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Trapped-charge dating methods including luminescence and electron spin resonance dating have high potential
as low temperature (b100 °C) thermochronometers. Despite an early proof of concept almost 60 years ago, it is
only in the past two decades that thermoluminescence (TL), electron-spin-resonance (ESR), and optically stim-
ulated luminescence (OSL), have begun to gainmomentum in geological thermochronometry and thermometry
applications. Herewe review the physics of trapped-charge dating, the studies that led to its development and its
first applications for deriving palaeo-temperatures and/or continuous cooling histories. Analytical protocols,
which enable the derivation of sample specific kinetic parameters over laboratory timescales, are also described.
The key limitation of trapped-charge thermochronometry is signal saturation, which sets an upper limit of its ap-
plication to b1Ma, thus restricting it to rapidly exhuming terrains (N200 °CMa−1), or elevated-temperature un-
derground settings (N30 °C). Despite this limitation, trapped-charge thermochronometry comprises a diverse
suite of versatile methods, and we explore potential future applications and research directions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The need to constrain the rate and timing of landscape evolution has
led to a continuous growth of thermochronometric techniques, which
quantify the thermal histories of rocks (Reiners and Ehlers, 2005). A
suite of methods are applicable to different temporal and spatial scales,
however constraining recent (b1Ma) thermal histories at temperatures
b100 °C remains challenging. Luminescence and electron-spin-reso-
nance (ESR) dating are trapped-charge dating methods whose thermal
sensitivities can span this temporal gap. They are based on the quantifi-
cation of free electric charge (electrons and holes), which become
trapped in the proximity of various defects and impurities in the crystal-
line lattice ofminerals (e.g. quartz, feldspar) as a result of their exposure
to environmental radiation (cf. Aitken, 1985). This charge can be evicted
by exposure of the crystal to external energy such as heat, light and/or
pressure, and hence its concentration can be related to the last exposure
of natural materials to high temperature (Aitken et al., 1968; Brown et
al., 2009). Therefore, trapped-charge techniques can be used to gain in-
sights into the thermal histories of rocks.

Although the possibility of interpreting trapped charge within natu-
ral crystals as records of their thermal histories was initially demon-
strated more than half a century ago (Houtermans et al., 1957), this
technique received onlymarginal attention from the geological commu-
nity, initially for surface palaeothermometry (e.g. Ronca and Zeller,
1965), and later for characterising lunar surface temperatures (e.g.
Durrani et al., 1977). With an increasing interest for quantifying recent
stages of rock thermal histories from the thermochronological commu-
nity (Reiners and Ehlers, 2005) and the need to constrain the rate and
timing of landscape evolution during the Quaternary, trapped-charge
dating methods utilising ESR, thermoluminescence (TL), and optically
stimulated luminescence (OSL) were (re)investigated in the context of
low-temperature thermochronometry (Grün et al., 1999; Tsuchiya and
Fujino, 2000; Herman et al., 2010; Guralnik et al., 2015a; King et al.,
2016a). In particular, OSL-thermochronometry has been the focus of
rapid development since its introduction in 2010, and has come to be
recognized as a new developing field of luminescence dating (Duller,
2015a, 2015b; Roberts and Lian, 2015). In its simplest form, trapped-
charge thermochronometry comprises constraining the interplay be-
tween (i) the rate of charge trapping, due to exposure to ionising radia-
tion, and (ii) the rate of charge detrapping, due to temperature
(Christodoulides et al., 1971). By constraining charge trapping and
detrapping rates on a sample-specific basis, the natural concentrations
of trapped charge can be translated into ages and their corresponding
palaeotemperatures.

Herewe aim to provide a brief overview of the underlying physics of
trapped-charge dating, describe the common equipment and key mea-
surements of each sub-technique, and trace the development of
trapped-charge thermochronometry from early pioneering studies to
the current state-of-the-art. At a timewhen a range of new low-temper-
ature thermochronometric techniques are under development (e.g.
Tremblay et al., 2014; Shuster and Cassata, 2015; Amidon et al., 2015),
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it is particularly interesting to review trapped-charge dating methods
with comparable thermal stabilities, that could be used in conjunction
with the above geochemical methods to obtain even higher-resolution
palaeotemperature constraints, inaccessible when using each method
independently.

2. Physical principles

2.1. Electron traps in a crystalline lattice

Both luminescence and ESR dating are based on themeasurement of
trapped electrons, which build up in crystal defects (Fig. 1A) due to
naturally-occurring ionising radiation. Such defects or imperfections
include atomic interstitials, atomic vacancies and elemental substitu-
tions. Even the purest crystals contain defects, and even impurity
concentrations of the order of 10−3 ppm can result in defect concentra-
tions of ~1013 cm−3 (Preusser et al., 2009). When ionising radiation
from alpha, beta or gamma decay, as well as from cosmic radiation, in-
teracts with the crystalline lattice (Fig. 1B), sufficient energy may be
transferred to some bonding electrons, causing them to detach from
their sites; once mobile, free electrons diffuse towards positively-
charged defects and impurities within the crystal. Conversely, each
evicted electron leaves a ‘hole’ behind (a lack of an electron; a virtual
particle with a charge of e+) which experiences an analogous diffusion
towards negatively-charged defects and impurities. Once in their traps,
electrons and holes remain immobile until thermal lattice vibrations
give electrons sufficient energy to escape, allowing them to diffuse
again through the crystal (Fig. 1C) and to recombine with trapped
holes. Upon electron-hole recombination, excess energy is released ei-
ther in the form of measurable light (luminescence) or dissipated as
heat in the crystal. For more in-depth descriptions of electron and
hole trapping and detrapping in quartz and feldspar minerals, the read-
er is referred to e.g. Aitken (1985); Chen and Pagonis (2011), and Jain
and Ankjærgaard (2011).

Although the precise defects that give rise to OSL and TL from quartz
are still the subject of investigation (e.g. Yang and McKeever, 1990;
McKeever, 1991; Martini et al., 2009; Preusser et al., 2009), the UV-
blue emissionswhich are typically measured from quartz have been as-
sociated with the substitution of Si4+ with Al3+, this charge deficit
being compensated by Li+, Na+ (Perny et al., 1992), H+ (Itoh et al.,
2002; Luff and Townsend, 1990) or a trapped hole (h+) (Martini et al.,
1995, 2009). Quartz also contains many paramagnetic centres that can
be exploited in ESR dating, although usually only the Al and Ti centres
are targeted (cf. Skinner, 2011; Blackwell et al., 2016). Finally, the source
of the blue emission of feldspar in response to infra-red stimulation
(termed IRSL, but broadly falling within the OSL category) remains
understudied but has been associated with Al–O–Al centres (Finch
Electron 
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Fig. 1. Schematic diagram of charge trapping and release. (A) A crystalline alkali-halide lattice,
Trapping and (C) detrapping of an electron-hole pair (e− and h+ respectively) in the crystal du
results in diffusion of e− to an electron trapping site, and of h+ to a luminescence recombination
and to recombine with a hole, leading to a release of excess energy either in the form of measu
and Klein, 1999). The reader is referred to Krbetschek et al. (1997) for
a detailed review of luminescence emissions from quartz and feldspar
minerals.

An electron-hole pair may be produced by any naturally occurring
alpha, beta, gammaor cosmic radiation. The sample's natural radioactiv-
ity from all accountable sources is usually expressed as the natural dose
rate (Ḋ), with unit of Gray per unit time (e.g. Gy s−1 or Gy ka−1). Con-
versely, the product n is the number of trapped electrons at any given
time (see Table 1 for a short nomenclature guide). Since the number
of crystal defects/impurities is finite, the amount of electrons that can
become trapped is also limited. Consequently, out of N electron traps
of a certain kind with n ≤ N electrons in them, only the empty sites
(N − n) can attract newly produced charge (Klasens and Wise, 1946).
This ‘space limitation’ is a key phenomenon in trapped-charge geo-
and thermochronometry (cf. Li and Li, 2012; Guralnik et al., 2013)
which generally results in signal saturation over timescales exceeding
105 years (Wintle, 2008). While some ESR centres or OSL traps may ex-
hibit significantly later saturation (i.e. up to 106 years; Rink, 1997;
Ankjærgaard et al., 2015), all trapped-charge systems seem to eventual-
ly be affected by the saturation phenomenon (Grün, 2001).

Various minerals, mineral defects and impurities have different
trapping capacities and thermal stabilities (see Table 2 for some repre-
sentative values). Therefore, trapped-charge thermochronometry com-
prises a versatile suite of different stability systems, with thermal
sensitivity in the ~40–100 °C range (e.g. Grün et al., 1999; Wu et al.,
2015; Guralnik et al., 2015a; Ankjærgaard et al., 2015; King et al.,
2016a). Furthermore, these systems can be used in combination to pro-
videmulti-thermochronometric constraints (Qin et al., 2015; King et al.,
2016a), enabling the derivation of continuous cooling histories.
Trapped-charge techniques therefore lend themselves to a diverse
range of applications including thermometry (Christodoulides et al.,
1971), thermochronometry (Toyoda and Ikeya, 1991), and constraint
of instantaneous cooling or reheating events (see reviews by Fleming,
1979; Bailiff, 2015; Tsukamoto, 2015).

2.2. Mathematical description

The most basic mathematical description of the simultaneous elec-
tron trapping and detrapping, which occurs in a crystal exposed to envi-
ronmental radiation and heat, is given by:

dn
dt

¼ ptrapping N−nð Þ−pdetrapping n ð1Þ

in which t (s) is time, (N− n) and n the unitless number of empty and
occupied electron traps respectively, and ptrapping and pdetrapping the
probabilities of an electron occupying and vacating a trap per unit
and hole trapping Electron-hole recombination
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depicting common lattice imperfections such as vacancies, interstitials, and impurities. (B)
e to the effects of radiation and temperature, respectively. In (B) ionization of an electron
centre. Exposure of themineral to heat (C) enables the electron to escape the trapping site
rable light (luminescence signal), or via dissipation by heat.



Table 1
Trapped-charge dating nomenclature guide.

Parameter Units Definition

Ḋ, dose rate Gy s−1 or Gy
ka−1

The effective amount of energy (Gy = J kg−1) per unit time, deposited within a crystal due to naturally occurring radioactivity. A
distinction can be made between internal and external dose rates: the former arises from radionuclides within the target crystal, the
latter from its surrounding matrix and environment.
Characteristic internal dose rates of selected minerals of interest are cited below (after Templer, 1986; Vandenberghe et al., 2008;
Sohbati et al., 2013):
~ 0.2 mm Quartz with 80 ppb U and 180 ppb Th: ~0.01 Gy ka−1.
~ 0.5 mm Na-feldspar with 3% internal K content: ~0.5 Gy ka−1.
~ 0.5 mm K-feldspar with 12.5% internal K content: ~2 Gy ka−1.
0.1–0.4 mm zircon with 100 ppm U and 100 ppm Th: ~50 Gy ka−1.
External dose rates arise both from the chemistry of the surrounding environment, as well as the cosmic radiation. Crystalline rocks of
mafic (e.g. amphibolite) and felsic (e.g. gneiss) lithology generally have external dose rates of ~1 and ~3 Gy ka−1, respectively, although
more extreme values in the range 0.5–10 Gy ka−1 can sometimes be encountered. At the surface, the cosmic radiation is of the order of
~0.2 Gy ka−1, usually amounting to a negligible contribution in bedrock lithology.

De, equivalent dose Gy The equivalent radiation dose that the sample has received in nature. Obtained via interpolation of the natural TL/ESR/OSL signal onto a
laboratory dose-response curve (regenerative protocols; Fig. 2G–I), or via extrapolation of the dose response to zero dose (in additive
protocols). De is functionally related to n/N (see below) but is easier to obtain.

n/N, fraction of
saturation

unitless The fraction of occupied electron traps (unitless), varying between 0 (all empty) and 1 (all full, or saturated). Mathematically, n/N is
equivalent to the ratio D/P between a radiogenic daughter nuclide (D) and its radioactive parent isotope (P) (cf. Braun et al., 2006). Due
to uncertainties in the precise level of signal saturation, signals within 15% of saturation cannot be reliably distinguished from “infinitely
old”, and are thus reported as minimum ages.

D0, characteristic
dose

Gy The cumulative dose, at which the target dosimetric trap fills to ~63% (1-e−1) of its full capacity. The reciprocal, D0
−1, can be thought of

as the probability of populating an electron trap per unit dose. Typical values are in the 100–1000 Gy range, although more extreme
values can be sometimes seen (e.g. in ESR, where signal saturation is seen only at extreme doses in the kGy range).

Ḋ/D0, trapping rate s−1 or ka−1 The electron trapping rate per unit time. Mathematically, Ḋ/D0 is equivalent to the decay lifetime (λ= ln(2)/t1/2) of a short-lived parent.
As such, the time required to fill half of the remaining empty traps can be calculated from t1/2 = ln(2)D0/Ḋ. Characteristic values based
on Table 2 are t1/2 ~ 100 ka for TL, ~1–2 Ma for ESR, and 40–60 ka for OSL.

E, trap depth eV The energy required to excite the electron from its trap to the electrical conduction band (where it is infinitely mobile), or to a band tail
(where its mobility is finite). Trap depths [eV] may be translated into equivalent activation energies [kJ/mol] via multiplication by 96.49
(Avogadro's number times 1 eV = 1.6 × 1022 kJ). Thus, as a rule of thumb, characteristic electron trap depths of ~1–2 eV correspond to
activation energies of ~100–200 kJ/mol.

s, frequency factor s−1 The number of times that a trapped electron attempts to escape its trap, per unit time. Identical to the escape frequency Ω in noble gas
thermochronometry.

g-value (anomalous
fading)

%/decade A laboratory measure of the athermal loss of electrons due to quantum mechanical tunnelling. This is a competing pathway to thermal
loss that can lead to severe “cooling rate artefacts” if not accounted for properly. g-values reflect fractional signal loss (hence %) as a
function of log10(time) (hence “decade”), and are typically normalised to cumulative loss over 2 days (Huntley and Lamothe, 2001).

Tc, closure
temperature

°C Given a cooling path, and a determined age A, Tc is the corresponding palaeotemperature, which the sample experienced A years ago.
Due to saturation effects, Tc evaluation in trapped charge systems differs from that in standard thermochronometry (cf. Guralnik et al.,
2013). In the general case of nonlinear kinetics, closure temperatures should be evaluated numerically, by projecting a calculated age
back in time onto the time-temperature history, to read off the corresponding palaeotemperature.
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time respectively. Since the absolute value of N (the actual number of
available traps) is difficult to measure, it is convenient to describe the
system in terms of n/N (the ‘fraction of saturation’), varying between 0
(all traps vacant) and 1 (all traps occupied). Note that n/N is mathemat-
ically equivalent to the daughter/parent ratio in fission-track and noble
gas thermochronometry (Table 1).

In the simplest first-order kinetic model (Christodoulides et al.,
1971), the electron trapping probability ptrapping is constant, while the
detrapping probability pdetrapping depends on temperature following an
Arrhenius-type expression:

ptrapping ¼ _D=D0;pdetrapping Tð Þ ¼ s e−E=kBT ð2Þ

inwhichḊ (Gy s−1) is thedose rate,D0 (Gy) is the characteristic (or ‘sat-
uration’) dose, T (K) is temperature, E (eV) and s (s−1) are the activation
energy and escape frequency of the trap (respectively), and kB is
Boltzmann's constant. Eqs. (1)–(2) serve as a baseline for addressing
the primary dynamics of all trapped-charge systems (Guralnik et al.,
2013 and references therein). However, often a more complex, non-
first-order or multi-exponential model is required to sufficiently de-
scribe the processes of electron trapping and detrapping in a givenmin-
eral (cf. Guralnik et al., 2015c).

Apart from signal saturation, a second fundamental characteristic of
trapped-charge thermochronometry is the fact that pdetrapping may be
governed not only by an Arrhenius-like thermal activation, but by an
additional athermal (or weakly-thermal) loss, commonly referred to
as ‘anomalous fading’ (Wintle, 1973). Anomalous fading occurs when
a trapped electron recombines with its nearest-neighbouring hole,
without having overcome the energy barrier to escape its trap. This is
thought to occur via quantum mechanical tunnelling (Delbecq et al.,
1974; Visocekas et al., 1976), which theoretically has no thermal depen-
dence, but which may sometimes be indirectly linked to weak thermal
effects (e.g. Jain et al., 2013). Anomalous fading is ubiquitous in feldspar
(Huntley and Lamothe, 2001; Huntley and Lian, 2006; Valla et al., 2016)
but rare in quartz, and is thought to relate both to the chemical compo-
sition (e.g. Akber and Prescott, 1985) as well as the degree of lattice
structural order (Wintle, 1973; Spooner, 1994; Tsukamoto et al.,
2007) of a given mineral. To account for trapped-charge build-up
under combined thermal and athermal loss, Eq. (2) can be in the sim-
plest case extended to:

ptrapping ¼ _D=D0;pdetrapping Tð Þ ¼ s e−E=kBT−αr ; ð3Þ

(cf. Mott, 1969; Jain et al., 2013; Guralnik et al., 2015a), in which α
(m−1) is a constant (related to Bohr's radius), and r (m) the distance
from a trapped electron to its nearest neighbouring hole (Huntley,
2006). While systems involving both thermal and athermal losses, e.g.
as described by Eqs. (1) and (3), often require numerical (rather than
analytical) solutions, they do inherit all of their fundamental properties
and behaviours from simpler, first-order models.

2.3. Methods for quantifying trapped charge

A thermoluminescence measurement (Fig. 2A,D) consists of record-
ing the emission of light from the targetmaterial (e.g. crystal or crystals)
in a certain spectral window using a photomultiplier tube or a photon
counter, while the sample is gradually heated (usually at a linear
rate). The maximum temperatures that samples are ramped to are



Table 2
Representative kinetic parameters of some trapped-charge thermochronometers.

Method Mineral Signal
Ḋ
(Gy ka−1) D0 (Gy) E (eV)

s
(s−1)

Detectable cooling rate
(°C Ma−1)

TL Quartz 375 °C peak a § 1.6 250 1.87 5.0 × 1014 N265
425 °C peak a § 1.6 250 1.83 1.0 × 1013 N320

ESR Quartz Al centre b † 1.1 3300 1.70 1.1 × 107 N25
Ti centre b † 1.1 2200 1.70 4.1 × 1011 N20

OSL Quartz Fast component c † 1.3 80 1.59 1.8 × 1013 N380
Na-feldspar IRSL50 d †‡ 2.4 210 1.70 3.2 × 1014 N300
K-feldspar pIRIR225

e †‡ 8.4 690 1.58 5.4 × 109 N615

Kinetic parameters due to: a) Gong et al. (2010) and references therein; b) Tsukamoto et al. (2015) and references therein; c)Wu et al. (2015); d)Guralnik et al. (2015a), 2015b, 2015c); e)
King et al. (2016a). § Scarce kinetic data. †Non-first-order kinetics. ‡ Anomalous fading. Detectable cooling rates have been calculated using Eqs. (1)–(2) and assuming first-order kinetics;
such obtained values are guidelines only.
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~500–600 °C, marking the transition to blackbody radiation, which
overprints any remaining luminescence signals. In an OSLmeasurement
(Fig. 2C,F), the target material is stimulated with a certain wavelength,
and optically detected using a photomultiplier tube or a photon counter
in a shorter wavelength, corresponding to a higher energy than the
stimulating source (i.e. anti-Stokes emission). While optical stimulation
may involve pulsing or modulation of either intensity or wavelength,
most current protocols deploy continuous wave stimulation at a fixed
wavelength. Both TL andOSL aremost commonlymeasured using auto-
mated systems, such as the Risø TL/OSL (Bøtter-Jensen et al., 2000) or
Lexsyg (Richter et al., 2013) luminescence readers, which include inter-
nal heating, irradiation, light stimulation and light detection facilities
with variable setups and with capacity for up to 80 samples. Both TL
and OSL measurements are destructive, in the sense that they quantify
trapped charge through its eviction from the corresponding traps
(converting a proportion of the evicted electrons to light).

An ESR measurement (Fig. 2B,E) consists of measuring the absorp-
tion of microwave radiation (using a detector diode) as a function of
the magnetic field strength (Skinner, 2015). In contrast to OSL/TL mea-
surements, ESR measurements are non-destructive, meaning that the
measurement does not involve eviction of trapped charge, but rather
measurement of the resonance of electron energy states stimulated by
application of an external magnetic field. The ESR of quartz is usually
measured using a Bruker or Jeol X- or Q-band ESR-spectrometer (e.g.
Tsukamoto et al., 2015) and importantly measurement of the Al or Ti
centres must be done at low temperatures (~80–110 K).

Luminescence and ESR signals can bemeasured using a range of dif-
ferent protocols. The common feature to all such protocols is that they
strive to relate the signal of the natural trap population (curves marked
as ‘Nat.’ in Fig. 2D–F) to laboratory-regenerated signals due to known ra-
diation doses. A further important distinction can be made between re-
generative dose protocols, in which traps are first emptied and then
artificially refilled to different extents (curves R1–R3 in Fig. 2D–F), and
additive dose protocols, in which the natural trap population is pre-
served and further supplemented via irradiation. Since the amount of
absorbed (equivalent) dose is estimated from relating natural to artifi-
cial (laboratory-induced) signals, the choice between regenerative and
additive dose protocols often hangs on their ability to artificially repro-
duce as many possible features and characteristics of the natural signal,
in the signals due to knowndoses. A failure to do so often invalidates the
interpolation of the natural signal onto laboratory behaviour, due to un-
constrained sensitisation of the sample during themeasurement cycles.
The dose response experiments visualised in Fig. 2D-F and quantified in
Fig. 2G–I were all obtained using a regenerative dose method.

3. Analytical procedures

3.1. Sample preparation

Samples for trapped-charge thermochronometry generally com-
prise bedrock material sampled at the surface of the Earth or from
within boreholes or tunnels. Because investigated signals are light sen-
sitive, at least 1 cm of material is removed from the sample's surface
under subdued red light conditions, to ensure that only light-unexposed
material is analysed (Liritzis, 2011; Sohbati, 2015 and references there-
in). Samples are gently hand crushed to avoid potential signal resetting
by grinding (e.g. Bateman et al., 2012), before preparation using stan-
dard laboratory procedures. These include sieving to isolate a grain
size for measurement (typically ~180–250 μm), chemical treatment
with HCl and H2O2 to remove carbonates and any organic material, re-
spectively, and density separation to isolate the quartz
(b2.68 g cm−3) and feldspar (b2.62 g cm−3) mineral fractions from
typically heavier minerals. Finally, quartz minerals are etched in con-
centrated HF to remove feldspar contamination and the majority of
the alpha-irradiated outer part of the quartz grains. Feldspar grains
may also be etched (e.g. Li and Li, 2011a) although it has been shown
that etching of feldspar does not result in removal of an isotropic layer
(Duller, 1992). This means that although some of the alpha dose will
be removed, an unknown portion of that dose may remain, potentially
affecting age (or cooling rate) determinations. When grains are not
etched, the contribution of the alpha dose rate can be accounted for
using alpha efficiency factors (cf. Kreutzer et al., 2014).
3.2. Constraining the natural trapped-charge population: dose response

In trapped-charge dating, the accumulated dose in nature (called the
equivalent dose, De) is quantified through measuring the natural lumi-
nescence signal and interpolating it onto, or from, a laboratory-generat-
ed dose response curve (Fig. 2G–I). Trapped-charge measurements
benefit from a series of internal checks which enable control of data
quality, many of which are incorporated within standard measurement
protocols (e.g. the ability tomeasure the dose reproducibly or to recover
a given dose; e.g. Murray and Wintle, 2000, 2003). In trapped-charge
thermochronometry, it is crucial not only to measure the natural accu-
mulated dose, but also to characterise the rate at which the signal satu-
rates, and its saturation level. In some cases, determining signal
saturation can be challenging, partly because at high doses, artificial ir-
radiation may introduce laboratory artefacts that are generally not ob-
served in natural and independently dated archives (cf. Chapot et al.,
2012; Timar-Gabor and Wintle, 2013; Duval and Guilarte, 2015). Fig.
2G–I show characteristic dose response curves for TL of bulk calcite
(Zeller and Ronca, 1963), ESR of quartz (Toyoda and Ikeya, 1991) and
OSL of feldspar (Guralnik et al., 2015a). As can be seen in all plots, signal
saturation, or a considerable growth deceleration, is reached in all ex-
periments and can be well-constrained; as discussed below (Section
6.1), the level of saturation and the rate at which it is reached define
the characteristic lifetime of the dating system, which unlike in noble
gas or for fission-track products is finite (Table 1). Quartz OSL often ex-
hibits a first-order dose response (e.g. Wintle and Murray, 2006; Wu et
al., 2015), while dose response in feldspar can require multi-exponen-
tial fitting (see Guralnik et al., 2015c for a review).
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3.3. Constraining thermal and athermal loss: isothermal decay

There are many ways to determine the thermal kinetic parameters
of a particular trapped-charge signal (e.g. Prokein and Wagner, 1994),
but themethodwhich ismost comparable to dose-response determina-
tions is the isothermal decaymethod. In such an experiment, a sample is
given a fixed amount of radiation, subjected to isothermal heat (con-
stant temperature for a given time), and then the luminescence or ESR
signal is measured; the experiment is repeated for different combina-
tions of temperatures and holding times, until the nature of thermal
decay can be described well by a kinetic model. Fig. 2J–L shows the iso-
thermal decay data obtained using the same protocols as for the dose
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response data in the panel above, and subject to the same quality con-
trol criteria. The thermal kinetic parameters can be derived by fitting
the laboratory datawith a kinetic model and a range of differentmodels
have been proposed for this purpose. Quartz OSL often exhibits first-
order isothermal loss (e.g. Wintle and Murray, 2006) which can be en-
tirely described through an Arrhenius law (Eq. 2). In contrast, the ther-
mal depletions of quartz TL/ESR or feldspar OSL are considerably more
complicated, and involve high-order kinetics (e.g. Toyoda and Ikeya,
1991; Prokein andWagner, 1994; Guralnik et al., 2015c), or alternative-
ly, multi-exponential models (e.g. Poolton et al., 2009; Li and Li, 2013;
Jain et al., 2015; Guralnik et al., 2015c; King et al., 2016a).

In minerals in which anomalous fading is ubiquitous (e.g. feldspar, or
volcanic quartz), this rate of athermal loss must be quantified on equal
terms with isothermal decay. Practically, the measurement of sample-
specific anomalous fading rates often reduces to an isothermal storage ex-
periment at room temperature (Aitken, 1985; Lamothe andAuclair, 1999;
Auclair et al., 2003). Fading experiments monitor luminescence intensity
decaywith time, and can be described by a range of differentmodels (e.g.,
Huntley and Lamothe, 2001; Lamothe et al., 2003; Huntley, 2006) all
centred around the concept of quantummechanical tunnelling of trapped
electrons to their nearest neighbouring holes. Fig. 2L shows the anoma-
lous fading of Na-feldspar IRSL at 15 °C, greatly exceeding the zero ther-
mal loss predicted from extrapolation of higher-temperature data. This
effect, first described in feldspars by Garlick and Robinson (1972), can
result in age underestimation if unaccounted for (Huntley and Lamothe,
2001), although recent adaptations to feldspar luminescence measure-
ment protocols (Li and Li, 2011a; Buylaert et al., 2012) can target feldspar
OSL sub-signals with much less to negligible fading.

3.4. Environmental dose rate determination

The sample-specific environmental dose rate (Ḋ in Eq. 2) can be
constrained through direct counting of alpha, beta and gamma decays,
or via geochemical measurement of radioactive element concentrations
(i.e. U, Th, K and Rb; Aitken, 1985) in the host rock, as well as within the
target mineral grains (e.g. internal K-content in feldspar). For the latter
approach, radiation dose rates are calculated using conversion factors
derived fromnuclear data tables (e.g. Guerin et al., 2011). The calculated
dose rates are then adjusted for attenuation caused by mineral shape
and grain-size, as well as water content and alpha efficiency (see
Durcan et al., 2015 and references therein). For shallow samples taken
at the immediate surface of the Earth, a cosmic-ray component (~0.1–
0.3 Gy ka−1) may also contribute to the total dose rate, especially in
mafic lithologies with low abundances of radioisotopes (Ḋ ~ 1–
3 Gy ka−1, e.g. Tsukamoto et al., 2010, 2011).

Within thermochronometry applications, the environmental dose
rate can be a major source of uncertainty, due to the challenge of esti-
mating the pre-crushed quartz or feldspar grain size, and potential con-
tribution of signal from inclusions (Sohbati et al., 2013; King et al.,
2016a). However, in contrast, thermometry applications are relatively
unaffected because the environmental dose rate exerts only a logarith-
mic control on the derived palaeotemperature (Eq. (A.10b) in
Guralnik et al., 2013). To overcome such Ḋ uncertainties, grain sizes
should be routinely estimated from examination of thin-sections of
the bedrock parent material, and the mineralogical composition of the
aliquots further quantified to the best possible level.

3.5. Age determination

In its simplest form, trapped-charge age is given by dividing the
equivalent dose received in nature, De, by the estimated dose rate, Ḋ
(Aitken, 1985). However amore rigorous approach is required to calcu-
late ages when the dose rate is not constant with time (e.g. Tsukamoto
et al., 2014), or when signal losses are involved (see Kars et al., 2008 for
treatment of athermal loss correction, and Liu et al., 2016 for thermal
loss correction). In the latter approaches, the Ḋ term remains constant,
but the equivalent dose De is functionally replaced by a combination of
n/N (fraction of saturation), D0 (the characteristic dose), and possibly
other terms (e.g. kinetic order, residual dose).

In the most general scenario, an observed natural fraction of satura-
tion (n/N)nat may be converted into an apparent age tapp via numerical
solution of the governing differential equations (e.g. Eqs. (1) and (3),
or variations thereof), given a prescribed temperature (typically con-
stant), and potentially other time-dependent terms. To propagate all
uncertainties, Monte-Carlo simulations with randomized kinetic pa-
rameters can be used (e.g. Guralnik et al., 2015a). Tofindwhich thermal
histories might have led to the observed tapp, the governing differential
equations are solved once again, but this time with pre-defined (or to-
tally random) time-temperature histories. The difference between the
observed, and thermally-modelled ages may be evaluated using stan-
dard methods such as the chi-square statistic (Guralnik et al., 2015a)
or a classical rejection algorithm (see King et al., 2016a and references
therein).

4. Limitations

4.1. Signal saturation: thresholds and limits

The saturation of trapped-charge systems at 105–6 years is one of the
biggest challenges and limitations to their use in thermochronometry.
The evolution of apparent age and trapped-charge concentration for dif-
ferent cooling rates (andafinal cooling temperature of 0 °C), is shown in
Fig. 3 for two recently-investigated OSL thermochronometers (see Fig. 3
caption and Table 2 for kinetic values). Notably, both systems reach field
saturation at ≤400 °C Ma−1, and would only be applicable at cooling
rates exceeding ~400 °C Ma−1. Comparing the growth of trapped elec-
trons for the 10 °CMa−1 cooling rate in Fig. 3B and D, one can note that
in the case of quartz OSL, virtually all traps are eventually populated
with electrons in nature, while in feldspar OSL, a noticeable subset of
traps remains empty even at very long irradiation times, due to a com-
peting athermal signal loss.

Wintle and Murray (2006) proposed a threshold for finite quartz
OSL ages of n/N ~85%, due to the increasing uncertainty of interpolating
the natural trapped-charge population (‘Nat.’, Fig. 2) onto the saturating
part of the dose response curve ~15% away from full trap saturation.
Guralnik et al. (2015b) extended this threshold to systems that may
have experienced signal loss (due to elevated temperature, anomalous
fading, or a combination thereof), to “15% below field saturation level
(n/N)ss” (grey areas in Fig. 3B,D). Although this value is somewhat arbi-
trary, it was chosen to reflect a cautious and conservative assessment of
uncertainties in the signal saturation zone. As our understanding, mea-
surement and description of trap saturation improves, it may be that
this threshold will reduce, extending the application of trapped-charge
methods to older ages and hence slower cooling rates.

Notice that although in Fig. 3D, all cooling histories evolve to n/
N b 0.85, the three slowest cooling scenarios terminate within 15% of
the predicted trap occupancy at field saturation (n/Nss = 0.76), hence
implying that the resultant OSL signals can be inverted to minimum
ages andmaximumcooling rates only. The lower detection limits of typ-
ical TL, ESR and OSL signals in thermochronometry are listed in Table 2
(calculated following first-order approximation via Eqs. (1)-(2)). Most
notably, while TL and OSL seem to be restricted to extremely rapid
cooling scenarios (N100 °C Ma−1), ESR exhibits the latest saturation
and thus offers the potential for constraining slower cooling rates (in
the N10 °C Ma−1 range).

As noted by Li and Li (2012), saturation effects of trapped-charge
chronometers at slow cooling rates may invalidate the classical ap-
proach of closure temperature calculation, developed for systems with
infinite storage space (Dodson, 1973; Herman et al., 2010). Given that
closure temperature is often used in thermochronometry, relating the
apparent age of the sample to its corresponding palaeotemperature
(for a given cooling rate), a modified calculation scheme for saturating
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systems has been devised (Guralnik et al., 2013) which, for a first-order
system is given by:

Tc T0; TPð Þ ¼ 1
TP

−
kB=E

τλ−τKp
ln 1þ τλ−τKp

τKp
� �τλe−τKp

Γ τλ; τKp
� �

−Γ τλ; τK0ð Þ� �" #( )−1

ð4Þ

where τ is the cooling time constant (Ma), T0 and TP the initial and final
temperatures of cooling (K),K0 andKP are shorthand for sexp(−E/kBT0)
and sexp(−E/kBTP),λ=−Ḋ/D0 the electron trapping rate (Ma−1), and
Γ(a,z) the upper incomplete gamma function. For the general case of
non-first-order systems, closure temperatures can be calculated numer-
ically (Eq. (5) in Guralnik et al., 2013). Such numerically-obtained clo-
sure temperatures (assuming first-order kinetics, but linear cooling
rates) are shown in Fig. 3 as filled circles of corresponding colour.
Apart from the familiar trend of increasing closure temperature at faster
cooling rates, one particularly notable feature in Fig. 3 is that some TC
values clearly do not correspond to the onset of signal growth. This is
most pronounced for the 10 °C Ma−1 scenario, for which notable elec-
tron trapping commences at ~60 °C (quartz OSL) and ~80 °C (feldspar
OSL), yet the TC,10 of both systems is ~5 °C. Such asymptotic merging
of TC towards the final temperature of cooling (Guralnik et al., 2013) is
due to the fact, that at progressively slow cooling rates, the apparent
ages of both systems reach their limiting values of ~0.5 Ma. Thus,
while product accumulation may have commenced ~6–8 Ma before
present, these systems fundamentally cannot retain any thermal infor-
mation beyond their apparent ages of ~0.5 Ma (Guralnik et al., 2013).
The above example highlights the fact, that while conventionally
closure temperatures are reported for a baseline cooling rate of
10 °C Ma−1, such values may be uninformative for trapped-charge
thermochronometers, which often saturate at such cooling rates. The
easiest compromise seems to be to report the closure temperature of
the minimum detectable cooling rate (e.g. Wu et al., 2015; Guralnik et
al., 2015a).

4.2. Anomalous fading: screening for thermal signals

For minerals such as feldspar, which are affected by anomalous
fading, the measured trapped-charge population will be significantly
smaller than for a non-fadingmineral, given an identical thermal history.
If this effect is not corrected for, sampleswhich are infield saturation (i.e.
in an equilibrium between charge trapping and athermal detrapping)
may be erroneously inverted into “artefact cooling rates”, which simply
mistake athermal losses for thermal losses. Following the theoretical
developments of Huntley (2006) and Kars et al. (2008), athermal
steady-state (i.e. the point at which charge trapping is equal to charge
detrapping due to anomalous fading) can be evaluated for a given sample
providing that its Ḋ, D0 and fading rate are known (Fig. 4). Furthermore,
both the observed natural luminescence intensity and the laboratory
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maximum intensity are affected by fading, and a correction is thus need-
ed to obtain the relative trap occupation (Guralnik et al., 2015a; King et
al., 2016a; Valla et al., 2016), which can then be compared to the
athermal steady-state prediction. Where the measured and predicted
fractions of saturation are equal, the sample is considered to be in field
steady-state, and canonly provide theminimumrate of cooling or amax-
imum palaeotemperature (e.g. the five shallowest samples in Fig. 4A).

4.3. Measurement uncertainties

The majority of trapped-charge dating applications are focussed on
constraining the chronologies of sedimentary archives. The relatively
slow rate of optical signal bleaching of the Al and Ti ESR centres (e.g.
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can result in a relative reduction in precision (e.g. Grün et al., 1999), and
very large samplemasses are required (g rather thanmg). However, re-
cently an irradiation and heating unit specific for ESR samples has been
developed (Oppermann and Tsukamoto, 2015), facilitating single-ali-
quot quartz ESR dating (Tsukamoto et al., 2015); furthermore, single-
grain ESR measurements have also recently been proposed (Beerten
and Stesmans, 2006). Such advances will improve the precision and ac-
curacy of quartz ESR investigations, which because of its later signal sat-
uration relative to luminescence methods (Table 2), has enormous
potential for thermochronometric studies.

The intensity of luminescence and ESR signals from quartz and feld-
spar minerals of the same provenance can vary by many orders of mag-
nitude, although the causes of this variability are not well known. A
major source of uncertainty in luminescence studies relates to signal
counting statistics, and therefore poor luminescence sensitivity can re-
sult in imprecise determinations of the fraction of saturation or equiva-
lent dose value. Alternative sources of error related to trapped-charge
measurements (rather than to the environmental dose rate) are derived
from instrument reproducibility, beta or gamma-source calibration, in-
terpolation onto the dose response curve and intrinsic behavioural dif-
ferences between grains (Thomsen et al., 2005).

5. Applications

5.1. TL thermochronometry

Mentioned in passing by Daniels et al. (1953), trapped-charge
thermochronometry was first treated theoretically and experimentally
in a landmark paper by Houtermans et al. (1957), focused on
palaeothermometry of both geological and meteorite samples in the
100–300 °C range. Inspired by this pioneeringwork, a series of environ-
mental thermometry studies ensued (Zeller and Ronca, 1963; Ronca,
1964; Ronca and Zeller, 1965; Zeller, 1968), where TL signals were
used to reconstruct palaeothermometric conditions in Antarctica and
elsewhere. While their inferred timing of Antarctic glaciation (b2 Ma)
clearly underestimates currently accepted values by over an order of
magnitude, their methods were certainly pioneering, and themismatch
is easily explained by their measurement of bulk rock samples rather
than individual minerals, as done today. Most importantly, these
studies established the fundamental analytical approaches used in
trapped-charge thermochronometry today, including dose response
and isothermal decay experiments (see Fig. 2G,J), extrapolation of labo-
ratory high-temperature behaviour into environmental temperatures,
and quantification of the trade-off between apparent age and apparent
temperature (see Guralnik et al., 2013 and references therein).

During the peak of NASA's Apollo program, the approaches devel-
oped by Zeller's group were replicated and applied to thermometry of
lunar material. Dalrymple and Doell (1970) were the first to note that
“TL observed in a near-surface sample is probably the result of a dynam-
ic equilibrium between the growth of TL due to radiation and its decay
in the lunar thermal environment”. Based on an analytical foundation
for reconstructing environmental temperatures (Christodoulides et al.,
1971), Hoyt et al. (1971) and Walker et al. (1972) were able to infer a
thermal gradient of 2 ± 2 °C km−1 in a lunar soil, coincident with inde-
pendent estimates. Later detailed studies enabled further constraint of
the lunar surface palaeotemperature both in sunlit (~70–90 °C;
Durrani et al., 1972, 1973) and shaded areas (~−20 °C; Durrani et al.,
1977).

Following the successful application of TL thermometry during the
lunar exploration era, TL thermometry was developed within the con-
text of geothermal and hydrocarbon exploration in the late 1970s to
1980s. Comparing young TL ages of volcanic bedrock quartz against
older apatite fission-track ages obtained from the same lithologies,
Takashima (1979, 1985) attributed the age discordance to hydrother-
mal alteration events. After only a few years, TL was first patented
(Hochman and Ypma, 1988, 1990) and then used in the scope of
hydrocarbon maturation assessment (Ypma and Hochman, 1991), in
combination with fission-track and vitrinite reflectance data. Unfortu-
nately, the core assumption of the method (a continuum of trap depths
which enables the position of the dominant quartz TL peak to be related
to the environmental palaeotemperature) remained underexplored,
and although still promising, we are unaware of the method's current
use in applied geoscience.

Shifting the focus back to theoretical rather than applied geoscience,
Tsuchiya and Fujino (2000) reported ESR and TL data for the Takidani
Pluton in the Japanese Alps, inferring a TL closure temperature of
~70 °C and interpreting their TL ages (91–152 ka) as markers of an
abrupt change in the pluton's cooling history. Two more recent contri-
butions to TL thermochronometry include that of Gong et al. (2010),
who obtained quartz TL ages from boreholes in Eastern China and qual-
itatively inferred recent exhumation for parts of their corresponding
sedimentary basins (Fig. 5A), and Schmidt et al. (2015), who demon-
strated a decrease of quartz red TL intensity in a drillhole in the granitic
basement of Southern Germany.

5.2. ESR thermochronometry

Ikeya (1983) attributed thedeparture of an ESR centre concentration
from its projected thermal equilibrium value to a recent influx of cold
water in a subsurface aquifer (~0.6 km depth) in the vicinity of the
Hachobara geothermal power station in Japan. Some years later,
Toyoda and Ikeya (1991) proposed that the intensity of various ESR cen-
tres in bedrock quartz can be used to determine the low-temperature
thermal histories of their host rocks. Using for the first time the concept
of ‘closure temperature’ (Dodson, 1973) in the context of trapped-
charge dating, they determined TC,10 of 91 °C (E′ centre), 78 °C (Ti cen-
tre), and 31 °C (Al centre). While initial attempts to quantify cooling
rates using ESR resulted in either circular or inconclusive arguments
(Agel et al., 1991a, 1991b; Scherer et al., 1993; see discussion in Grün
et al., 1999), the first comprehensive ESR thermochronometry applica-
tions concerned the EldzhurtinskyGranite drillholes in the Russian Cau-
casus (Koshchug and Solovyov, 1998; Grün et al., 1999). By
extrapolating the non-linear thermal behaviour of ESR to low tempera-
tures, Grün et al. (1999) obtained kinetic parameters that corresponded
to a closure temperature of TC,10 ~55 °C (Ti centre) and ~49 °C (Al cen-
tre). The age-depth profiles of each ESR centre from the two boreholes
exhibited diminishing age with depth (see their upper core data
redrawn in Fig. 5B), and was further interpreted as indicating differen-
tial cooling rates for the lower (600 °CMa−1) and upper (200 °CMa−1)
borehole as the result of Quaternary valley carving.

5.3. OSL thermochronometry

Noting that the exceptionally low closure temperature of lumines-
cence thermochronometers offers great potential for quantifying late-
stage rock exhumation, Herman et al. (2010) introduced OSL
thermochronometry to constrain late-stage exhumation rates in the
Southern Alps of New Zealand. The use of OSL, rather than TL or ESR, en-
abled for the first time advantage to be taken of the most-widely used
trapped-charge dating method (Roberts and Lian, 2015). Herman et al.
(2010) reported quartz OSL ages in the range of 14–155 ka, which
were inverted into cooling rates of ~300 °C Ma−1, and associated ero-
sion rates of ~8 mm a−1. These results suggested that over a ~0.1 Ma
timescale, regional exhumation rates remained similar to those record-
ed by higher-temperature thermochronometric techniques over longer
timescales (1–10 Ma), reinforcing the idea of constant exhumation
leading to topographic steady-state in the Southern Alps. Shortly after,
De Sarkar et al. (2013) applied the same methodology in combination
with apatite fission-track (AFT) and 40Ar-39Ar dating in the Western
Arunachal Himalaya (India). Using a double-SAR protocol (Roberts,
2007) to address the contamination of quartz by feldspar, they obtained
ages of 10–30 ka which correlated well with the samples' elevation
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(1.7–3.7 km asl). De Sarkar et al. (2013) interpreted this age-elevation
relationship as evidence for an acceleration of erosion by a factor of
~100 (in comparison to the available higher-temperature AFT and
40Ar-39Ar thermochronometric data), the latter result should be treated
with caution, given that such direct conversions of age-elevation data
into exhumation rates are often biased (see Braun, 2002).

Two shortcomings of these early applications have been highlighted
subsequently, comprising: (i) a lack of characterisation of signal satura-
tion effects (Li and Li, 2012; Guralnik et al., 2013), and (ii) a common con-
tamination of the OSL signal in bedrock quartz by feldspar emissions
(Guralnik et al., 2015b). While point (i) meant that the originally pre-
sumed TC,10 of 30–35 °C for quartz OSL (Herman et al., 2010)was optimis-
tic (as the system saturates even at 100 °C Ma−1; Guralnik et al., 2013),
point (ii) implied that even a theoretically accessible TC,200 of ~50 °C
would be difficult to obtain in practice, due to the problematic nature of
quartz OSL signals in most bedrock quartzes of high-grade metamorphic
or magmatic origin. Following the above considerations, Wu et al.
(2015) presented a detailed assessment of four meta-sandstone quartz
samples from the Hsuehshan Range (Taiwan), demonstrating acceptable
quartz OSL behaviour in low-metamorphic metasediments, and inferring
that the minimum cooling rate that quartz OSL could be used to detect is
360 ± 100 °C Ma−1, with a corresponding TC,360 of 44 ± 7 °C.

Another study, which tested an experimental OSL protocol
(Ankjærgaard et al., 2015) on palaeosols interbedded between volcanic
layers from the Golan Plateau (Israel), found that the lowest accessible
cooling rate would be ~2 °C Ma−1, with an associated TC,2 of ~40 °C
(TC,10 of ~70 °C). However, this study documented severe (60–80%)
OSL age underestimations relative to their bracketing K-Ar chronology
(in the 1.6–0.8 Ma range). Since the cooling rates required to explain
the OSL ages were unrealistic (N4000 °C Ma−1), the origin of the dis-
crepancy was attributed either to expected geothermal anomalies (e.g.
extinct hotsprings in the ~80 °C range), unresolved methodological
problems, or most likely a combination of both.

To overcome the challenge of quartz OSL contamination by feldspar
emissions, the target mineral for OSL thermochronometry has been
reconsidered and feldspar determined as a viable alternative using
IRSL. Guralnik et al. (2015a) presented a study from the German Conti-
nental Deep Drilling Borehole, demonstrating a decrease of Na-feldspar
IRSL ages with depth (Fig. 5C), and inverting them into a geothermal
palaeogradient of 29 ± 2 °C km−1 over an unprecedented ~60 ka time-
scale. Further characterisation of the Na-feldspar OSL system resulted in
positioning of its partial retention zone in the 40–65 °C range, and
estimation of its lowest accessible closure temperature as TC,190 = 53 °C.
This study was the first direct validation of OSL thermometry in a
well-known and well-studied continental subsurface environment,
whose thermal history has been constrained by amultitude of other in-
dependent methods.

Following this borehole validation study, further investigationswere
carried out tofind feldsparOSL signals that could beused to record rapid
exhumation of deep-seated rocks towards the Earth's surface. Valla et al.
(2016) presented a large dataset of feldspar OSL from 32 bedrock sam-
ples from Alaska and Norway, out of which only signals from the fastest
exhuming location (Yakutat Terrain in Alaska; ~1–3 km Ma−1;
Enkelmann et al., 2015)were significantly below field saturation. Focus-
ing further research on similarly extreme settings, King et al. (2016b)
explored one of the most rapidly (N5 kmMa−1; Zeitler et al., 2014) ex-
huming settings on Earth (Namche Barwa, Himalaya), and investigated
the potential of multi-OSL-thermochronometry (King et al., 2016a).
Trapped-charge thermochronometry presents a great collection of var-
ious electron traps with a range of thermal stabilities in the 1–2 eV
range (Table 2), thus it offers the potential for measuring multiple sig-
nals from a single rock sample, both from different minerals within
the rock but also different traps within a given mineral (e.g. Grün et
al., 1999; Gong et al., 2010; Qin et al., 2015; King et al., 2016a). Where
the signals are inverted together, continuous cooling histories can be
obtained, as illustrated in Fig. 6 where the results of a single-system
and multi-system inversion are contrasted. Whereas using only the
IRSL50 signal of K-feldspar is able to constrain a cooling history of
~750 °C Ma−1 over ~0.05 Ma (Fig. 6A–B), using multiple IRSL signals
enables this cooling history to be constrained over the past ~0.1 Ma
(Fig. 6C-D). Multi-luminescence (or other trapped-charge)
thermochronometric methods also offer an improvement in precision
relative to single-system approaches. King et al. (2016b) used a multi-
signal approach tomeasure eight samples from theNamcheBarwamas-
sif, Tibet, easternHimalaya.Whilst three samples had infinite ages relat-
ed to relatively slow rates of rock cooling (≤200 °C Ma−1), the five
remaining samples produced finite ages, corresponding to cooling
rates of ~300–1500 °C Ma−1. Using a 1D thermal model, the OSL-
thermochronometry data were contrasted with existing
thermochronometric data, revealing an acceleration in exhumation
rate in the past ~1 Ma at the northern end of the Namche Barwa
dome. King et al. (2016b) related this change in exhumation rate to con-
tinued northward migration of the dome, and associated capture of the
Parlung river.



13G.E. King et al. / Chemical Geology 446 (2016) 3–17
6. Outlook

6.1. Signal saturation and alternative mineral-signal pairs

A major drawback of trapped-charge dating in general and
thermochronometry in particular, is signal saturation, which limits the
applicable dating, and hence cooling rate range. For many signals, the
saturation limits are presently not well constrained (e.g. for the differ-
ent ESR signals), furthermore for feldspar IRSL signals, saturation levels
are dependent on the presence of athermal loss, whichmust be quanti-
fied in the laboratory. Therefore, as for geochronometry, a quest re-
mains for trapped-charge signals that grow to higher doses, and
which can be well constrained through laboratory measurement.
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signal accumulation thus counteracting their later onset of saturation.
Whilst the luminescence signals of quartz and feldspar certainly war-
rant further investigation, it may be that the luminescence signals of
other minerals will contribute significantly to the development and ap-
plication of trapped-charge thermochronometry. For example, the es-
tablishment of self-consistent dosimetric protocols for the TL of
biogenic carbonates, which saturate later thanmost quartz and feldspar
luminescence signals (Duller, 2015b and references therein; Duller et
al., 2015), have an attractive range of thermal stabilities (Stirling et al.,
2012 and references therein) and are thus highly encouraging for po-
tential low-temperature thermochronometry of carbonate terranes.

Different minerals and different signals will require the improve-
ment of existing and development of new kinetic models to constrain
charge trapping and detrapping behaviour. These processes may some-
times be described equally well by different models, both on laboratory
and geological timescales (e.g. Guralnik et al., 2015c). For example, the
origin of IRSL from feldspar is subject to an ongoing debate regarding
whether all luminescence emissions can be explained by a single, or
multiple-trap model (cf. Andersen et al., 2012; Jain et al., 2012;
Pagonis et al., 2014), which affects both simulated signal growth and
decay, as well as our confidence in differentiating and extracting partic-
ular trap (sub)populations. In even more challenging cases, only quali-
tative links between luminescence sensitivity and past
palaeotemperature have so far been established (Liu et al., 2015);math-
ematical models have yet to be devised for this potentially important
and useful phenomenon. Since selection of appropriate models is cen-
tral for correct interpretation of thermal histories of rocks (e.g.
Wauschkuhn et al., 2015; Shuster et al., 2006; Gautheron et al., 2013),
trapping model evaluation and verification remain among the key re-
search challenges for the future development of trapped-charge
thermochronometry. Once established, suchmodels will need to be im-
plemented into thermo-kinematic models to enable interpretation of
the data in terms of landscape evolution. Current efforts are underway
to incorporate models for quartz and feldspar into common
thermochronological software, including Pecube (Braun, 2003; Braun
et al., 2012) and QTQt (Gallagher, 2012).
6.2. Alternative uses: characterisation of radiation damage

Characterising and quantifying the degree of radiation damage is a
key question for thermochronometric methods such as (U-Th)/He of
zircon or apatite, because of the effects that radiation damage has on
the retention of radiation daughter products (e.g. Guenthner et al.,
2014; Djimbi et al., 2015). The luminescence sensitivity and emission
spectrum of quartz is extremely sensitive to its radiation history (e.g.
Rink, 1994; King et al., 2011 and references therein), and therefore
could provide additional insights into the irradiation history of rock or
mineral samples. For example, the intensity of the quartz ESR E′ centre
has been correlated with the density of alpha tracks (Kohno et al.,
1995; Toyoda et al., 2001), and may hence prove to be a useful proxy
for radiation damage, if developed further. Both TL and ESR of zircon
and apatite could also be utilised as proxies for fission-track density, fol-
lowing recurring mention of an anti-correlation between fission-track
density and TL/ESR intensity (Vaz and Senftle, 1971; Shulgin et al.,
1974; Durrani et al., 1984; Amin, 1989; Ishii et al., 1991). However at
low levels of radiation damage, contrary effects, i.e. generation rather
than destruction of luminescent defect centres, may be the dominant
process (e.g. Kasuya et al., 1990; Nasdala et al., 2013). Additionally,
anomalous fading may be related to the degree of radiation damage in
crystals (Durrani and Amin, 1985); both zircon and apatite, well-
known for their relatively high U and Th contents, exhibit strong anom-
alous fading of luminescence signals (e.g. Templer, 1985; Polymeris et
al., 2014). Thus anomalous fading (generally considered as a ‘nuisance’
in luminescence dating) could become a useful and quantitative proxy
for radiation damage in highly radioactive accessory minerals.
7. Conclusions

Trapped-charge thermochronometry is characterised by its ex-
tremely low closure temperature, which is presently constrained to
~40–100 °C depending upon the targetedmineral and signal investigat-
ed. Although various studies have utilised TL and ESR to investigate rock
thermal histories over the past fifty years, OSL thermochronometry has
only recently been developed to constrain late-Quaternary landscape
evolution (e.g. King et al., 2016b) and for determining subsurface
(palaeo)temperature conditions (e.g. Guralnik et al., 2015a). The
major limiting factor for the successful application of all trapped-charge
thermochronometry systems is signal saturation, however renewed in-
vestigations of TL, ESR and OSL signals, and the exploration of alterna-
tive minerals and trapped charge signals may enable further extension
of their applicability range.
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