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a b s t r a c t

Optically stimulated luminescence (OSL) thermochronometry is an emerging application, whose capa-
bility to record sub-Million-year thermal histories is of increasing interest to a growing number of
subdisciplines of Quaternary research. However, several recent studies have encountered difficulties both
in extraction of OSL signals from bedrock quartz, and in their thermochronometric interpretation, thus
highlighting the need for a methodological benchmark. Here, we investigate the characteristic OSL
signals from quartz samples across all major types of bedrock and covering a wide range of chemical
purities. High ratios of infrared to blue stimulated luminescence (IRSL/BLSL), an insensitive ‘fast’ OSL
component, and anomalously short recombination lifetimes seen in time-resolved luminescence (TR-
OSL), are often encountered in quartz from crystalline (magmatic and metamorphic) bedrock, and may
hamper successful OSL dating. Furthermore, even when the desirable signal is present, its concentration
might be indistinguishable from its environmental steady-state prediction, thus preventing its conver-
sion to a cooling or heating history. We explore the saturation properties and the thermal activation
parameters of various OSL signals in quartz to outline the capabilities and limitations for their use in low-
temperature thermochronometry.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Although the potential of luminescence to reconstruct thermal
histories of rocks (thermochronology) has been recognized since
the early 1950's (Daniels et al., 1953), luminescence thermochron-
ometry has received only a sporadic interest outside of the
archaeological research (dating fired pottery and heated stones; see
Wintle, 2008). A few notable exceptions include (i) a reconstruction
of the atmospheric entry temperatures of terrestrial meteorites
ciences, ETH, 8092 Zurich,

ralnik).
(Houtermans et al., 1957), (ii) the dating of volcanic dike
emplacement (Johnson, 1963), (iii) determination of the ambient
temperatures on the surface of Earth (Ronca and Zeller, 1965) and
Moon (Durrani et al., 1977), and (iv) the characterisation of a vol-
canic geothermal field (Tsuchiya et al., 2000). Recently, an
increasing interest in luminescence-based thermochronology has
been re-ignited by Herman et al. (2010). These authors measured
optically stimulated luminescence (OSL) ages of bedrock quartz in
New Zealand, interpreting the obtained data as ‘cooling ages’which
confirmed the Quaternary erosion rate of the Southern Alps on a
previously unaddressed timescale (~0.1 Ma).

In the years following the introduction of OSL-
thermochronometry (Herman et al., 2010), major concerns have
been raised both in regard to the suitability of standard OSL dating
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protocols to bedrock quartz (Sohbati et al., 2011), and to the validity
of relating such luminescence dates to apparent closure tempera-
tures (Li and Li, 2012). While the latter issue has been recently
resolved through a revised closure theory (Guralnik et al., 2013), the
purely methodological question, i.e. the suitability of bedrock
quartz for reliable OSL dating, still stands open. As highlighted by
De Sarkar et al. (2013), the problem with bedrock quartz mechan-
ically separated from a crushed crystalline rock is that it often
contains a rather unfavourable combination of dim and slow OSL
components (e.g. Preusser et al., 2009) further overprinted by
luminescence from feldspar inclusions or fragments (e.g. Short and
Huntley, 1992; Huntley et al., 1993). Given that feldspar contami-
nation in quartz typically requires signal removal and/or filtering
(Rendell and Wood, 1994; Thomsen et al., 2008a; Ankjærgaard
et al., 2010b), while slow OSL components are often considered
unreliable for dating (Singarayer, 2003; Preusser et al., 2009), a
combination of the two is even more challenging in regard to
extracting a useful signal for dating. However, neither of these
problems have been sufficiently presented and/or discussed in
previous OSL-thermochronometry studies.

Here we re-evaluate the luminescence signal quality of bedrock
quartz from all previous OSL-thermochronometry and related
studies (Herman et al., 2010; Wu et al., 2012; Dehnert et al., 2012;
De Sarkar et al., 2013) against standard OSL characteristics of
reference luminescence materials (Murray et al., 1997; Buylaert
et al., 2011) and of a suite of naturally-occurring high-purity
quartz (HPQ). We then explore the limitations of OSL-
thermochronometry regardless of the signal quality, but arising
from characteristic saturation (Li and Li, 2012; Guralnik et al., 2013).
Numerical analysis highlights the geological scenarios under which
various OSL components can be expected to be found in either
saturation, or thermal steady-state, thus preventing reliable dating
and/or extraction of useful paleothermal information.

2. Diagnostic tools for assessing quartz luminescence and
chemistry

2.1. Optical cross section

Continuous-wave (CW) optical stimulation of quartz can be
described as a sum of first-order decays fromdistinct electron traps,
each with a characteristic photo-ionization cross-section si [cm2]
(Bailey et al., 1997). The decay lifetime ti [s] of a certain trap (or
component) is further related to the specific power density P of the
stimulating source [W cm�2], and the stimulation wavelength l

[cm], through ti ¼ hc/lPsi, where h is Planck's constant and c is the
speed of light (Choi et al., 2006). This relationship allows normal-
isation of a luminescence decay curve to any particular experi-
mental setup, thus enabling a global comparison of quartz samples
in terms of their optical cross-sections (Durcan and Duller, 2011). In
this work, we evaluate the sample-specific optical cross sections
against the well-constrained value of (2.60 ± 0.06) � 10�17 cm2

(Durcan and Duller, 2011), which corresponds to the ‘fast compo-
nent’ used in standard OSL geochronology (Wintle and Murray,
2006 and references therein).

2.2. IRSL/BLSL ratio

Despite the ambiguity regarding whether pure quartz can
(Godfrey-Smith and Cada, 1996; Poolton et al., 1997) or cannot
(Baril, 2004) be optically stimulated with infrared light, the relative
magnitudes of the infrared stimulated luminescence (IRSL) and the
blue-light stimulated luminescence (BLSL) do serve as a good
relative diagnostic of quartz purity (Smith et al., 1990; Duller, 2003).
Here, we adopt a heuristic test, devised by Vanderberghe et al.
(2003) and later formalized by Buylaert et al. (2008), known as
the ‘IRSL/BLSL ratio’. Representing a quick and costless alternative
to the more extended ‘OSL-IR depletion’ test (Duller, 2003), the
IRSL/BLSL ratio is obtained by dividing the light sums of the IRSL
and the subsequently measured BLSL signals from the initial 0.8 s of
each optical stimulation (following the same irradiation dose).
Since IRSL/BLSL ratios exceeding 10% have been related to sys-
tematic underestimation of equivalent doses (Buylaert et al., 2008),
we follow these authors in regarding such signals as contaminated,
and thus undesirable for dating.

2.3. Recombination centre lifetimes

Optical stimulation of quartz using pulsed light (with pulse
duration on the microsecond scale; Sanderson and Clark, 1994;
Bøtter-Jensen et al., 2003) allows the determination of the relaxa-
tion lifetimes of the participating recombination centres
(Chithambo and Galloway, 2000a; Lapp et al., 2009). The relaxation
lifetime of the main recombination centre in quartz has been
extensively studied (Chithambo and Galloway, 2000a,b; Bailiff,
2000; Pagonis et al., 2014a and references therein). In this work,
we adopt an average value of 37 ± 3 ms (Ankjærgaard et al., 2010b;
constrained on 30 samples), which provides a representative
diagnostic of the typical luminescence behaviour of quartz used in
standard OSL geochronology.

2.4. Chemistry

Although quartz is one of the purest minerals on Earth, it often
contains solid micro-inclusions of zircon, apatite, monazite, feld-
spar, mica, etc., usually with dimensions of 50 mmor less (e.g. G€otze,
2012). Here, we determine the chemical purity of the obtained
quartz samples using laser-ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS), and evaluate the results against
the high-purity quartz (HPQ) baseline of Müller et al. (2012), which
stringently limits the foreign element concentrations in quartz to
Al < 30, Ti < 10, Na < 8, K < 8, Ca < 5, Li < 5, Fe < 3, P < 2 and B < 1
(all values in mg g�1).

3. Materials and methods

3.1. Samples

The ten samples used in this study (nine quartzes and one
feldspar) are fully listed in Table 1. The quartz samples encompass
all bedrock types (3 sedimentary, 5 metamorphic, and 1magmatic),
and are further ordered by their metamorphic grade. The above
dataset includes all previously published OSL-thermochronometry
samples (K0587, METASS01, TWNG6 and KTB218A), a related study
(NWE1), three high-purity natural quartzes (GA2, DRAG and GULL)
each with an exceptionally low amount of trace elements
(<50 mg g�1 in total), and a sedimentary quartz with which the
single aliquot regenerative-dose (SAR) protocol was developed
(WIDG8). The concluding feldspar sample (FK981014) has been
subjected to an identical analysis, to allow its possible identification
as a luminescence contaminant in the quartz signals.

3.2. Instrumentation

Luminescence characterisation of the four previously reported
materials (K0587, METASS01, NWE1 and TWNG6) is documented in
their respective papers (see Table 1). A more extensive analysis of
the other six samples (GA2, DRAG, GULL, WIDG8, KTB218A and
FK981014) was undertaken using an automated Risø TL/OSL reader
DA-20 (Bøtter-Jensen, 1997), with an inbuilt 90Sr/90Y beta source



Table 1
Mineral samples used in this study.

Sample Rock sample Metamorphic grade Relevant studies Aliquot description

WIDG8 Unconsolidated sand
(Widgingarri, Australia)

None (O'Connor, 1999; Murray
et al., 1997)

SAR protocol development
(Wintle and Murray, 2006 and
references therein), and various
luminescence characteristics
(Wintle and Murray, 1997;
Murray et al., 1997; Murray and
Wintle, 1999; Choi et al., 2006;
Ankjærgaard et al., 2008,
2010a; Pagonis et al., 2010;
Durcan and Duller, 2011)

Separated and etched quartz (90e125 mm) with
identified inclusions of zircon, feldspar, and apatite

NWE1 Weakly consolidated sandstone
(Niederweningen, Switzerland)

Shallow diagenesis, <60 �C,
<0.5 kbar (Monnier, 1982)

Luminescence properties
(Dehnert et al., 2012)

Separated and etched quartz (4e11 mm)

META-SS01 Meta-sandstone (Central range,
Taiwan)

Prehnite-pumpellyite to
greenschist, 330e375 �C, 3
e4 kbar (Beyssac et al., 2007;
Kidder et al., 2013)

Assessment for utilization in
OSL-thermochronology (Wu
et al., 2012)

Separated and etched quartz (90e150 mm) from hand-
crushed rock groundmass

K0587 Chlorite-greenschist (Whataroa
basin, New-Zealand)

Greenschist >400 �C, >5 kbar
(Grapes and Watanabe, 1992)

OSL-thermochronology
(Herman et al., 2010)

Separated and etched quartz (90e210 mm) from hand-
crushed rock groundmass

GULL Kyanite quartzite (Gullstein-
berget, Norway)

Upper greenschist to
amphibolite, >420 �C, >2.8 kbar
(Müller et al., 2012)

Quartz chemistry (Müller and
Koch-Müller, 2009; Müller
et al., 2007; Müller et al. 2012)

Polycrystalline high purity quartz (HPQ), hand-crushed
to 100e200 mm, with identified inclusions of
pyrophyllite, muscovite, rutile, pyrite and zircon, and
devoid of feldspar inclusions.

DRAG Pegmatitic quartz vein (Nedre
Øyvollen, Norway)

Amphibolite 420e450 �C, 2
e3 kbar (Müller et al., 2012)

Quartz chemistry (G€otze et al.,
2004; Müller et al., 2012)

Polycrystalline HPQ (hand-crushed to 100e200 mm)
with identified fluid inclusions, and extremely rare
microinclusions of albite and biotite; hand-crushed to
100e200 mm

GA2 Hydrothermal quartz vein
(Gamsberg, Namibia)

Amphibolite 630e670 �C, 2.8
e4.5 kbar (Stalder and
Rozendaal, 2004)

Quartz chemistry (Kronz et al.,
2012)

Monocrystalline HPQ (hand-crushed to 100e200 mm)
with identified rare fluid and CO2 inclusions.

TWNG6 Garnetesillimanite-gneiss
(Western Arunachal Himalaya,
India)

Upper amphibolite 535e715 �C,
7e9 kbar (Warren et al., 2014)

OSL-thermochronology (De
Sarkar et al., 2013)

Separated and etched quartz (90e150 mm) from hand-
crushed rock groundmass

KTB-218A Garnet-sillimanite-biotite-
gneiss (Windisch-eschenbach,
Germany)

Upper amphibolite 680e720 �C,
8e9 kbar (Reinhardt, 1997)

Gneiss chemistry (Reinhardt,
1997), thermochronology
(Wagner et al., 1997; references
therein; Wolfe and Stockli,
2010), and luminescence
characteristics of extracted
quartz (Prokein and Wagner,
1994).

Separated and etched quartz (180e212 mm) from hand-
crushed rock groundmass (borehole depth of 914 m),
with identified inclusions of plagioclase, zircon,
monazite, apatite, kyanite, and muscovite.

FK- 981014 Fossilferous sandstone and
claystone (Gammelmark,
Denmark)

Shallow diagenesis (Buylaert
et al., 2011)

Luminescence characteristics
(Murray et al., 2009; Buylaert
et al., 2009, 2011, 2012a;
Thomsen et al., 2011)

Sieved and etched feldspar (90e150 mm)
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delivering a calibrated dose rate of ~0.2 Gy s�1. Stimulation involved
two different optical sources: (i) infrared (870 ± 40 nm) light-
emitting diode (LED) array, delivering a total of ~135 mW cm�2 at
the sample position, and (ii) blue light (470 ± 30 nm) LED array,
delivering a total of ~45 mW cm�2 at the sample position (Bøtter-
Jensen, 1997). All luminescence was stimulated using an inte-
grated pulsing option on the DA-20 reader to control the blue and
infrared LEDs, and was detected using a photomultiplier tube (EMI
QA 9235) and a photon timer attachment (based on an ORTEC
9353 100 ps time digitizer board) as described in Lapp et al. (2009).
The duration of each stimulation pulse (on-time) and of the pause
in-between stimulations (off-time) was 50 ms and 200 ms, respec-
tively. Detection of IRSL was done through a combination of a 2 mm
Schott BG39 and a 4 mm Corning 7e59 filters, while BLSL was
detected using a 7.5 mm Schott U-340 glass filter (Bøtter-Jensen,
1997). IRSL and BLSL were sequentially measured following a
standard preheat to 260 �C for 10 s. Tominimise any possible effects
of thermal assistance and to make the IRSL and BLSL data directly
comparable, all optical stimulations were conducted at 60 �C.
Thermal annealing of the samples GA2, DRAG, GULL, and KTB218A
was carried out at 650 �C for 10 min.

Concentrations of Al, Ti, Na, K, Ca, Fe, Li, B, and P in six samples
(GA2, DRAG, GULL, WIDG8, KTB218A and FK981014) were
measured by laser-ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS), using the facilities at the Geological
Survey of Norway (New-Wave 193 nm excimer laser coupled to a
Thermo Element 1 ICP-MS), and at the Department of Earth Sci-
ences of ETH-Zürich (GeoLas 193 nm ArF excimer laser connected
to a Perkin Elmer Elan 6100 DRC). The lasers had spot sizes of
10e60 mm, and repetition rates of 10e20 Hz. Raster ablation was
typically applied in the centre of each quartz crystal or grain, with
an approximate depth of ablation of 20e50 mm. The analytical er-
rors ranged within 10% of the absolute concentration of each
element (Müller et al., 2012, and references therein). Furthermore,
the concentration variance across each crystal (due to chemical
inhomogeneity) was ~30% (on average) for the HPQ suite, and ~70%
(on average) for the standard purity quartzes (WIDG8 and
KTB218A) and feldspar (FK981014).
3.3. Data analysis

Recognition of various luminescence components in quartz was
performed using a multiexponential analysis. As a rule, lumines-
cence decay curves (both CW-OSL and TR-OSL) in quartz may be
represented by a sum of exponentially-decaying components
IðtÞ ¼ P

i
Ii expð�t=tiÞ, where ti is the characteristic decay lifetime
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of the i-th component, Ii and I(t) are its initial and instantaneous
luminescence intensity [a.u.], and t the time. The underlying com-
ponents of any arbitrary I(t) may be found using a linearized so-
lution of the Fredholm integral equation of the first kind, which
assumes a continuous distribution of decay lifetimes, and obtains
their corresponding amplitudes via linear inversion (Whittall and
MacKay, 1989; Singarayer, 2003; Ankjærgaard et al., 2010a). Here,
we use MERA, a Multi-Exponential Relaxation Analysis Toolbox for
Matlab (Horch et al., 2011, 2012), which is freely available at http://
vuiis.vanderbilt.edu/~doesmd/MERA/MERA_Toolbox.html, and al-
lows the visualisation of the inverted amplitudes as a normalized
probability density function.

To evaluate the thermochronometric usability of a certain
luminescence signal of interest (Guralnik et al., 2013), we
consider the characteristic rate equation
dn=dt ¼ ð _D=D0ÞðN � nÞ � ns expð�E=kBTÞ, in which E [eV] and s

http://vuiis.vanderbilt.edu/%7Edoesmd/MERA/MERA_Toolbox.html
http://vuiis.vanderbilt.edu/%7Edoesmd/MERA/MERA_Toolbox.html
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[s�1] are the thermal activation (Arrhenius) parameters of the
electron trap, n is the instantaneous number of trapped electrons
in N available traps, _D [Gy s�1] and D0 [Gy] the natural dose rate
and the characteristic dose, T [K] the temperature, and kB
Boltzman's constant (Christodoulides et al., 1971). More specif-
ically, we couple this rate equation to a simple thermal scenario
dT/dt ¼ const, where const is a linear heating or cooling rate
[�C Ma�1]. The simulations involve solving the coupled differ-
ential equations for arbitrary heating or cooling rates, and yield
the fractional trap filling n/N as a function of the instantaneous
temperature. To distinguish between signals associated with
transient thermal processes versus signals reflecting ambient
thermal conditions, we compare the simulated n/N values to
their corresponding environmental steady-state concentrations,
given by ðn=NÞSS ¼ ½s expð�E=kBTÞ � D0=

_Dþ 1��1 (Eq. A.9b in
Guralnik et al., 2013).

4. Luminescence characteristics of bedrock quartz

4.1. Variability of BLSL components with metamorphic grade

The obtained luminescence and chemical data for the nine
studied quartz samples are presented in Fig. 1, where they are or-
dered according to the metamorphic grade of their parent rock; the
list is concluded by a feldspar sample, serving as a reference for the
most common signal contamination in quartz. The top row of Fig. 1
shows the luminescence characteristics of sample WIDG8, which
has been used in the development of the standard OSL dating
protocol (Wintle and Murray, 2006 and references therein). The
luminescence of this aeolian (unmetamorphosed) sand is charac-
terised by a rapid CW-BLSL decay (solid blue line (inweb version) in
the first column), reaching near-background intensity within only a
few seconds of optical stimulation. Deconvolution of this CW-BLSL
signal (second column), reveals the dominance of a single expo-
nential component, known as the ‘fast’ component (‘F’ in Fig.1), and
rather negligible contributions from the ‘medium’ (‘M’) and ‘slow’

(‘S’) components (Bailey et al., 1997). This behaviour is regarded as
‘exemplary’ due to an excellent correlation between OSL dates
obtained using the fast component and independent geo-
chronometers (Murray and Olley, 2002; Rittenour, 2008), and thus
serves as a valid baseline for evaluating OSL signals from other
quartz samples.

Comparison of the CW-BLSL decay curves (solid blue lines (in
web version) in the first column of Fig. 1) reveals that only the low-
metamorphic grade samples NWE1 and METASS01 exhibit
comparably rapid luminescence decay to WIDG8. The remaining
quartzes, originating from higher-grade metamorphic or magmatic
rocks, show a profoundly slower CW-BLSL decay, and thus a much
smaller contribution from the fast component. To quantify this, we
use the well-constrained photoionisation cross section of the fast
OSL component (sF ¼ 2.60 ± 0.06 � 10�17 cm2; Durcan and Duller,
2011; see Section 2.1) to evaluate the relative intensity of this
component in all samples. The output of our multiexponential
fitting is a peak-shaped density distribution of photoionisation
cross-section probabilities (second column in Fig.1), and not a finite
number of discrete components with associated errors. To evaluate
such peak-shaped data against the rather narrow estimate of sF, we
assign a larger window for the fast component integration than
that given just by the uncertainty on sF. More specifically, we set the
integrationwindow for the fast component (grey band in column 2,
Fig. 1) to between 1.30 � 10�17 cm2 and 3.90 � 10�17 cm2, corre-
sponding to 50% error about sF, which is comparable to the full
width at half maximum (FWHM) of most of the inverted peaks.

Fig. 2 shows the relative intensity of the fast CW-BLSL compo-
nent plotted against the estimated metamorphic temperature of
the corresponding parent rock (column 3 in Table 1). Although the
dataset is of very limited size (n ¼ 9), it does suggest a pattern: the
fast component seems to dominate the natural OSL signal inmature
sedimentary quartz (WIDG8) and low-grade (<350 �C) meta-
morphic metapelites (NWE1 and METASS01), while being only a
secondary constituent (<30%) in quartz of magmatic (DRAG) and
higher-grade metamorphic (TWNG6, K0587, GULL, GA2 and
KTB218A) origin. In fact, the minute (<10%) presence of the ‘fast’
component in samples GA2, DRAG and KTB218A is comparable to
that spuriously detected in feldspar (FK981014) e a mineral with a
completely different set of electron traps and recombination cen-
tres (Krbetschek et al., 1997), and whose luminescence essentially
defies a simple breakdown into first-order components (Pagonis
et al., 2014b and references therein). This suggests that very dim
(<10%) intensity of the fast OSL component in quartz could in fact
all originate from feldspar inclusions or contaminants, and thus
should not be used for quartz OSL dating.
4.2. Variability of BLSL components with chemical purity

The three samples GA2, DRAG and GULL correspond to some of
the chemically purest quartz that occurs in nature (Müller et al.,
2012; Kronz et al., 2012). This is visualized in the fifth column of
Fig. 1, where the concentrations of structural impurities in these
samples predominantly plot in the white area, close to or below the
HPQ concentrations threshold (stepped boundary between white
and grey areas in the fifth column of Fig. 1; <50 mg g�1 in total).
Furthermore, two of these quartzes (GA2 and GULL) are confidently
devoid of feldspar inclusions, and thus serve as a baseline for un-
contaminated quartz OSL signals, to be compared in Section 4.3 to
that from HPQ with known presence of feldspar microinclusions
(DRAG).

As already mentioned before, none of these HPQ samples
possess a dominant ‘fast’ BLSL component (Fig. 2). Instead, an
apparently universal occurrence of an ultrafast component
(s~5�10�16 cm2; cf. Jain et al., 2008) can be noted. We now turn to
look at the pulsed luminescence behaviour (columns 3 and 4 in
Fig. 1) from these samples. The TR-BLSL decay curve (solid blue line



Table 2
Arrhenius parameters and characteristic doses of various quartz OSL signals.

Component E [eV] s [s�1] D0 [Gy] Reference

OSL fast 1.74 8.9 � 1013 190 Singarayer and Bailey, 2003
OSL medium 1.80 1.5 � 1013 258
OSL slow 2.02 6.9 � 1014 250
TT-OSL 1 kGy 1.46 6.7 � 1011 1000 Adamiec et al., 2010;

Duller and Wintle, 2012TT-OSL 10 kGy 10000
VSL A 1.92 5 � 1015 3200 Ankjærgaard et al., 2013
VSL B 1.92 3 � 1015 1200
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(in web version) in column 3) of GA2, the purest quartz in our
dataset, consists of a single decaying exponential, peaking around
the familiar ~37 ms lifetime (Ankjærgaard et al., 2010b), and
prominently apparent in sampleWIDG8 (containing ~500 mg g�1 of
trace elements, i.e. ten times above the HPQ threshold). Although in
all the three HPQ samples the natural TR-BLSL lifetime is dominated
by the ~37 ms component, significantly shorter lifetimes (~2 ms and
~0.04 ms) become discernible as quartz chemistry progressively
degrades in DRAG and GULL, respectively. Note that in sample
KTB218A (~1000 mg g�1 of trace elements), these short recombi-
nation lifetimes predominate, while the ~37 ms recombination
centre is hardly present at all. The TR-BLSL behaviour in KTB218A is
almost identical to that exhibited by the feldspar sample FK981014,
which has a broad andmultimodal distribution of TR-OSL lifetimes,
in sharp contrast to that of pure (GA2) or well-sensitized quartz
(WIDG8). To summarize, it may be inferred that TR-BLSL lifetime
components below or exceeding ~37 ms are directly related to
intrinsic impurities and/or inclusions of feldspar (DRAG, KTB218A)
or other minerals (GULL) within quartz.

4.3. IRSL from quartz

Although it has been suggested that trace elements in quartz,
such as the Al3þ(alkali)þ complex, may be responsible for genuine
IRSL signals arising from the quartz lattice itself (Godfrey-Smith
and Cada, 1996), such signals are orders of magnitude weaker
than typical IRSL from feldspar. This is convincingly demonstrated
by the total absence of any detectable IRSL in GA2 and GULL, which
are confidently devoid of feldspar inclusions, compared to the
bright natural IRSL signal in DRAG (red solid (inweb version) curves
in column 1 of Fig. 1), known to contain rare microinclusions of
albite and biotite (~0.02% by weight). This relative brightness of the
IRSL is quantified by the IRSL/BLSL ratio, which for sample DRAG
amounts to 66%. In comparison, the IRSL/BLSL ratios of both GA2
and GULL are well below 1%.

Although high IRSL/BLSL ratios can detect even minute amounts
of feldspar, low IRSL/BLSL ratios do not necessarily confirm its
absence. For example, the IRSL/BLSL of WIDG8 is <0.1%, yet our LA-
ICP-MS measurements made on a 100 polished single grains have
demonstrated the presence of feldspar and zircon inclusions,
among others. In this case, the IRSL from the inclusions, although
present, is several orders of magnitude lower that the BLSL from the
host quartz, and is thus not posing a signal interference problem.

The IRSL/BLSL ratios of NWE1, K0587, TWNG6 and KTB218A are
all significantly above the recommended 10% threshold (Buylaert
et al., 2008). Note that reduced grain size (4e11 mm in NWE1)
does not seem to reduce this contamination, even though one
would generally expect fewer inclusions in quartz grains of such
small size. Note that IRSL/BLSL ratios in common bedrock quartz
may fall either above or below that of pure feldspar, which for the
particular sample FK981014 is 140%. The highest IRSL/BLSL ratio
(609%) is exhibited by sample KTB218A. Note, however, that from
the perspective of simple stoichiometric mixing between pure
quartz (GA2) and pure feldspar (FK981014) end members (column
5 in Fig. 1), only ~1% by weight of feldspar is sufficient to give rise to
such an overwhelmingly high IRSL/BLSL ratio.

4.4. Sensitization of quartz by annealing

Despite the undesirable characteristics of the natural OSL signals
in the majority of the studied bedrock quartzes, these characteris-
tics significantly improve after a laboratory thermal annealing at
650 �C for 10 min. The CW- and TR-OSL curves of annealed GA2,
DRAG, GULL and KTB218A are shown as dashed blue and red lines
(in web version) on columns 1e4 in Fig. 1. The result of the
annealing is twofold, affecting both the CW-OSL and TR-OSL curve
shapes. In CW-BLSL, the annealing removes the ultrafast compo-
nent (present in all the HPQ and the KTB218A samples), and
generally enhances the fast component, thereby reducing the IRSL/
BLSL ratio (e.g. from 66% to 7% in DRAG). In TR-BLSL, the annealing
removes the short recombination lifetimes (present in DRAG, GULL
and KTB218A), and enhances the ~37 ms recombination to >95% in
GULL and DRAG, and from 4% to 14% in KTB218A.
5. Applicability of luminescence signals for
thermochronometry

Regardless of whether a target OSL signal can or cannot be
extracted, we now proceed to address a purely theoretical consid-
eration of whether this signal is or is not suitable to solve a posed
thermochronometric question. To go beyond the treatment pre-
sented by Li and Li (2012), we address the universal phenomenon of
OSL signal saturation (cf. Grün, 2001) merely as a special case of a
more general problem (i.e. inability to distinguish signals from their
predictable environmental steady-state). While the analysis of
other saturation-limited trapped-charge methods such as quartz
thermoluminescence (TL; see Tsuchiya et al., 2000) and electron
spin resonance (ESR; see Grün et al., 1999) is analogous, their
treatment is outside of the scope of the current paper.

In thermochronometry, one is primarily interested in deter-
mining the timing and rate of heating or cooling histories of
geological formations (Reiners and Ehlers, 2005). For cooling, we
consider bedrock, progressively brought to the surface of Earth by
erosion, and evolved from high temperatures where nearly all
luminescence signals are reset by heat. For heating, we consider
sediments, whose luminescence signals were optically reset by
sunlight prior to burial in a sedimentary basin. Therefore, the
concentration in all of our considered geological scenarios will
conveniently evolve from zero (n0/N ¼ 0), providing an easy com-
parison between the cooling and the heating environments. In our
calculations, we further adopt _D ¼ 2 Gy ka�1 as a representative
rate of background radioactivity in typical bedrock environments,
and use literature values of the kinetic parameters E [eV], s [s�1]
and D0 [Gy] as listed in Table 2.

Fig. 3a shows the evolution of the fractional trap filling n/N (see
Section 3.3) of the fast OSL component as a function of the
instantaneous temperature T, for a cooling (dashed line) and a
heating (dotted line) scenario, both at a linear rate of dT/
dt ¼ 100 �C Ma�1. For comparison, we also show the fractional trap
filling at steady-state (n/N)SS, attained after an infinite isothermal
holding at any particular temperature T (solid gray line). Although
the shown cooling/heating rate in Fig. 3a is on the higher end of
geologically feasible values (Wright, 1980; Reiners and Brandon,
2006), it is nevertheless a reasonable choice for OSL systems, as a
slower rate may often result in transient n/N concentrations that
are indiscernible from the environmental steady-state (n/N)SS
conditions. Also note, that while cooling leads to a monotonic in-
crease in concentration, a heating scenario is characterised by



Fig. 3. a) Evolution of the relative trap filling n/N of the fast OSL component in a set of representative linear cooling (dashed), heating (dotted) and thermal steady-state (solid grey)
scenarios. b-c) shaded contours of n/N as a function of different cooling (b) and heating (c) rates. d-e) relative disequilibrium (see text) as a function of different cooling (d) and
heating (e) rates. White areas in b-d represent geological conditions in which precise age determination (bec) or reconstruction of transient processes (dee) is improbable due to
current methodological uncertainties.
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initial concentration growth (for T<45 �C in Fig. 3a) followed by its
subsequent decay (for T>45 �C in Fig. 3a).

The shaded colour map in Fig. 3b, c corresponds to contours of
n/N (dark green (in the web version) is 0, white is 1) of the fast
OSL component, as a function of various linear cooling (Fig. 3b)
and heating (Fig. 3c) rates. The two previously discussed sce-
narios of cooling and heating at 100 �C Ma�1 (in Fig. 3a) are
repeated here with identically dashed (Fig. 3b) and dotted
(Fig. 3c) black arrowed lines. The bright white area on the upper
left corners of Fig. 3bec (enclosed by a solid thin black line)
corresponds to conditions where the fast OSL trap is within 15%
of its saturation level (i.e. more than 85% of the electron traps are
occupied, n/N>0.85). Under such conditions, it is advisable to
report only a minimum age, due to the presently large uncer-
tainty regarding the dose response bordering system saturation
(Wintle and Murray, 2006).

Fig. 3b demonstrates that cooling at a rapid rate of 100 �C Ma�1

from 100 �C to 0 �C produces a near-saturation trap filling of n/
N¼ 0.89, i.e. within <15% of a fully occupied system. The associated
apparent age of 209 ka (Eq. A.4 in Guralnik et al., 2013) gives only a
minimum age estimate, since even much longer irradiation his-
tories may end up with rather comparable concentrations.
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Fig. 4. Comparison of trap filling (columns 1 and 3) and relative disequilibrium conditions (columns 2 and 4) as explained in Fig. 3, for various OSL signals encountered in the
literature (Table 2) and subjected to linear cooling (columns 1e2) and heating (columns 3e4) scenarios.
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Alternatively, if the former cooling history terminates at 50 �C, or if
the same sample cools from 100 �C to 0 �C at a rate of 750 �C Ma�1,
the above scenarios will both evolve to a final concentration of n/
N ¼ 0.62. The corresponding apparent ages (107 ka and 92 ka,
respectively)may then be successfully converted to their respective
paleotemperatures through the revised formula for closure
temperature (Guralnik et al., 2013). Conversely, to reconstruct rock
heating scenarios related to sedimentary burial (Fig. 3c), a distri-
bution of cooling ages with depth is typically required (cf. Green
et al., 1989). Note that a depositional profile is characterised by
stratigraphic ages (concentrations) in the top of the profile, and
thermally reset ages (concentrations) in its bottom.
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Whether in saturation or not, a measured n/N yields valuable
information. In order to discern whether a given n/N reflects a
stationary holding temperature or a transient cooling/heating
process, we compare instantaneous n/N values in Fig. 3b, c to their
steady-state values (n/N)SS at thermal equilibrium (Eq. A.9b in
Guralnik et al., 2013). We define DSS as the percent deviation from
steady-state concentration, i.e. DSS ¼ [(n/N)�(n/N)SS]/(n/N)SS. Posi-
tive and negative values of DSS correspond to higher-than-steady-
state (red shades (in web version) in Fig. 3e) or lower-than-
steady-state (blue shades(in web version) in Fig. 3d, e) concentra-
tions, while DSS ¼ 0 strictly implies thermal equilibrium. The white
area in Fig. 3d, e corresponds to jDSSj<0.15, i.e. regions, where
transient concentrations are within 15% of their environmental
steady-state levels. Since saturation (white area on Fig. 3b, c) is just
a special case of steady-state (white area on Fig. 3d, e), it is evident
that the low-temperature regions (<50 �C) of the white areas in
Fig. 3d, e are identical to those of in Fig. 3b, c, and in fact contain the
former. To continue the previous example, we again consider the
two former scenarios of cooling, one from 100 �C to 50 �C at
100 �CMa�1, and the other from 100 �C to 0 �C at 750 �CMa�1, both
evolving to a final concentration of n/N ¼ 0.62. The respective (n/
N)SS at 50 �C and 0 �C are 0.84 and 1, and the corresponding DSS are
thus (0.62e0.84)/0.84 ¼ �26% and (0.62e1)/1 ¼ �38%. This in-
dicates that the observed n/N ¼ 0.62 in both situations is tens of
percent away from the anticipated steady-state concentrations at
these temperatures, and thus may be confidently used to infer the
corresponding rates of cooling. Yet for a cooling from 100 �C to
50 �C at 10 �CMa�1, the final n/N¼ 0.81 is far too close to its steady-
state value of (n/N)SS¼ 0.84 to allow inferring the cooling rate, even
though the sample is below the level of saturation (i.e. <0.85). The
consequence is that an observed n/N ¼ 0.81 at 50 �C cannot be
confidently translated to a process rate, but instead reflects the near
steady-state conditions achieved after prolonged storage at ~50 �C.

Fig. 3 shows, that for typical surface temperatures (<25 �C) and
process rates (jdT=dtj<100 �C Ma�1) on Earth, the fast OSL
component would be more often found in either saturation (Fig. 3b,
c) or in field steady-state (Fig. 3d, e) than in detectably transient
conditions indicative of process rates. To explore the possible ex-
istence of more favourable OSL signals in quartz, Fig. 4 compares
the saturation and steady-state fields across the fast, medium and
slow components of quartz BLSL, alongside the developmental TT-
OSL and VSL protocols (Wang et al., 2006; Duller and Wintle, 2012;
Ankjærgaard et al., 2013). It can be seen that the characteristics of
themedium (row 2) and the slow (row 3) OSL components are even
less favourable than those of the fast OSL component (row 1). Quite
promising characteristics are found in the TT-OSL signal, although
the presently debated D0 of TT-OSL (1 kGy in row 4 vs.10 kGy in row
5) needs further clarification (see Duller and Wintle, 2012) to allow
a coherent thermochronological interpretation. Lastly, we include
the two violet stimulated signals from quartz (rows 6e7 in Fig. 4),
that too exhibit D0 in the kGy range (Jain, 2009; Ankjærgaard et al.,
2013), and thus appear to have a similar potential to the TT-OSL
signal.

As a concluding remark, it must be acknowledged that the signal
behaviours summarized in Fig. 4 correspond to literature values
only (Table 2). While representative, more favourable conditions
such as low environmental radioactivity, high saturation dose, or
low thermal stability may nevertheless enable a successful con-
version of an OSL signal into a process rate, even where predicted
here as improbable.

6. Discussion

In this study we have used three diagnostic tools to investigate
whether a quartz sample exhibits desirable luminescence
characteristics for standard OSL dating (Wintle and Murray, 2006).
These are (i) the photoionisation cross section of the electron
trap(s) giving rise to the CW-BLSL signal, (ii) the IRSL/BLSL ratio,
and (iii) the TR-BLSL relaxation lifetime(s) of the luminescence
centres. Collectively, these criteria represent the minimal quality
control that should be applied to any OSL-thermochronometric
sample, in light of the generally problematic OSL characteristics
of bedrock quartz. Based on the nine investigated samples, the
natural ‘fast’ OSL component of crystalline bedrock quartz is
frequently unsensitised. Instead, it is often dominated by the ul-
trafast component in the CW-BLSL signal (Jain et al., 2008), and by
short recombination lifetimes in the TR-BLSL (Chithambo et al.,
2007); both these familiar features obscure the separation of the
desired signal from the calibrated dosimetric trap, and are thus
advised to be instrumentally removed before (Goble and Rittenour,
2006) and during (Thomsen et al., 2008a; Ankjærgaard et al.,
2010b) the optical stimulation, respectively. Additionally, bedrock
quartz often exhibits high IRSL/BLSL ratios, characteristic of signal
contamination by feldspar, and reported to bias age estimates
(Buylaert et al., 2008). Such poor quality of the natural OSL signals,
familiar from sedimentary-immature environments (cf. Preusser
et al., 2009), can be significantly improved by laboratory anneal-
ing (Bøtter-Jensen et al., 1993), which reduces the unwanted com-
ponents in the CW-BLSL and TR-BLSL signals and decreases the
IRSL/BLSL ratio, thus making the quartz signal comparable to that
employed in standard OSL dating. This laboratory annealing pro-
cess probably imitates the sensitization of recombination centres
occurring naturally in the sedimentary environment due to
repeated cycles of dosing and light exposure (Moska and Murray,
2006). However, such high-temperature laboratory pretreatment
would remove the desirable natural signal, and thus currently
precludes a successful dating of the originally insensitive sample.

To further demonstrate the typical problems of OSL from crys-
talline (i.e. magmatic and metamorphic) quartz, it is instructive to
consider the luminescence characteristics of the chemically-purest
samples (HPQ) in our dataset. Most strikingly, even the smallest
amount of feldspar contamination (0.02% by weight in DRAG) can
give rise to an unacceptably high IRSL/BLSL ratio (66% in DRAG),
thus potentially compromising a reliable dosimetry of that sample
(Buylaert et al., 2008). Since macro-scale occurrence of HPQ in
nature is rare, one may expect that such anomalously high IRSL/
BLSL ratios in crystalline quartz would be the rule, rather than the
exception, in average crystalline bedrock environments. Further-
more, in the unlikely case of zero feldspar contamination (e.g.
samples GA2 and GULL), the relative contribution of the fast
component (only ~9% in GA2) and the ~37 ms recombination centre
(only ~32% in GULL) may be so insignificant as to seriously
complicate their reliable extraction and ultimately, their interpre-
tation. In light of the above, we suggest that the quantitative results
obtained in recent OSL-thermochronology studies (Herman et al.,
2010; De Sarkar et al., 2013) ought to be addressed with caution.
It is also important to note here, that the absence of a fast OSL
component in a natural signal does not necessarily imply that the
associated electron trap of interest (E~1.8 eV, s~1014 s�1, D0~150 Gy
and s~2.60 � 10�17 cm2, see Table 2) is not present in the natural
system. Instead, it might rather reflect the insensitivity of the
associated recombination centres (Preusser et al., 2009), and thus
potentially enable a signal extraction by another, yet undiscovered,
method.

In contrast to the various crystalline environments, the studied
quartzes from the sedimentary or low-grade metamorphic context
exhibited satisfactory OSL behaviour, all displaying a dominant fast
component and a relatively low IRSL/BLSL ratio. From the limited
dataset, it may be speculated that the threshold metamorphic
temperature, below which bedrock quartz may preserve the
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luminescence characteristics of its unconsolidated parent sedi-
ment, is ~380 �C, and close to the 325 �C thermoluminescence peak
associated with the dosimetric trap (Wintle and Murray, 1997).
While ~380 �C may not be a universal threshold for bedrock quartz
properties, (i) it falls in line with far more frequent reports on
insensitive (Preusser et al., 2009; references therein; Sohbati et al.,
2011; Jeong and Choi, 2012; Rittenour et al., 2012; Fuchs et al., 2013)
rather than sensitive (Sawakuchi et al., 2011) quartz from crystal-
line bedrock environments, (ii) it suggests that the outlined signal
quality control is essential (cf. Preusser et al., 2009) to any future
application of quartz OSL-thermochronology, and (iii) one may
generally expect better quartz OSL characteristics in subsurface
samples from subsiding sedimentary basins, rather than in surface
samples from exhuming crystalline terrains.

Even if present, the fast OSL component in quartz has a rather
low saturation dose, which generally limits its thermochronometric
capability to infer transient processes only to very rapid
(>100 �C Ma�1) cooling or heating scenarios. When the regional
thermal processes occur at slower rates, quartz OSL would tend to
be in field-steady state and thus enable inferring the ambient
thermal conditions rather than cooling or heating rates. Consid-
ering existing alternatives to the fast OSL component in quartz, its
medium and slow components have even narrower applicability
fields, due to their higher thermal activation energies. Currently
developmental protocols (TT-OSL and VSL) which extend the
typical OSL dating range via higher saturation doses, appear to be
better-suited to infer typical geological processes in the range of
10�1 e 102 �C Ma�1. Finally, although other trapped-charge tech-
niques (e.g. quartz TL and ESR) are known to be applicable to
thermochronometry, their evaluation via the presented theoretical
framework remains outside of the scope of the current paper.

As a final point, the brightness of IRSL from feldspar extracts
(e.g. Sohbati et al., 2011) or inclusions in quartz (e.g. Huntley et al.,
1993) suggests that feldspar IRSL might be a more straightforward
target luminescence signal for extraction in crystalline bedrock
environments. Although feldspar IRSL suffers from athermal loss
pathways, major advancements in both fading correction (Kars
et al., 2008) and extraction of non-fading signals (Thomsen et al.,
2008b; Li and Li, 2011; Buylaert et al., 2012b) suggests that these
signals may be a better alternative for OSL-thermochronometry
than the frequently encountered insensitive OSL signals from
quartz.

7. Conclusions

This study presents a set of standard diagnostic tools to evaluate
the quality of luminescence signals of diverse bedrock quartz
against that of a benchmark sedimentary quartz (WIDG8). These
include (i) the photoionisation cross section (ii) the relative in-
tensity of the IRSL and BLSL signals, and (ii) the TR-BLSL recombi-
nation lifetime. We find desirable OSL characteristics only in rocks
that have not been subjected to metamorphic temperatures
exceeding ~380 �C, such as mature sediments or low-grade meta-
pelites (n¼ 3). All higher-grade metamorphic andmagmatic quartz
(n ¼ 6) displayed anomalous quartz OSL characteristics, currently
avoided in dating. While such characteristics can be improved by
high-temperature laboratory annealing, the latter removes the
natural luminescence signal and hence precludes the objective of
dating. Even if present in a sample, the fast OSL component may be
expected to be found either in saturation or in field steady-state (for
typical surface temperatures and common geological cooling/
heating rates), and is therefore less advantageous compared to
developmental OSL signals with either a lower thermal stability or
a higher saturation limit. Finally, to ensure full methodological
transparency of OSL-thermochronometric datasets, we stress that
the proper measurement and documentation of the power density
P of the optical stimulation source [W cm�2], and of the relevant
kinetic parameters of the targeted electron trap (E, s, and D0), has to
become obligatory in application studies, rather than optional.
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