray, 2006).
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Figure 5.1: Comparison in (a) characteristic dose (D0) and (b) equivalent dose (De) between MAAD
procedures and SAR protocol. The relative standard errors of D0 and De via MAAD procedure are
around 20~100% and it suggests for 20~300 ka for age estimation in this study. The relative standard
errors of both D0 and De via SAR protocol are below 10%.

For the non-saturated samples, S02 and 0523-01, D0 and De by MAAD
procedures were consistent with the results from the SAR protocol. However, the
SAR protocol provides higher precision for D0 and De than the results using MAAD
procedures. Therefore, the SAR protocol will be recommended for the non-saturated
samples. For the saturated samples, S01 and 0523-02, MAAD procedures provide D0
and De with large errors, leading to a wide range in explanation and implication. The
conventional MAAD procedures neither provide a precise upper limit by D0 nor a
precise De for geo-chronological application. On the other hand, although the De of
saturated samples cannot be estimated by SAR protocol, the D0 can be evaluated with
a relative standard error below 10%. Thus, the D0 determined from SAR protocol can
give a minimum equivalent dose, which is 2D0, for the saturated samples.
In the end, the SAR protocol is recommended for OSL chronological application.
For unsaturated samples, the maximum detectable De can be evaluated by D0 with a
relative standard error below 10% as well as a relative standard error of De. For
saturated samples, the De cannot be precisely estimated, but a minimum De can be
evaluated because of the detectable D0 with a relative standard error below 10%. For
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MAAD procedure, it seemed possible to extend the upper limit of De estimation
according to D0 by MAAD procedure, but the age is not precise enough for geological
application due to the large errors of D0 and De.

5.3 The exhumation rate in western Hsuehshan Range estimated by OSLthermochronometer and the possible methods for further investigation
The thermal ages of S02 and 0523-01 were successfully estimated by SAR OSL
protocol and applied into the simulation model for cooling history. According to the
result of the simulation, the cooling rate from ~ 100 ka to ~ 30 ka was increased from
396 ˚C/m.y. to 1266 ˚C/m.y. at the closure temperature around 50 ˚C (Table 4.3b;
Figure 4.11). If the geothermal gradient around 50 ˚C/km in western and central
Hsuehshan Range (Hsieh et al., 2014) is considered, the exhumation rate would be
increased from ~ 8 mm/yr to ~ 25 mm/yr in the duration from ~100 ka to ~30 ka.
Although the exhumation rate of ~8 mm/yr determined from S02 agrees with the
results from other thermochronometers for the time duration younger than 0.5 Ma
(Fuller et al., 2006; Wu, 2008; Fox et al., 2014; Hsu et al., 2016), an unusual rate of ~
25 mm/yr is given by sample 0523-01.
In the timescale of million-year, exhumation, ambient bedrock cooling and
cooling of the target material are assumed to be synchronized or within the error of
the age. However, for the timescale in 104-year, the interaction between exhumation,
ambient bedrock cooling, and the cooling of the target material would dominate the
cooling rather than the exhumation only.
In order to conquer the rapid cooling rate observed by quartz OSLthermochronometer, future studies on the OSL-thermochronology and the geological
explicit have to be done. For the OSL-thermochronology, more dating points around
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the study area are needed in order to find local variety. At this stage, it is difficult to
do further explanation for just two available effective ages. Furthermore, more
attempt on different methods for the equivalent dose estimation and relative
simulation models (Guralnik et al., 2015b; King et al., 2016), such as VSL (Violet
stimulated luminescence) (Ankjærgaard et al., 2015; Ankjærgaard et al., 2016), TT
(thermally transferred)-OSL (Yi et al., 2012), pIR IR (post-infrared infrared
stimulated luminescence) method (Jain et al., 2013; Qin et al., 2015; Buylaert et al.,
2015) or MET (multiple-elevated-temperature) -pIR IR method (Chen et al., 2015)
could help to increase the maximum dating range and the application for different
target materials. The geological details, such as the geothermal gradient, the general
cooling rate of the bedrock and the target materials, and the history of tectonic
activities, would help the recognition of environment setting for simulation model.
Furthermore, the research about evolution of the target stratigraphy, from the
deposition, diagenesis to erosion then deposit again, may help the understanding of
early exhumation histories.

5.4 Advantages and limitations of the approach in this study
In this study, the SAR OSL protocol and the simulation model (Guralnik et al.,
2013) were combined as a low closure temperature thermochronometer and used to
understand the cooling history in the western Hsuehshan Range. The advantages and
the limitations of this approach will be considered from the material, method for
equivalent dose which is SAR protocol in this study, and the simulation model.
Bedrock quartz was the dating material used for this study. Although, the quartz
was widely present in bedrock and the luminescence characteristics of quartz were
generally investigated, the problems of bedrock quartz, such as feldspar
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contamination, multiple components involved in the luminescence signal, low signal
intensity, and unstable sensitivity, limit the application for geochronology. The
problem of feldspar contamination could be solved by giving an IR stimulation before
the blue light stimulation. The problem of multiple components could be solved by
the method of component separation and early background method. However, the
solution for low signal intensity and unstable sensitivity probably could not be
overcome so far. Although the photo-ionization cross-section can help to define how
dim the sample is, it seems there is no solution for a sample without efficient signal.
SAR protocol was used for the equivalent dose estimation. The characteristic
dose (D0) and the equivalent dose (De) determined from SAR protocol were used in
the cooling history simulation. Although the method is widely used in different
geological applications and the data quality control procedures for this method are
well-established, the criteria for luminescence signal and the signal saturation
phenomenon limit the application. Furthermore, the time consuming measurements
using this method make this approach inefficient enough, especially for OSLthermochronology which is focused on relatively old samples. The criteria for SAR
protocol are luminescence signal with stable sensitivity, sufficient intensity and single
component. Although most of sedimentary quartz would fit these criteria well, most
bedrock quartz are incapable to fulfill these criteria (Guralnik et al., 2015a). The
saturation phenomenon gives an upper limit for equivalent dose estimation and it is a
significant limitation for thermochronology especially for samples older than 105year. The time consuming problem comes from the signal regenerative-cycle
measurements for dose response curve (DRC) creation. Especially for old samples in
thermochronology, the irradiation time for each regenerative processes will be quite
long.
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The simulation model published by Guralnik et al. (2013) suggests for quartz
samples with the luminescence signal follows first-order kinetic model. The model
considers the processes of signal saturation and leakage for luminescence dating, and
it includes the relative environmental parameters into the model, and combines with
previous studies (Christodoulides et al., 1971; Dodson, 1973; Koshchug and
Solovyov, 1998). With this model, not only the closure temperature is understood, but
also the ratio between measured corrected OSL signal and corrected maximum OSL
signal, and cooling rate are presented clearly. However, the well-considered model is
only suitable for the above-mentioned acceptable quartz samples. Furthermore, the
environmental setting plays an important role in this model. The user probably should
find a general cooling history from abrupt cooling, monotonic cooling or prolonged
storage (Figure 3.2), then investigate the initial cooling temperature and present
temperature before running this model. Giving ideal assumptions for environmental
parameters would be acceptable, but it is no longer case sensitive to the study area.
There are a lot of limits for these approaches, but if the information of the study
areas and samples can be well determined, these approaches in this study are not only
easily to understand for the mathematical processes, but also the ages, cooling rates
and closure temperatures are able to be entirely clarified relative to the study area.
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Chapter 6 Conclusion

1. The bedrock quartz signal yielded by four sandstone samples collected from
western Hsuehshan Range are approximately identical to the ideal quartz signal
for equivalent dose estimation. The signals mentioned above are characterized by
fast component dominant, feldspar contamination negligible and behaving as the
first-order kinetic model, which has been confirmed reliable for the cooling
process estimation and known as OSL-thermochronometer (Guralnik et al., 2013).
2. Since above four samples collected from diagenetic zone and low-grade
metamorphosed bedrock present acceptable luminescence characteristics; thus, the
quartzes from bedrock in diagenetic zone and low-grade metamorphosed facies
are considered to be the feasible materials for the OSL-thermochronometer.
3. For the equivalent dose derivation, the SAR protocol is recommended because of
the relatively high precision while compared to the MAAD procedures.
4. The upper dating limit of quartz OSL-thermochronometer while using SAR
protocol are constrained by the signal saturation level, which has been defined as a
value of 2 times of D0 from the dose response curve (Wintle and Murray, 2006).
Based on the 2D0 of four suitable samples and the three assumed cooling
scenarios, the limitation for of quartz OSL-thermochronometer can be simulated.
For the abrupt cooling scenario, the maximum detectable age is ~114 ka. For the
monotonic cooling scenario, the minimum detectable cooling rate is 308±140
˚C/m.y. with the closure temperature of 46±3 ℃. For prolonged storage scenario,
the real storage time may be under-estimated by the OSL age if the storage
temperature is higher than ~ 30 ˚C.
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5. The cooling rate derived from this study for western Hsuehshan Range was
accelerated from ~396 ˚C/m.y. to ~1266 ˚C/m.y. from ~ 0.1 Ma at the closure
temperature around 50 ˚C. If taking into account geothermal gradient at around 50
˚C/km (Hsieh et al., 2014), the averaged exhumation rate in western Hsuehshan
Range are ~ 8 mm/yr and ~ 25 mm/yr for the last ~ 0.1 Ma and ~ 0.03 Ma
respectively.
6. The average exhumation rate for ~ 0.1 Ma (i.e., ~ 8 mm/yr) agrees with the
previously presented results from AHe and AFT dating method on the timescale of
105-years (Liu, 1982; Wu, 2008; Hsu et al., 2016). However, the rate of ~ 25
mm/yr is significantly higher than the exhumation rates in previously published
literatures. This accelerated rate in the latest exhumation history may be attributed
to the surface process since it happened very close the ground surface.
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