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Abstract

For routine luminescence dating applications the
commonly used Risereaders are bundled with
analysis software, such as Viewer or Analyst. These
software solutions are appropriate for most of the
regular dating and publication jobs, and enable
assessment of luminescence characteristics and
provide basic statistical data treatment. However, for
further statistical analysis and data treatments, this
software may reach its limits. In such cases, open
programming languages are a more appropriate
approach. Here, we present the R package
‘Luminescence’ for a more flexible handling of
luminescence data and related plotting purposes,
using the statistical programming language R. The R
language as well as the package and the source code
are provided under the General Public License (GPL)
conditions and are available for free. The basic
functionality of the package is described along with
three application examples. This package is not an
alternative to the existing software (4nalyst, Viewer)
but may provide a collection of additional tools to
analyse luminescence data and serve as a platform for
further contributions.

Keywords: R, luminescence dating, LM-OSL, curve
fitting, radial plot

Introduction

Since the early beginnings of luminescence dating
at the end of the 1950s (Daniels et al. 1953,
Houtermans and Stauffer 1957, Grogler et al. 1958),
the method of luminescence dating has advanced
considerably. Not least, a widespread application in
geosciences has become possible with the
development of commercially available,
computerised and automatic measurement equipment
(e.g. Risg, Daybreak, Freiberg Instruments) and
reliable measurement protocols (e.g. single aliquot

regenerative (SAR) protocol by Murray and Wintle
2000). For the analysis of measured data in routine
luminescence dating applications, the commonly
used Rise reader is bundled with software such as the
Viewer or Analyst (Duller 2007). Considering the
analysis, export and graphical output functions, this
software is sufficient for most of the everyday dating
and publication purposes. However, experimental and
exploratory luminescence studies require more
computational flexibility and further statistical data
treatment. In addition, more recent methods such as
the linearly modulated luminescence analysis (Bulur
1996) ask for a more comprehensive analysis
software. Furthermore, compiled and ready to use
software solutions are black boxes to non-software
engineers, even if the source code is provided. Our
attempts to find an easy-to-use and scalable
numerical computational environment, able to 1)
import OSL measurement data, 2) process the
imported data with a modular, extendable toolbox of
readily available and open source functions and 3)
generate high-quality numerical and graphical output
was met by the statistical software R (R
Development Core Team 2012).

The R programming environment was introduced
in 1996 by Thaka and Gentleman (1996) and is based
on the S system/language developed by John
Chambers (e.g. Hornik and Leisch 2002). Scripts
written in R are in general compatible to the
commercially available implementation of the S
system called ‘S-PLUS’ (e.g. Hornik and Leisch
2002, Ligges 2008). The main advantages of using R
are: (1) The R language is intuitive and easy to learn,
(2) R is open source software and therefore free of
charge, (3) a growing community offers a fast and
high-quality support, (4) R is available for all major
computer platforms and the language itself is almost
independent of the operating system, (5) R is
modular and highly extensible through user defined


mailto:sebastian.kreutzer@geogr.uni-giessen.de

Ancient TL Vol. 30 No.1 2012

Table 1: Functions in the R package ‘Luminescence’ (vers. 0.1.7)

Name Description

Analyse SAR.OSLdata ()
Calc_FadingCorr ()

Analyse SAR CW-OSL measurements
Applying a fading correction according to Huntley and Lamothe (2001) for a

given age and a given g-value

Calc_ FuchsLang2001 ()
Calc OSLLxTxRatio ()
CW2pLM ()

(e.g. Bulur, 2000)
fit LMCurve ()
plot BINfileData ()
plot DeDistribution ()
plot GrowthCurve ()
plot Histogram()
plot RadialPlot ()
readBIN2R ()
Second2Gray ()

Calculate D, applying the method of Fuchs and Lang (2001)
Calculate L,/T, ratio for a given set of OSL curves
Transform a CW-OSL curve into a pseudo-LM (pLM) curve

Non-linear Least Squares (NLS) fit for LM-OSL curves

Plot single luminescence curves from a BIN-file object (readBIN2R ())
Plot D, distribution with a kernel density estimate (KDE)

Fit and plot a growth curve for luminescence data

Plot a histogram with a separate error plot

Plot a Galbraith's radial plot

Import Rise BIN-file into R

Converting values from seconds (s) to Gray (Gy)

packages. Especially the latter advantage points to
the great potential in terms of experimental and
increasingly wide application of luminescence
investigations and is therefore the motivation for our
contribution. Additionally, (6) already existing
statistical tools of data analysis (e.g. the minimum
age model of Galbraith et al. 1999) can directly be
applied or implemented using the same software: R.

In general, R can be described as software for
statistical computing by default without a graphical
user interface but with a command line or terminal. It
provides a powerful tool, once the R language has
been assimilated. Our first R scripts were written to
produce plots from *.csv (comma separated values)
files, e.g. probability density plots, or to calculate
statistical parameters from extensive data sets.
However, when sharing the scripts with a growing
community, the consequence is to encapsulate the R
code into functions and bundle them within a
separate R package. A package can be installed and
loaded into the R environment. The provided
functions work as small applications within the R
environment while the source code of the scripts is
always available and the calculations are therefore
transparent for the user. Along with the R code itself,
a documentation file for every function is available as
well as additional example data, which have been
thoroughly tested in advance.

Here we present the R package ‘Luminescence’ in
its latest version (0.1.7) including a set of functions
for data import, analysis of luminescence properties,
statistical data processing and result plotting, e.g. D,
distributions, growth curves or calculate L /T, values
for a given set of curves (Table 1). The basic features
are presented using three examples of typical

applications: (1) Importing BIN-files, (2) plotting D,
distributions, (3) fitting LM-OSL curves. Along with
these functions, example data sets are delivered.
Nevertheless, this paper is not an introduction to the
R language nor is it possible to present all functions
bundled within the package in detail. We tried to
keep all examples as simple as possible. The given R
code is intended to: (1) provide a short insight into
how R and the package work (for readers who are not
familiar with the R language) and (2) allow R users
to roughly assess the basic functionality of the
package.

Examples

To provide an overview of the basic functionality
we focus on three application examples. For further
functions the reader is referred to the manual of the
package. The chosen examples are given as R code
with the corresponding (reduced) terminal output.
Code, terminal output and R-relating functions are
indicated by monospaced letters. All examples were
produced using the freely available integrated
development environment (IDE) RStudio™ Desktop
(http://rstudio.org) but the reader may also use other
R IDEs or the R terminal.

Example 1: Importing *.bin files

A crucial question for data analysis usually is how
to import the measured data to the preferred software.
Substantial time is often spent before starting the data
analysis undertaking data transformation and format
conversion. The measurement results of the
Rise readers are stored in a binary file format (*.bin,
BIN-file) containing various data of the
measurements. There are several ways to export
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binary measurement data to more general exchange
formats such as the ASCII format. The Analyst
software as well as the Rise Viewer offers export
functionalities of the raw data into an ASCII file. An
alternative is the MS Windows™ terminal program
‘Bin2Ascii’ written in C (Bailey 2008). It produces
separate ASCII files for every measured curve in one
run. Furthermore, there may be numerous individual
software solutions, written and used by various
researchers throughout the luminescence community.
In general, at least one additional step is needed to
import the measured data into R but the metadata
stored in the BIN-file (e.g. read temperature, type of
stimulation) may get lost for further usage. However,
the format of the BIN-file is described in detail in the
Analyst manual (Duller 2007) which allowed us to
develop an R function that directly imports the entire
BIN-file into the R environment to maintain all
provided data. The corresponding function is called
readBIN2R() and has been successfully tested for
BIN-files produced by the Sequence Editor of version
3x and 4.x. To import a BIN-file into the R
environment the function requires one argument
containing the path and the name of the BIN-file:

> temp<-readBIN2R (“~/Desktop/test.BIN”)
> temp
Risoe.BINfileData Object

Version: 03

Object Date: 270520

User: X

System ID: 0

Overall Records: 1104

Records Type: OSL=720;TL=336; IRSL=48;
Position Range: 1 : 48

Run Range: 1 : 45

Set Range: 1 : 16

The readBIN2R() function returns an R object with
two slots: eMETADATA and @DaTA. The first one is a
data.frame object containing the metadata of the
measurement as shown in the Analyst, the second slot
contains a list object containing vectors with the
measured count data.

> temp@METADATA[1:2,1:6]

ID SEL VERSION LENGTH PREVIOUS NPOINTS
1 TRUE 03 672 0 100
2 TRUE 03 672 672 100

> unlist (temp@DATA[1]) [1:10]
[1] 140 138 133 143 129 123 134 134 129 143

The provided metadata equals what is shown when
using the ‘Display Information’ options in the
Analyst. The metadata can be used to select certain
curve data for further analysis. For example, to select
the record IDs (which are identical to the IDs in the

slot epaTa) of all measured OSL data from the
measurement, in R the following code is required:

> temp@DATA [temp@METADATA [temp@METADATA[,
+"LTYPE" ] =="OSL", "ID"] ]

Note: Working with the package does not mean that
the input data has to be a BIN-file. For other formats,
e.g. *.csv or *.txt, R provides generic functions that
can be wused instead (e.g. read.csv() oOr
read.table())

Example 2: Plotting D, distributions

The next example was chosen to focus on what is
of most general relevance and an essential advantage
of R, the production of high-quality plots in different
file formats. Creating figures for publication or
presentation might be a time consuming and
sometimes frustrating process. Once the plotting
functions for a desired figure design have been
created in R, the code can be reused almost
universally with only minor modifications (e.g.
modifying the input arguments). In the package we
bundled a few plot functions, which produce plots
that are commonly used to present luminescence
dating results. Here we focus on two frequently used
plot alternatives: (1) empirical cumulative
distribution along with kernel density estimates
(KDE) and (2) the radial plot. Within the package the
function to produce an empirical distribution along
with the KDE is called plot DeDistribution() and
the radial plot function plot RadialPlot (). Both
require as input a two column data. frame containing
x-y-values (e.g. D, and D, error). Here a fine grain
quartz loess sample from Saxony/Germany (BT998,
unpublished data) is used as an example data set:

> ExampleData.DeValues[1:3,]
X y

1 207.5040 7.3062

2 208.3326 7.0470

3 227.1216 9.3216

The plot output (Figure 1) gives the D, values with
their corresponding D, error in ascending order and
additionally shows the basic D, distribution
parameters (number of D,, mean, standard deviation).
The KDE is shown as a blue line. It is produced with:

> plot DeDistribution (ExampleData.DeValues)

For plotting a radial plot (e.g. Galbraith 1988) on a
log z-scale the R code is quite similar:

> plot RadialPlot (ExampleData.DeValues)
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Figure 1: D, distribution with kernel density plot for
a fine grain quartz sample (BT998). Plot output for
the function plot DeDistribution(), the aliquots
are shown in ascending D, order. Note: the function
does not check if the input values are given in e.g.
Gray or seconds, or if the given values are D, values
or not.

De Distribution 2

n = 25| central value = 175.5 | within 2-sigma = 68%
245

200

standardised estimate
o
[
é) o]
g
% 1
i
2
D, [Gy]

relative error [%]

20 10 SLT 5

r I T T T

] 5 10 15 20 25 30
precision

—+&
@
@

Figure 2: D, distribution shown as a radial plot for a
fine grain quartz sample (BT998) as output of the
function plot RadialPlot(). The numeric value
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The resulting radial plot is shown in Figure 2. The
function is based on an S script of Rex Galbraith, but
has been rewritten to reduce the needed manual
adjustments.

Using generic functions of R, the plot can be
further exported into several formats (e.g. JPEG,
SVG, PDF). For the given function an export as PDF
requires just a minor extension, e.g. by stating the
desired file format with the arguments of output path
and plot size:

> pdf ("~/Desktop/Figurel.pdf", paper=

+ "special")

+ plot DeDistribution (ExampleData.DeValues,
+ xlab="s")

+ dev.off ()

For a more general discussion of the advantages
and disadvantages of the different plot types the
reader is referred to Galbraith and Roberts (in press).

Example 3: LM-OSL curve fitting

Since the introduction of optically stimulated
luminescence (OSL) dating by Huntley et al. (1985),
it has been reported that the continuous wave (CW)
OSL signals from quartz decay non-exponentially.
Bailey et al. (1997) postulated that the quartz signal
consists of, at least, three distinct components
(termed as fast, medium and slow) with different
bleaching and dose-response characteristics. In 1996,
Bulur (1996) presented an alternative read-out
method by ramping the stimulation intensity over
time, termed the linear modulation technique (LMT
or LM-OSL). The obtained peak-shaped curve is
supposed to be associated with the successive release
of electrons from traps/components with increasing
optical  stability (i.e. decreasing detrapping
probability) during measurement (e.g. Bulur 2000).
As a result of the different and sometimes
disadvantageous component characteristics (e.g.
bleachability, thermal stability), for routine quartz
sediment dating the underlying assumption is that the
chosen integral of the bulk luminescence signal is
dominated by an easy-to-bleach signal component
and the contribution of other components can be
minimised, e.g. by early background subtraction
(Ballarini et al. 2007). Another approach is the
isolation of the fast-component by direct
measurement (Bailey 2010) or decomposition of the
signal by mathematical curve fitting (CW- or LM-
OSL curve fitting).

Besides the discussion of the difficulties resulting
from the mathematical fitting itself (e.g. Istratov and
Vyvenko 1999, Bailey 2010, Bailey et al. 2011), the
limitation of this method for routine applications
seems to be more of a practical nature. The
decomposition of a single LM-OSL curve usually
involves a multistep process using different
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programs. Therefore, attempting to fit multiple
curves is a time consuming process. During the last
years a few attempts were presented based on
proprietary or self-written software (e.g. Singarayer
2002, Choi et al. 2006, Bailey 2008) to fit LM-OSL
curves or CW-OSL curves (e.g. Rowan et al. 2012).
To offer an alternative, and to fit a batch of curves
automatically, we decided to implement a fitting
routine, making the fitting process much more
flexible in the way the background is subtracted or
the plot output is produced. This approach is
transparent and applicable for extensive data sets and
further analysis. To avoid any confusion: We did not
develop a new mathematical fitting algorithm, but
rather used the implemented functions of R to write a
new function (fit_ IMData ()) that covers the needs
in the context of OSL dating of quartz with
references to the cited literature. Therefore, we
employed the internal non-linear least-square fitting
function nls()  with the port algorithm
(http://www.netlib.org/port/y and the 1* order kinetic
function given by Kitis and Pagonis (2008). More
information is provided on the help pages of the
package. As input file, at least one data.frame
containing LM-curve data (measured data) with two
columns (time, counts) is required:

> values.curve
time counts

1 1 48

2 2 19

3 3 23

4000 4000 530

The values from an LM-OSL measurement of a
coarse grain (90 — 250 um) quartz sample from
Norway (BT900, Fuchs et al. in press) are shown. To
run a fit to the data.frame (values.curve) trying a
3-component function on a log-time scale (x-axis) the
code in R is:

> fit LMCurve (values=values.curve,n.
+ components=3,log scale="x")

The resulting plot for sample BT900 is shown in
Figure 3. If an additional curve for the measured
background (2" LM-curve) is provided as a two
column data.frame, here termed as
values.curveBG, the background is fitted using a
polynomial function and subtracted automatically
from the first curve. The result is shown in Figure 4,
and the corresponding call in R is:

>fit LMCurve (values=values.curve, values.bg=
+ values.curveBG, +n.components=3,
+ log_scale="x", output.plotBG=TRUE)

= sum curve
~— component 1
=~ component 2
~ component 3
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Figure 3: LM-OSL curve from a coarse grain quartz
sample (BT900) fitted with a 3-component function
plotted using the function plot LMCurve () without
background subtraction. The lower plot shows the
contribution of each component to the light sum.
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Figure 4: LM-OSL curve from a coarse grain quartz
sample (BT900) fitted with a 3-component function
using the function plot LMCurve() including
background subtraction. The lower plot shows the
contribution of each component to the light sum. The
fitted background signal (separate curve) is shown in
the inset.

Along with the optional plot and terminal output
(not shown) a n1s () object is returned. This R object
contains all data from the fit (e.g. parameters,
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residuals) and can be used for further analysis using
generic functions of R, e.g. calculating confidence
intervals for the fitted parameters (confint ()). The
start parameters for the fitting are estimated
automatically, but also manual start parameters will
be accepted. With this, for instance, the function can
be used in a loop to test different sets of start
parameters and compare them with the obtained
quality of the fit (i.e. pseudo-R* or to fit many
curves in one run. An example for a fitting loop over
all LM-curves of a measurement is given in the
supplementary data.

To compare the results with other software
solutions (obtained b, and n; values for a given
number of components), we conducted a survey
comparing the results from this R package with
results returned by the software from Diana Bailey
(FitBin9, Bailey 2008) and Grzegorz Adamiec
(Hybfit, principle described in Bluszcz and Adamiec
2006). Three different samples (Supplementary Table
1) were used for this study: (a) a sample from a beach
deposit in Norway (BT900, Fuchs et al. in press, (b) a
Mol-sand sample from Belgium (MOL1, Gullentops
and Vandenberghe 1995) and (c) an archaeological
artefact (chalcedony) from Romania (Roml6,
Schmidt et al., in prep.). The LM-OSL curves of the
samples were fitted with and without background
subtraction using the automatic start parameter
recognition option of the software for a given number
of components. For the investigated LM-OSL curves
without background subtraction we observed that the
shapes of the curves were indistinguishable. The use
of the software’s background subtraction option
results in differences in the fitting parameters,
probably due to the way of background subtraction
(Supplementary Table 2). However, if no background
subtraction is applied, the output of the software
visually appears to be very similar. A typical LM fit
for sample BT900 is shown in Figure 5. Detailed
results of the comparison are given in the
supplementary.

Discussion

This paper briefly describes an R package for
luminescence dating and reports the advantages
compared to existing software. The R programming
language, although intuitive to users having basic
knowledge in numerical programming languages
(e.g. MATLAB™ or Mathematica™), is not as user
friendly as the Analyst, the Riso Viewer, MS Excel™
or SigmaPlot™. However such a comparison would
be misleading. R allows the creation of complex and
transparent data analysis routines for experimental
protocols that are not available in existing software.
The presented package is not standalone software and
is not intended to be such. The presented package
provides a collection of functions, serving as a
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BT900
(90 - 250 pm, quartz)

Program (n=3)
FitBin9
* Hybfit
« R

Luminescence [a.u.]

log time [s]

Figure 5: LM-OSL fitting using a 3-component
function for the quartz sample BT900 on a log scale.
The sum curves show that all programs produce
similar fits and therefore the three curves are
indistinguishable.

flexible, modular and easy to extend toolbox for the
purpose of luminescence dating with special focus on
the analysis of non-standardised measurements. The
comparison of the fitting programs (R, FitBin9 and
Hybfit) showed that by default R is bundled with
powerful libraries and functions like the used nis ()
function producing reliable fitting  results.
Nevertheless, this is no out-of the box tool and has to
be adjusted for the purpose of luminescence dating.
In contrast, using the Analyst software is a
straightforward process for routine luminescence data
analysis and therefore every day in use in our
laboratories.

In summary, our contribution is intended to point to
the possibilities provided by R, the existence of the
‘Luminescence’ package and to invite other R users
to contribute and further improve the package. Not
least our work may encourage others to start working
with R.

Conclusions

An R package (‘Luminescence’) for luminescence
dating data analysis has been presented and the basic
features were shown by three examples. The R
package is provided under the General Public
Licence (GPL)' conditions and is available for free.
The package in its latest version including the manual
is distributed over the Comprehensive R Archive
Network (CRAN).

The reader may also have noticed that in the
luminescence dating community several R/S scripts

" http://www.gnu.org/licenses/gpl-3.0.html
? http://cran.r-
project.org/web/packages/Luminescence/index.html
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(e.g. from Rex Galbraith or Lee Arnold) are
circulating. These scripts are not (yet) part of the
presented R package. Furthermore, herewith we
invite everyone to contribute to the package.
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Introduction

In our recent OSL studies on modelling equivalent
doses (D,) obtained using single aliquots the question
arose how many grains are present on a single aliquot
and consequently, how many grains on a single
aliquot contribute to the measured signal?

To date, the usual practice reported in literature has
been to calculate the maximum number of grains
predicted on the basis of dense packing of circles on
a plane assuming an average diameter of the
hypothetically spherical grains (e.g. Rhodes 2007,
Duller 2008, Arnold and Roberts 2009). When grains
are attached to the disc surface through a medium
like silicone oil sprayed on a disc through a circular
mask, the number of grains is estimated from the size
of the total area covered by grains and the surface
area of the cross section of the spherical grain. So for
example a 4 mm diameter aliquot of 90-125 pm
diameter spherical grains would consist of a
maximum number of grains (n):

2
n :#.L ~1253 grains
7-0.0538 12

calculated for the middle of the diameter range,

where = is the densest packing factor of a plane

Ji2

by circles of equal diameters in hexagonal
arrangement, first given by Lagrange. A 6 mm
diameter aliquot of 200-250 pum diameter grains
would contain a maximum of :

-3 V4

n= . ~ 639 grains
7-0.113> 12

In general, grains are not spherical, their size
varies, and the packing is unlikely to be perfect.
These factors influence the number of grains present
on a disc. In this communication we report our
investigations of the number of grains present on a
single aliquot of sedimentary quartz.

Experimental

The number of grains on an aliquot was determined
for aliquots prepared using the standard method
applied in the Bern OSL laboratory.

The discs are placed in a holder and after covering
the holder with a mask with circular holes located at
the centres of discs, the discs are sprayed with
silicone oil. The oil circles have the desired diameter
of the aliquot. Subsequently, the grains are placed on
a sheet of paper and the discs held by tweezers are
pressed on the grains with the side with the attached
silicone oil. After that, the discs are tapped on their
sides to remove the excess of grains to ensure that
grains form a monolayer.

In the current study we used a mask with 6 mm
diameter holes. In order to count the number of
grains, we took photos of the aliquots using a Leica
M 205C binocular microscope equipped with a
digital camera Leica DFC 280. The photos were
taken at a magnification of 12.5x, printed on A4
format and manually counted.

The quartz studied originated from NW alpine
postglacial sediments from the profile Mattenhof
located at Wauwilermoos on the Swiss Plateau. The
200-250 pm diameter grains were from the sample
WAU-MH3 and grains 150-200 um in diameter were
from the sample WAU-MH?2.

Results

The photographs (examples are shown in Figure 1)
reveal that the quartz grains in these samples are only
slightly rounded, mainly sharp-edged and the grains
are of cubic, cuboid or elongated, thin and point-
tapered shapes (Figure la). The heterogeneity of
shapes may be the result of the rather short
sedimentary history and limited mechanical abrasion
by the glacier. It appears that within the 6 mm circle
there is considerable space free of grains, contrary to
the usual assumption of dense coverage by grains
(Figure 1b).
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Table 1: Results of counting grains on single aliquot discs.

Grain size Aliquot Number of Calculated"” maximum Counted average ~ Standard  Packing ratio
diameter (mm)  counted aliquots number of grains number of grains  deviation (%)
150-200 um 6 46 1073 677 48 63
200-250 um 52 634 440 46 65

" a monolayer of spherical grains with diameters of 175 and 225 pm is assumed

Table 2: Estimation of the number of grains for 100-150 um, 150-200 um and 200-250 um diameter grains.

Grain size Aliquot Estimated average Assumed packing
diameter (mm) number of grains ratio (%)
100-150 um 6 1406
2 156 63
150-200 um 2 75
200-250 um 2 46 65
(a) Table 1 summarises the results of counting over 50

thousand grains attached to 6 mm aliquots. The table
presents the average number of grains from diameter
ranges of 150-200 pum and 200-250 pm calculated
assuming densest packing, the average counted
numbers of grains, their standard deviation and the
ratio of those two values (called here the ‘packing
ratio”).

We found that a 6 mm aliquot of 150-200 um
grains contains on average 677+48 grains and a 6 mm
aliquot of 200-250 pm contains 440+46 grains. As
shown in the last column of Table 1 the actual
number of grains on an aliquot is lower than that
predicted by dense packing by at least 35%.

Implications

Based on the results obtained from counting grains,
we estimated the numbers of grains for the grain size
100-150 pm on 6 and 2 mm aliquots, and for 150-200
pum and 200-250 pm diameter grains on 2 mm
aliquots. These estimates are listed in Table 2. In the
case of the smaller grains, we assumed the same
packing ratio as in the case of 150-200 um, whereas
for the two other ranges we used the packing ratio
given in Table 1.

The experimentally determined packing ratios
(Table 1) and the proportion of bright and dim grains
(further jointly termed active grains) in the quartz
extracts (for details and definition of “bright” and
“dim” see Appendices A and B) makes it possible to
estimate the probability of a given number of active
grains being present on an aliquot.

The number of active grains present on an aliquot
follows a binomial distribution. The probability of
getting exactly & active grains on a disc (k successes)
containing n grains (» trials) with a given proportion
p of such grains in the total (probability p) equals:

Fiure 1: (@) 200-250 um grains of Sale AU—
MH3 on an aliquot, (b) A view of the whole disc.
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Figure 2: The probability of a given number of active grains on 2 mm aliquots of quartz; a), ¢) and e) probabilities

for bright grains; b), d) and f) for dim grains.

@)

Single grain measurements (see Appendix A for
details) revealed that samples investigated in this
study hardly contain any grains emitting light. For the
calculations we assumed that only 0.5% of the grains
are bright, and ~3% of the grains are dim, as defined
in Appendix A. Figures 2 and 3 present the
probabilities of encountering a given number of
bright and dim grains on 2 mm and 6 mm aliquots,
respectively. For example, 80% (probability of 0.8)
of 2 mm aliquots containing 200-250 pm grains
(Figure 2e) will not contain any bright grains and
25% of such aliquots will not contain any grains

emitting light at all (Figure 2f). Consequently, well
over 25% of such aliquots will not emit any
measurable signal, however we do not have any
measurements with 250 pm 2 mm aliquots.

In the case of 6 mm aliquots, 11% will not contain
any bright grains, 24% one bright grain, 27% two
bright grains, 38% more than two bright grains
(Figure 3e). In addition, such aliquots will contain
between 5 and 25 dim grains (Figure 3f).

Taking into account the considerations presented in
Appendix B it is possible to state that the signal of
one 6 mm aliquot (of Alpine quartz) consists of the
signal originating from a few tens of dim grains and
some bright grains, however, there will be a few
aliquots which will be dominated by the signal of
single bright grains. Different conclusions may be
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Figure 3: The probability of a given number of active grains on 6 mm aliquots of quartz; a), c) and e) probabilities

for bright grains; b), d) and f) for dim grains

reached for another sample characterised by a
different, experimentally determined, proportion of
bright and dim quartz grains.

Conclusions

In this investigation we found that a significant
discrepancy existed between the theoretically
calculated number of grains and the actual number of
grains. We suspect that there are several factors that
may affect the magnitude of such discrepancy. These
factors include the technique of aliquot preparation,
the person who prepares the aliquots and the size and
the shape of the grains, and hence the type of
sediment, length of transport and duration of grain
working.

We suggest that the knowledge of the packing ratio
and the proportion of active grains in a given sample
are very important in the choice of the used aliquot
size to optimise the proportion of active grains on a
single aliquot and the counting statistics.

For a sample the proportion of active grains and the
packing ratio might be important for explaining the
discrepancy between single grain and single aliquot
results that is sometimes observed, especially when
D, modelling is used. It would be interesting for other
laboratories to perform similar checks to explore the
degree of variability of the packing ratio between
laboratories and between quartz of varying
provenance.
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Appendix A
Number of luminescent grains in quartz extract

In order to determine the number of luminescent
quartz grains in the used extracts, the natural (Ly) and
the regenerated (L;) CW-OSL signals were measured
for up to 500 single grains per sample.

The measurements were performed on automated
TL/OSL-DA-20 Rise readers including a *Sr/°Y
beta source and an EMI 9235 PM tube. Optical
stimulation was carried out using a 10mW Nd: YVO,
solid state diode-pumped laser emitting at 532 nm
(green light). The sample was preheated for 10 s at
220°C and read out at 125°C for 1s and recorded in
0.02 s time intervals. The OSL detection was
performed through a Hoya U340 filter. Before
measurement, each aliquot was tested for feldspar
contamination by applying an IR-shine and
eliminated if any response was observed.

Figure Al.a shows the net OSL signal curves,
visualising the proportion of grains emitting more
than 1ct/0.02s/Gy of OSL averaged over the first
0.06s of the decay, as described by Duller (2008).
The signal level of 1ct/0.02s/Gy is thought to be
acceptable when calculating single grain growth
curves (Prof. G. Duller, personal communication). In
the case of the investigated samples only 0.5-1% of
grains gave a signal higher than this threshold (Figure
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Al.a). Figure Al.b, on the other hand, shows
cumulative light sum curves as described by Duller et
al. (2000). They indicate that apart from bright grains
(ca. 60% of the luminescence), a significant part of
the signal on a single aliquot originates from dim
grains and some not further explored “noise” (ca.
40%) in the investigated samples. This observation
differs from the frequently made assumption that
mainly bright grains contribute to the measured
signal. The data provided here indicate that often the
signal gained from an aliquot is the sum of the signal
of a few tens of grains, at least in the investigated
Alpine samples. The situation will change in samples
where some extremely bright grains occur. In such
cases the total single aliquot signal may be dominated
by the signal of such bright grains.

For the purpose of this study the threshold value
dividing grains into bright and dim ones was chosen
to be 80 cts in the first 0.02s channel of the OSL
decay in response to a beta dose of 55 Gy — this value
was selected on the basis of the considerations
described in Appendix B. The brightest grains
emitted a maximum of about 400 cts in the first 0.02
s channel of the OSL decay. Figures Al.c and Al.d
show examples of OSL decay curves obtained from a
dim and a bright grain, respectively.

Appendix B

Estimation of the magnitude of SG signal that can
be distinguished from the background of a single
multigrain aliquot

In order to estimate the magnitude of a single grain
(SG) signal, measured under green light laser
stimulation, necessary for the signal to be
distinguishable from the background level in single
aliquot (SA) measurement, using blue stimulation,
we applied the following considerations.

For the ease of computation we assume that the SA
signal (initial channels of the OSL decay curve)
consists of the fast component of a SG and a
background, which may consist of slow components
and the PM tube background. The medium
component is neglected. In addition, as this is a rough
estimation, we ignore k., described in Adamiec et
al. (in press) and assume a Poisson distribution of the
count numbers.

If the measured CW OSL of a single aliquot (SA) is
S (understood as counts summed over time fg) and the
background to be subtracted is B (understood as
background estimated on the basis of the last
integral) then the OSL signal sum from the grain(s) is
1=S-B. The uncertainty (u) of this signal is

u(l)z«/uz(S)+u2(B) (1.1
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Figure Al: Determination of the number and the quality of luminescent grains in the Wauwilermoos samples: a) net
OSL curves (as defined in Duller 2008); b) cumulative light sum curves (as defined in Duller et al. (2000)) for
samples WAU-MH2, WAU-MH3 and WAU-MH4, c and d) examples of OSL decay curves of the natural (solid line)
and regenerated (dashed line) single grain OSL for a dim (c) and bright (d) quartz grains from sample WAU-MH3.

If we assume that the count numbers are distributed
according to the Poisson distribution this becomes

u(l)=~S+B-c

where . _ L

tB
integration and background integration, respectively.

In order for the signal / to be distinguishable from

the background the OSL signal should exceed its

standard deviation and thus the following condition

must be fulfilled

(1.2)

and ¢ and ¢ are the time of signal

I>k-u(l),

where k would be usually selected to be 2 or 3.

The OSL measured is S and it is numerically equal
to B+1, where [/ is the signal originating from a grain
assuming that the SA signal consists of background
and OSL emitted by one grain. If we combine the
above equations we obtain

I1>kyB(+c)+1

This gives us the quadratic condition

I’ —i*I-k*(1+¢)B>0
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Table B.1: A summary of estimated I and signal necessary to distinguish a single grain’s signal superimposed on
the background of a multigrain aliquot for different values of parameters

Background 1500 1500 80 80 1500 1500 80 80
rate (s™)

k 3 3 3 3 2 2 2 2

tg 0.2 1 0.2 1 0.2 1 0.2 1

tg 10 10 10 10 10 10 10 10
c 0.02 0.1 0.02 0.1 0.02 0.1 0.02 0.1
B 300 1500 16 80 300 1500 16 80
1 57 126 17 33 37 83 10 21
S=I+B 357 1626 33 113 337 1583 26 101

Solving this and rejecting the negative value finally
gives the condition for the signal of a single grain to
be distinguishable from the background of a SA

2 4 2

Table B.1 summarises a few examples of calculated
values of count numbers originating from grains in
order to make them distinguishable from the
background. For example, if we take into account the
first second of the OSL decay curve, the background
is estimated using the last 10 s of the decay curve we
have ¢=1/10=0.1, B for 1 s equals 1500 (such a value
was measured for sample WAU-MH3 due to a large
slow component contribution). Choosing k=3 gives
1=126 counts and S=1626 counts, while for k=2 /=83
and S=1583.

In order to compare this with the signal of a single
grain under green laser stimulation we need to take
into account the power of stimulation and the
difference in the cross section for interaction of
trapped electrons due to the different wavelengths.
The typical power of blue light stimulating diodes
(470 nm, photon energy 2.53 eV) is of the order of 50
mW/cm?, while the power of the stimulating laser in
single grain measurements (green light, 532 nm,
photon energy 2.23 eV) is about 50 W/cm?®, giving a
photon flux ca. 1000 times higher in the case of the
laser stimulation.

The cross section for interaction with 470 nm
photons is equal to csfast=2.25x10'17 cm’ (calculated
using the formulae given in Bailey et al., 2011; see
Fig. 1 therein; more precise values of parameters
needed to calculate the cross sections were supplied
by Dr. R. Bailey, pers. comm.) and hence the decay
time constant for blue light for a power of 50
mW/cm™ is equal to 0.38 s which means that for a

single aliquot measurement practically the whole fast
component is emitted in the first second of decay. On
the other hand, in the case of SG measurements using
green light, Gfﬂst=3.48)<10'18 cm? and the decay time
constant is 2.2 ms. Therefore the whole of the fast
component will be emitted during the first 0.007 s
(the decay in case of SG green light measurements is
ca. 170 times faster than in the case of SA blue light
measurements). This means that the whole of the fast
component is measured practically in the first
channel only, as typically in single grain
measurements channels of length 0.02 s are used. On
this occasion it is worth noting that similar
considerations made for the medium component
return the decay time constant of 2.03 s for SA
measurements and 0.025 s for SG measurements
which means that the medium component will be
practically emitted within the first 0.08 s in SG
measurements.

All this information combined, under the
assumption (for ease of computation) that the
background in SG measurements gives negligible
contribution, as it is often observed, leads to the
conclusion that if one single grain of the dim Alpine
quartz were to be seen above the high background of
a single aliquot on a 2 o level it would have to show
more than about 80 counts (6™ column in Table B.1)
in the first channel of the SG measurement. In the
case of the 6 mm aliquots with a background equal to
the machine background (let’s assume 80 counts per
second), this would amount to 21 counts for the
single grain to be distinguishable (in Alpine samples
there is always a high slow component contribution
so this is a hypothetical situation).

These back-of-the-envelope calculations are a
rough estimate and in order to check them one would
have to select a bright grain and after irradiation
place it on an aliquot to see whether this holds true.
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We decided to classify the grains using the limit of
80 counts in the first channel of the SG OSL decay
curve qualifying grains brighter than this limit as
‘bright’ grains while grains emitting a lower signal,
though with a detectable OSL decay, as ‘dim’ grains.

Reviewer
K.J. Thomsen
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Abstract

Up to now, the preferred protocol for determining
the Equivalent Dose (D.) of burnt lithics has been a
multiple aliquot additive and regenerative dose
(MAAD) approach based on the measurement of the
thermoluminescence (TL) signal. The purpose of this
study was to test a single aliquot regenerative dose
(SAR) protocol measuring the isothermal
thermoluminescence (ITL) signal. It is shown that
this protocol is efficient for quartzites where the TL
glow curve is dominated by the 280 and 375°C
peaks. However, it fails with quartzites for which the
relative contributions of TL peaks change with
regenerative doses.

Introduction

Up to now, the determination of the equivalent dose
(De) for burnt rocks (either flints or quartzites) has
been done using the thermoluminescence signal (TL)
at 370-380°C (for a heating rate of ~5°C.s") and by
applying mainly multiple-aliquot additive and
regenerative dose (MAAD) protocols. Meanwhile, it
is well known that multiple aliquot approaches
present several drawbacks (in comparison with single
aliquot approaches, e.g. Murray and Wintle, 2000),
such as: 1) the large amount of material needed for
obtaining one D, estimate, 2) the lack of systematic
controls for accuracy such as dose recovery tests
(Richter and Temming, 2006), 3) the difficulties in
correctly extrapolating the TL growth curve to a zero
signal, more particularly when the D, is close to
saturation, and 4) the low reproducibility of the
measured TL signals sometimes seen for a given
dose.

Attempts at using TL single aliquot protocols for
the D, determination of flints have been performed
through detecting their UV-blue emission (Valladas,
personal comm.), but were not successful due to the
impossibility of satisfactorily correcting for the
sensitivity changes occurring in most samples during

the first heating in the laboratory. Richter and
Temming (2006) and Richter and Krebtschek (2006)
were quite satisfied however with a TL short SAR
procedure (single aliquot regenerative dose protocol,
without any test dose measurements) for flints in
detecting their orange emission as they observed that,
in most cases, the sensitivity changes were low
enough to be neglected. These authors also tested a
protocol using isothermal measurement of the TL
(ITL) in various wavelength ranges (UV-blue,
orange—red and full spectrum) either with standard
SAR or short SAR procedures. In a minority of cases
only the SAR-ITL dose recovery ratios were close to
unity at one sigma. Finally, these authors concluded
that the standard MAAD-TL protocol in which the
UV-blue emission is selected (Valladas, 1992)
remains the best choice for flint dating.

Beyond these attempts focusing on burnt flints,
studies using SAR-ITL protocols have been
performed on sedimentary quartz grains with signal
detection in the UV range and on volcanic materials
with ITL detected at red wavelengths (Wintle 2010
and references therein). The main purpose of these
studies was to extend the quartz dating range, as it
was noticed that the ITL signal saturates at higher
doses than the optically stimulated luminescence
(OSL) signal (Murray and Wintle, 2000).
Experiments on the origin, bleachability, thermal
stability and dose response of the ITL signal have
been performed at different temperatures (e.g. Jain et
al., 2005, 2007 a and b), and various SAR-ITL
protocols have been tested by different authors (Table
1). Choi et al. (2006) and Jain et al. (2005) (also see
Gibling et al., 2005) obtained satisfying results with
ITL measurements at 310 or 320°C, but Huot et al.
(2006) and Buylaert et al. (2006) both noted that their
SAR-ITL protocol (also at 310°C) is inefficient for
their samples: a sensitivity change occurring during
or just after the measurement of the natural signal is
not properly corrected for by the following test dose.



Tablel: Summary of the different SAR-ITL protocols that have been proposed. In all cases but Barham et al. (2011), the same heat treatment is done for the natural
and regenerative doses and for the test doses.

Reference Murray and Jain et al. 2005; Choietal. 2006  Huot et al. 2006 Buylaert et al.  Richter and Vanderberghe et al.  Pagonis et al. 2011 Barham et al
Wintle (2000) Gibling et al. 2005 2006 Temming 2009 2011
2006
Material Fluvial quartz Fluvial or aeolian Various Various Chinese loess Flint Various sedimentary ~ Simulation Quartz from
quartz from Indo-  sedimentary sedimentary quartz river bench in
Gangetic plain quartz quartz Zambia
Wavelength uv uv uv uv uv Various uv
Heating Rate 2°C/s 5°C/s 5°Cl/s 5°C/s 5°C/s 2°C/s 5°C/s
Preheat 340°C cut, OSL at No 310°C for 10 s No No 350°C cut 300°C for 10s 300°C for 10s 280°C for 10s
330°C for 5s
Protocol ITL 330°C for 1000s 320°C for 500s 310°C for 500s 310°C for 100s or  310°C for 300s  340°C  for 270°C for 600s 310°C for 600s 310°C for 250s
300s 500s except for the
natural: 310°C
for 3s + 110
min bleaching
in solar
simulator
Cleaning | no no no no no no OSL 280°C for 40s OSL 280°C for 40s no
Notes Works fine for Sensitivity change  Sensitivity Accurate at Sensitivity change
most; for some during 1% change during 2 sigma only during 1*
samples measurement ™ measurement
sensitivity change measurement.
during 1% SARA
measurement is preferred

suspected
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Figure 1: Natural, regenerative and background TL glow curves obtained when the temperature is increased at
5°C/s. a) DRS178, b) DRS196. Natural and regenerative ITL decay curves at 300°C after a 10s preheat at 300°C.
The ratio between the two curves is also plotted; c¢) DRS178, d) DRS196.

This effect has also been observed by Pagonis et al.
(2011) for simulated SAR-ITL experiments. To get
round this problem, three kinds of solutions have
been proposed: 1) allowing for this initial sensitivity
change with a Single Aliquot Regenerative and
Additive dose (SARA) protocol (Buylaert et al.,
2006), 2) minimizing the sensitivity changes by
working with lower temperatures (Vandenberghe et
al., 2009), or 3) by replacing the long heat of the
natural by a short heat (3 s only instead of 250 s for
the test and regenerative doses) followed by an
optical bleaching in a solar simulator (Barham et al.,
2011). It is not clear whether the successes or failures
obtained within the cited works are due to differences
in the protocols or to samples that may or may not
stand the SAR-ITL protocols. Meanwhile, as the
main problem that was identified for these bleached

sedimentary quartz seemed to be linked with the first
heating of the sample, it is possible that it would be
less stringent for quartz that were already submitted
to a high temperature heat (at least 350°C) in the
past. The purpose of this paper is to present SAR-ITL
tests performed on such burnt quartzites.

Samples and Measurements

The quartzite samples come from Diepkloof Rock
Shelter (South Africa), a thick Middle Stone Age
deposit (Parkington et al., in prep; Porraz et al., in
prep; Texier et al.,, 2010; Tribolo et al., 2009, in
prep). The samples can be described as a cluster of
quartz grains, the granulometric distribution of these
grains varies from sample to sample. The core of
each quartzite was sawed and crushed so that a quartz
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powder with an artificial grain size of 100-160um
was obtained.

Measurements were performed with a TL/OSL
DA15 Rise reader, equipped with an EMI Q9235
photomultiplier tube, preceded by a combination of
Schott BG39 and Corning 7-59 filters for detection in
the UV-blue wavelength range (about 330-450 nm).
A *°St/°Y beta source was used for irradiations and
the heating rate was 5°C.s for all experiments.

Based on the observation of the natural and
regenerative TL glow curves, two groups of samples
can be distinguished: in the first group, the natural
TL signal presents two peaks at 280 and 375°C (the
325°C peak being likely dominated by this last one),
and the shape of the regenerative glow curve is
similar to the natural one above 280°C (e.g. DRS178
on Figure 1a). For the second group, the 325°C peak
contributes significantly to a broad signal dominating
the first glow curve but its relative contribution (in
comparison with the 280 and 375°C peaks) is
different in the regenerative curve. This allows us to
distinguish these three peaks in this last curve but as
a consequence, the natural and regenerative glow
curves are not homothetic (e.g. DRS196 on Figure
1b). It is therefore unreasonable to combine the
growth curves built from the additive and
regenerative TL glow curves in order to determine
the D, of these samples. Therefore, when MAAD
protocols are applied, the samples from this group are
usually discarded (which represents about 45% of
burnt stones from Diepkloof). Figure 1c and d display
natural and regenerative ITL glow curves recorded at
300°C for samples DRS178 (first group) and 196
(second group) respectively, following a 10s preheat
at 300°C. In both cases, the regenerative and natural
decay curves seem very similar, though calculation of
the ITL signal ratio reveals that the curves are not
perfectly homothetic for DRS196, with a 10%
increase during the first 100 s. Nonetheless, the
question behind this is whether using an ITL protocol
instead of a TL one could avoid the need to discard
group 2 samples from the dating process.

The SAR-ITL protocol used in our experiments is
presented in Figure 2. Each cycle is composed of the
following steps: after irradiation, a 10s preheat at
temperature T is applied and the ITL measurement is
performed at the same temperature for 500 s. A 52
Gy test dose is given and the same preheat and ITL
measurements are performed once again. A 500°C
TL measurement has been included at the end of each
cycle to avoid signal build-up (data not shown). This
cycle is repeated for regeneration doses of D, 2D, 4D,
8D, 0, D and 8D, where D is close to the expected D..
Unless otherwise specified, the first 20 s and the last
50 s of the ITL signals were considered as signal and
background, respectively.

Ancient TL Vol. 30 No.1 2012

|
—  ~ irradiation (except cyclel)

0

preheat 10s @temperature T
1

ITL 500s@temperature T = L,
|

test dose 52 Gy
|

preheat 10s @temperature T
1

ITL500s@temperature T =T,
I
TL up to 500°C (5°C/s)

repeat 6 times with doses :
D, 2D, 4D, 8D, 0, D, 8D
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the SAR-ITL experiment as a function of the preheat
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Study of samples from group 1
SAR -ITL

Figure3a shows the D. as a function of the
temperature T, which was varied between 220 and
340°C by steps of 20°C, for sample DRS178". Figure
3b displays the corresponding recycling ratios for the
lowest and highest regenerative doses. These ratios
are all consistent with unity at one or two sigma
whatever the temperature, showing that the
sensitivity correction is efficient at least from the
second cycle. Meanwhile, the calculated D, values
increase from 240 to 280°C (Figure 3a) and then
remain constant up to 340°C (mean D. on 280-
340°C: 84+3Gy), whatever the integration interval:
the D, obtained when integrating a later part of the
signal (e.g. 90-280s) is consistent at one sigma with
the D, estimates obtained for the first 20s, except at
220°C. Experiments that were carried out in order to
correlate the ITL and TL signals suggest that at
220°C, the ITL signal can be entirely associated with
the 280°C TL peak (data not shown), while above
this temperature, the ITL signal is dominated by the
325° and 375°C TL peaks. As the 280°C TL peak is
known to be unstable at long timescales (>10ka;
Spooner and Questiaux, 2000), it is therefore not
surprising that the apparent D, decreases when its
contribution to the ITL signal increases.

While observing that the D, is not dependent on the
temperature at least between 280 and 340°C is
satisfying, it does not ensure that the obtained D, is
correct. A dose recovery test was thus performed in
order to check for the efficiency of the protocol: the
signal was zeroed by heat (450°C for 1h30min)*, a
known dose close to the expected D, was given and
the protocol was applied for a temperature of 320°C.
One aliquot of DRS178 was tested and yielded a
good recovery (estimated to expected dose) ratio of
1.01£0.03.

SARA -ITL

Huot at al. (2006) and Buylaert et al. (2006) noticed
that the sensitivity change occurring during the first
heat (ITL measurement) was not properly corrected
for by the use of a test dose, but this correction was
working fine for the following cycles. It was
therefore feared that the dose recovery test performed

! Note that we used here a cut edge of the stone, which was
submitted to beta and alpha radiations from the surrounding
sediment. The D, of this part is therefore different from the
D, obtained for the core, presented in Tribolo et al., (in
prep).

% 450°C is the temperature indicated by the thermocouple
of the oven. The actual temperature within the sample,
measured with a thermocouple in contact with the quartz
powder, is somewhat different: rapid increase from 20 to
200°C in <5min, 340°C reached by 30min, 390°C reached
by 1h00 and 400°C by 1h30.
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Figure 4: a) SAR-ITL growth curves built for testing
a SARA protocol with sample DRS178 (ITL and
preheat temperature: 300°C). The L/T, signals for
the natural and natural+added doses are projected
on the interpolated growth curve. b) The estimated
equivalent doses are then plotted as a function of the
added doses.

in the previous section was somewhat biased since
the resetting was done by heating the sample. As
suggested by Buylaert at al. (2006), a SARA protocol
would help answer this question since it allows the
very first sensitivity change to be taken into account
(assuming that all aliquots are affected by the same
sensitivity change). It was then attempted on
DRS178. Four aliquots were used, on which the
SAR-ITL protocol at 300°C was applied, except that
doses of 88, 175 and 263 Gy were added to the
natural dose for three out of the four aliquots (Figure
4a). For each aliquot, the estimated dose was then
plotted as a function of the added dose (Figure 4b).
For the SARA protocol to be successful, the growth
curve has to remain linear. In this condition, the
intercept on the Y axis of the D, versus added dose
straight line corresponds, when it is divided by the
slope of this line, to the corrected D, (Mejdahl and
Botter-Jensen, 1994).
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Figure 5: Additive (white triangles) and regenerative
(black squares) growth curves obtained with multiple
aliquots for sample DRS178. The bold dotted line
represents the additive growth curve after slide.

On Figure 4a, it can be seen that the growth curve
is linear in the dose interval lower than 200 Gy.
Consequently, only the three added doses of 0, 88
and 175 Gy were considered for the D, calculation
(Figure 4b). The computation of the slope indicated
that its value is close to unity (0.97+0.02) and the
corrected SARA D, was found to be 86+2 Gy,
consistent with the D, estimated with the SAR-ITL
protocol (84+3 Gy), suggesting that for this sample
there was no sensitivity change during the natural
measurement cycle.

MAAD-ITL

As an alternative to the SARA protocol, a multi
aliquot (MAAD) approach was also attempted. Four
aliquots of DRS178 were used for building an
additive dose growth curve (added doses: 0, 83, 146
and 249 Gy), while a regenerative growth curve was
built with four other aliquots (signal reset with a
500°C cut heat reached at 5°C.s™, regenerative doses:
83, 166, 249 and 332 Gy ) (Figure 5). Since only one
signal per dose was available, each one was attributed
a +5% uncertainty (this value being likely higher than
the reproducibility of our machine for this type of
measurements). For calculating the D, both slide and
extrapolation methods were used with either a
quadratic or a saturating exponential fit. The D,
estimates obtained with the extrapolation methods
have large uncertainties (7722 Gy for the quadratic
fit, 7319 Gy for the exponential fit) and are
therefore not informative. When slide methods are
used, the D, estimates are 87+8 Gy whatever the
fitting model and are consistent with the D, estimated
with SAR-ITL or SARA-ITL protocols, indicating
that all the ITL procedures (based on single or
multiple aliquots) lead to equivalent results.

Application to other samples from group 1

SAR, SARA and MAAD-ITL protocols give
consistent results for DRSI178, suggesting the
sensitivity corrections in SAR are effective and thus,
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that the D, is accurate. In order to extend this
observation, the SAR-ITL protocol was also applied
to 7 samples from group 1 for which the D, within a
50-150 Gy interval, had been previously measured
with a MAAD-TL protocol (Tribolo et al., in prep).
Figure 6a displays the dose recovery ratios obtained
for one aliquot of each sample with this protocol
(preheat and ITL temperature at 320°C). They are all
within 10% of unity. The SAR-ITL was then applied
to these samples for temperatures between 280 and
340°C. As for DRS178, the D, is both independent of
the temperature for all samples (except DRS38, 112,
132 for which this interval is restricted to 300-340°C
only) and of the integration zone. In all cases, the
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recycling ratios are within 10% of unity (data not
shown). On Figure 6b, the SAR-ITL D, estimates are
plotted as a function of the MAAD-TL D, values.
The agreement is very satisfying, all points being
consistent at one sigma with the 1:1 line.

Study of samples from group 2
SAR-ITL

The SAR-ITL protocol that was successfully tested
on DRS178 and other samples from group 1 was
applied to DRS196. The apparent D. values are
plotted on Figure7a as a function of the preheat and
ITL temperature. They increase from 220 to 260°C,
then are consistent at one sigma up to 320°C (mean
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preheat temperature: 300°C). The L/T, signals for
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onto the interpolated growth curve. b) The estimated

equivalent doses are then plotted as a function of the
added doses.

10244 Gy) and apparently decrease again at 340°C.
The recycling ratios are consistent with unity
whatever the temperature (Figure 7b). However, it
can be noticed that, contrary to DRS178, the D,
values obtained with a later part of the ITL signal
(e.g. 90-280s: mean 81+4 Gy) are generally lower
than those obtained for the first 20s, despite the
recycling ratios being consistent with unity in these
cases as well. It is therefore likely that the sensitivity
correction is not efficient for the entire signal, maybe
because this signal is composed of several
components (Figure 1b).
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2 obtained with a modified SAR-ITL protocol (after
Vandenberghe et al, 2009) (mean and standard
deviation for the 0-20s interval: 0.88+0.07).

SARA-ITL

The SARA-ITL protocol was thus applied to four
aliquots of DRS196 (preheat and ITL temperatures
fixed at 300°C). The growth curve is almost linear
(Figure 8a), and so is the curve describing the D,
value as a function of the added dose (Figure 8b),
suggesting that the sensitivity change is the same for
each aliquot. The slope of this last curve is consistent
with unity at three sigma only (1.12+0.05)
confirming that the sensitivity correction of each
aliquot is not efficient. When a later part of the signal
is integrated, the slope is significantly lower than
unity (e.g. 0.68+0.03 for 20-240 s), suggesting that
the sensitivity change during the first measurement is
even more important. The corrected D, values for the
0-20s and 20-240s intervals are 9610 and 132+10
Gy respectively, i.e. they are consistent with each
other at 2 sigma only, indicating that for this sample
the SARA protocol does not allow the recovery of the
correct D..

Other protocols

The SAR-ITL protocol apparently failed because of
uncorrected sensitivity changes during the first
measurements. In order to minimize this effect,
Vandenberghe et al. (2009) proposed applying a
preheat at 310°C for 10s and performing the ITL
measurement at 270°C only. A dose recovery test for
this protocol was attempted on five samples of group
2 (DRS 142, 145, 192, 194, 195), except that the
optical cleaning at 280°C between each cycle
suggested by Vandenberghe et al. (Table 1) was
replaced by a 500°C cut-heat. For the five samples,
the recycling ratios were within 10% of unity (data
not shown) and the D, values were not dependent on
the integration zone of the ITL signals. However for
4 out of 5 samples, the dose recovery ratio was not
consistent with unity at two sigma, showing that this
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modified SAR protocol is inefficient for most of our
samples (Figure 9).

Finally, as single aliquot protocols did not yield
satisfactory results, a MAAD-ITL protocol was
attempted with sample DRS142, in which a test dose
and its induced ITL signal was used for
normalization. These measurements showed that the
test dose signal increases with the added dose,
indicating a predose effect. This effect might partly
explain the failure of the SAR protocols, though it
does not seem to occur in all samples (e.g. it does not
with DRS196).

Conclusions

It has been shown that the SAR-ITL protocol is
generally accurate for samples of group 1 (i.e. with
dominant peaks centered at 280°C and 375°C,
showing no strong change of glow curve shape after a
regenerative dose is given). In future works however,
the efficiency of the protocol will be systematically
tested for each new sample of this group, based - as
for standard SAR-OSL protocols - on dose recovery
tests, dose recycling tests, preheat and ITL
temperatures plateau tests, and independence of the
D, on the signal integration zone.

It can be noticed that the preheat for 10 s before the
ITL measurement was maintained in this work, while
several authors have suggested that this might be
useless, since the ITL itself contains a heating ramp
(e.g. Jain et al., 2005). The effect of removal of the
preheat will be tested in future works.

Up to now, no satisfying protocol has been found
for group 2 samples (i.e. samples whose glow curve
shape for regenerative doses is significantly different
from the natural). Pagonis et al. (2011) recommended
examining the size of the test dose. Ongoing
preliminary tests also suggest that the use of a lower
heating rate (e.g. 1°C.s™ instead of 5°C.s™) could be a
way to explore, but further analyses are needed
before strong conclusions can be drawn.
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Romanian loess-palacosol sequences are considered
semi-continuous and extended archives of climate
and environmental change during the Late and
Middle Pleistocene. A reliable sedimentation
chronology of these deposits would improve our
understanding of the regional climatic context and of
the link between similar deposits in Europe and Asia.
Optically stimulated luminescence (OSL) dating of
Romanian loess using quartz has been recently shown
to have a significant potential to test the reliability of
proxy-based methods and also to provide additional
information regarding dust transport and deposition.
At the same time, however, OSL dating studies of the
loess section near Mircea Vodad (SE Romania)
revealed an intriguing dependence of age results on
the grain-size fraction of quartz that was used for
dating.

This work started by confirming these observations.
Single-aliquot regenerative-dose (SAR) OSL dating
of silt (4-11pm) and sand-sized (63-90um) quartz
grains extracted from the loess-palaecosol sequence at
Mostistea (SE Romania) yielded ages that are grain-
size dependent, indicating that the phenomenon may
be characteristic for loess deposits in this region.
Detailed investigations into the OSL characteristics
did not allow identifying the origin of this
discrepancy. The results point at a hitherto
unexplained mechanism in OSL production at high
doses and question the reliability of obtaining SAR-
OSL equivalent doses in the high dose region when a
second function is needed to describe the dose
response.

The potential for dating of OSL and infrared
stimulated luminescence (IRSL) signals from

polymineral silt-sized grains was then investigated.
To this purpose, archived material of samples from
the loess-palacosol sequence near Mircea Voda was
used, and all luminescence measurements were made
using a SAR protocol.

A double-SAR approach — involving successive
stimulation of the polymineral fine grains with IR and
blue light, and detection of the resulting IRSL and
post-IR OSL signals in the UV — was tested first.
Although both signals exhibited significantly
different fading rates, the corrected ages are mutually
consistent and in agreement with OSL ages for
purified silt-sized quartz. This indicates that it may
not be necessary to isolate pure quartz to obtain
reliable ages for Romanian loess. Owing to the
limitations of the fading-correction method, however,
the approach is limited to samples from the last
glacial period.

A conventional approach, in which stimulation with
IR was at 50°C and the detection window in the blue,
was also tested. This procedure was not able to
provide accurate depositional ages due to initial
sensitivity changes induced by preheating at 250°C
for 60s and/or contributions from thermally unstable
components after less stringent preheat treatments.

Finally, a post-IR IRSL protocol was tested, in
which a first stimulation at 50°C was followed by a
second stimulation at either 225 or 300°C, and
detection was in the blue. Although none of the two
post-IR IRSL signals seems to be affected by
anomalous fading, only the post-IR IR225 signal
yields ages entirely consistent with both OSL ages for
silt-sized quartz and independent age control over
four interglacial/glacial cycles. The post-IR IR300
signal appears to suffer from dose dependent initial
sensitivity changes that hamper its use for the oldest
samples investigated.

The results obtained within this work show that silt-
sized feldspars can be used to date Romanian loess,
thereby providing additional age control for quartz
OSL ages. Especially post-IR IR dating of
polymineral fine grains is very promising. The
obtained age results urge the long-established
chronostratigraphical framework for Romanian loess
to be revised; the two uppermost well-developped
palaeosols can no longer be thought of as interstadial
soils that developed during the Last Glacial, but have
formed during MIS 5 and MIS 7, respectively.

This thesis is available as a PDF on the Ancient TL
web site www.aber.ac.uk/ancient-tl
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The optically stimulated Iuminescence (OSL)
characteristics of a suite of quartz and feldspar
samples from a range of modern glaciofluvial
sediments have been explored to determine the use of
OSL as a depositional pathway tracer. Paraglacial and
subglacial source material and various glaciofluvial
deposits have been analysed from the glacial
catchments of Bergsetbreen, Fabergstolsbreen, and
Nigardsbreen as well as the Fébergstolsgrandane
sandur, Jostedalen, Norway.

The OSL distribution signatures have been
characterised through exploration of sample
skewness, kurtosis and overdispersion, and dose
distributions of the different depositional settings and
source materials are distinct for both quartz and
feldspar. Residual ages are greatest for feldspar,
indicating significant potential age overestimation
where feldspar is used to date glaciofluvial deposits.
Sample dose distributions and overdispersion
characteristics are driven by source sediment
properties, whereas residual ages are controlled by
transport and depositional processes. Those transport
and depositional processes which result in significant
light exposure, also influence dose distributions, and
processes that sort sediments least effectively have
the highest residual doses.

Sample OSL characteristics, transport distance and
grain size distributions have been investigated using
factor analysis, as a means of predicting sediment
source, facies, depositional process and deposit type.
Although the depositional processes of the quartz
samples can be clearly differentiated based upon OSL
characteristics, factor analyses of feldspar and grain
size characteristics are inconclusive.

The application of quartz OSL to the Norwegian
samples was limited by its very poor luminescence
sensitivity. Quartz is the preferred mineral for OSL,
however, despite the plethora of successful quartz
OSL applications, the precise origin of the UV/blue
luminescence emission, measured during OSL,
remains unclear. The origins of this emission and
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controls on its intensity were explored using a variety
of spectroscopic techniques including photo-
luminescence, cathodoluminescence, radio-
luminescence (RL), ionoluminescence (IL) and x-ray
excited optical luminescence (XEOL).

Exciting sample luminescence at a range of
energies enables exploration of the different donor
centres responsible for the luminescence emission.
Cathodoluminescence and RL emission spectra are
similar, comprising broad emissions at 1.5, 2.0 and
2.7 eV (detection in the UV part of the spectrum was
not possible for these experiments). Iono-
luminescence emission spectra were dominated by
the ~ 3.3 eV emission, which is a component of the
signal conventionally monitored during OSL. This
emission depleted as a function of dose, to the benefit
of the red emission (1.8-2.0 eV) for all samples
throughout IL, and similar observations were made
for the 3.4 eV emission observed from the XEOL
emission spectra. The XEOL spectra are dominated
by an emission at ~ 3.8 eV, not widely reported for
quartz, which has tentatively been attributed to
peroxy linkages. Differences between the IL and
XEOL emission spectra are interpreted as evidence
for the presence of multiple excited states.
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This thesis studied the spatial and temporal
characteristics of quartz-rich vegetated linear dune
(VLD). The time of their encroachments from the
northern Sinai Peninsula into the northwestern (NW)
Negev desert, subsequent stabilization and the
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triggering palacoclimate, was established by optically
stimulated luminescence (OSL) dating.

The dunefield was first divided into geomorphic
units that were merged into dune encroachment
corridors. Approximately twenty full dune sections at
the western and eastern ends of each corridor were
analyzed and sampled in outcrops or drills. GPR
profiles using a 100-MHz antenna were not found to
be a dependable tool for sampling-oriented
identification of stratigraphic units.

Ninety-seven samples of aeolian quartz were dated
by OSL. Dose recovery tests showed that in the
preheat range of 220-280°C, the ratios between
measured and given doses is 0.9-0.95. Recycling
ratios and preheat plateaus further showed that the
sediments are well-suited for the modified single
aliquot regenerative-dose (SAR) protocol, that
included a thermal cleaning step at the end of each
measurement cycle. D, distributions were usually
normal. Tailing aliquots are attributed to
contamination by  bioturbation and minute
contribution of underlying older sediments. Dose
recovery tests showed systematic uncertainties
ranging from 2% to 11%, with the greater scatter for
the smaller (2 mm) aliquots. These values indicate
that samples with D, standard deviations lower than
~10% were probably well-bleached at the time of
deposition. Disregarding dune crests that have high
(>30%) over-dispersion, the age errors usually do not
exceed +15% and the ages are considered reliable.

Radiocarbon dates on charcoal and ostrich egg
shells, and published TL and IRSL ages which were
sampled at similar settings, usually agree with the
OSL ages, supporting their reliability and
significance, and place the entire study area within a
single chronological framework.

The OSL ages cluster at ~24-10 ka, ~2-0.8 ka and
150-10 years, matching the chronostratigraphic units
of the VLD axis, and representing the major dune
mobilization episodes. VLDs accrete sand along their
axis during mobilization (elongation) and undergo
minute lateral migration. Between mobilization
episodes, intermittent local reworking, regulated by
strong wintertime storm winds, droughts, and
vegetative and biogenic crust cover, resets the
luminescence signal of the upper dune sands.

In global terms, the NW Negev dunefield is
relatively young. The sand probably originated from
the Nile Delta and its availability was limited by the
exposure of Delta sands during glacial lower
Mediterranean sea-levels. Although sand has been
intermittently transported into the Negev for over 100
ka, the dunefield formed only at ~24 ka. Most of the
ages cluster at ~16-13.7 ka and at ~12.4-11.6 ka,
synchronous with the Heinrich 1 and Younger Dryas
cold events, respectively, suggesting a link between
global glacial and cold climates to dune mobilization.
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The earlier age cluster marks the main encroachment
episode that deposited the main bulk of the Negev's
sand. At 12.4-11.6 ka, dunes reached the easternmost
extent of the dunefield. Based on OSL-dated
stratigraphy, the episodes included several rapid
incursion events. Encroaching dunes dammed wadis,
forming standing-water bodies that supported short-
term Epipalaeolithic camp sites.

Calculated dune transport rates that incorporate the
range of the OSL age errors are in the range of ~5-25
m/yr. The Negev VLDs encroached in a windier but
probably wetter climate than today, providing better
conditions for vegetation growth, although when
dunes elongated, vegetation was suppressed. It is
suggested that the decrease in global windiness
between the LGM and the Holocene, as indicated
from dust records in ice cores, resulted in global
lower-latitude dune stabilization.

The late Holocene (2-0.8 ka) mobilization episode
varied from 10 m-thick transverse dune formation to
VLD incursion in the western dunefield, and
deposited 1-2 m of sand in other parts of the
dunefield. Dune erodibility may have resulted from
man-induced decimation of vegetation and biogenic
crusts. OSL ages, compatible with anthropogenic
land-use changes, mark intermittent sand activity and
stabilization in the last 150 years, though dune
elongation did not ensue.

Sand redness, spectroscopically defined by the
redness index (RI) (RI=R*(B*G®), reflecting the
amount of iron-oxide quartz-grain coatings, does not
vary greatly down the Negev dune sections and
across encroachment corridors. RI intensities and the
OSL ages of the sand are not correlated and sand
grain rubification may have been minimal since
deposition or inherited from its Nile source.

The recurring discontinuous aeolian sedimentation
pattern found in OSL-dated VLDs provides new and
important chronological and sedimentological insight
into dune mobilization and stabilization processes,
while demonstrating the sensitivity of dunes located
along the fringe of the sub-tropical desert belt to
climate change and sediment supply. The suggested
link between global reductions in cold-climate
windiness and low-latitude dune stabilization
episodes emphasizes the dominant effect of
windiness on major dune mobilizations in low-
latitude dunefields even if they are partially
vegetated.

This thesis is available as a PDF on the Ancient TL
web site www.aber.ac.uk/ancient-tl
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Luminescence dating methods are based upon the
following age equation:

Age (a) = Palacodose (Gy) / Dose-rate (Gy.a™)

Whereas research on the determination of
palacodose has made significant progress during the
last decade, research on dose rates has severely
lagged behind. It has long been known that spatial
variations in the distribution of radioactivity in
sedimentary media at different scales (the range of
the different particles/rays involved: alpha, beta,
gamma) is limiting the precision and accuracy of
luminescence dating methods. However the difficulty
in obtaining experimental data has prevented progress
in this area of research. In order to resolve this issue,
the particle-matter simulation toolkit Geant4 was
used in this thesis to study the effects of
heterogeneities in sedimentary media.

A series of simulations were designed to refine a
field gamma spectrometry technique, with the aim of
improving accuracy and precision while reducing
measurement times. The results were then used for
the experimental calibration of a gamma ray probe.
Comparisons between experimental and numerically
simulated results of gamma ray spectrometry were
very satisfactory and placed the new technique on a
secure footing. GEANT4 was then used to define a
non-invasive  approach, based on surface
measurements, which would be adapted to
archaeological excavations.

On a grain scale, numerical simulations of
dosimetric effects with GEANT4 revealed the limited
validity of the widely used concept of infinite matrix
in palaeodosimetric dating methods. The initial step
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consisted of studying the effect of water on dose rates
received by sedimentary grains, an exercise that was
conducted in simple geometries. This became the
starting point for a review on the use of the infinite
matrix assumption and associated concepts. Adequate
tools for quantifying a number of identified
microdosimetry effects, such as the consequence of
radioelement hotspots (e.g. potassium in feldspar
grains), were developed and are anticipated to form
the basis for a better accuracy in single grain OSL
dating methods.

The final part of the thesis focussed upon a
chronological study of the Mousterian sequence of
Roc de Marsal, which is one of the key sites for the
Middle Palaeolithic in South West France. Complex
gamma and beta dose rate patterns were identified
and their consequences on the ages obtained from
heated flints (TL) and quartz samples (OSL) were
discussed. The results were then viewed in their
palaeoclimatic and palaeoenvironmental context,
documented both at a local scale by faunal remains
and at a regional scale by pollen studies from a
marine sediment core. This chronological study
helped placing human occupations on an absolute
time scale together with the environment in which the
studied Neanderthals were evolving.

The thesis manuscript is partly written in French;
however the main results have been published in
international journals. As a result, seven chapters
consist of papers published in English. This thesis is
available as a PDF on the Ancient TL web site
www.aber.ac.uk/ancient-tl. Supplementary data is
available on request to the author.
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BERYSTWYTH

e UNIVERSITY

UK Luminescence and ESR
meeting

12™-14™ September 2012

The next UK Iluminescence and ESR dating
research meeting will be held at Aberystwyth
University from the 12-14th September 2012. The
meeting is intended to provide a forum for the
presentation and discussion of the latest research in
luminescence and ESR dating and related work.
Presentations covering basic physics, methodological
issues and the application of these techniques are all
welcome. The meeting will consist of both oral and
poster presentations, and presentations by research
students are particularly encouraged.

The second circular contains information about the
deadlines for submitting abstracts, booking
accommodation, and registration. It also contains the
relevant forms for registering for the conference,
securing accommodation on the University Campus,
and for making payment. The circular is available
from the conference web site :

www.aber.ac.uk/en/iges/research-
groups/quaternary/luminescence-research-
laboratory/uklum2012/

Conference deadlines

1. Abstract submission
- 17th July 2012

2. Payment of registration and accommodation
- 27th July 2012

Professor Geoff Duller
Dr Helen Roberts

Institute of Geography and Earth Sciences,
Aberystwyth University,

Ceredigion, SY23 3DB,

United Kingdom

E-mail: uklum2012@aber.ac.uk
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Submission of articles to
Ancient TL

Reviewing System

In order to ensure acceptable standards and minimize delay in
publication, a modification of the conventional refereeing
system has been devised for Ancient TL:

Articles can be sent directly by authors to a member of the
Reviewers Panel chosen on the basis of the subject matter, but
who is not in any of the authors’ laboratories. At the
discretion of the Editor, reviewers who are not listed in the
Panel may be used.

The reviewing system aims to encourage direct dialogue
between author and reviewer. The Editor should be kept
advised of the progress of articles under review by sending him
copies of all correspondence. He is available for advice where
reviewing difficulties have arisen. Authors whose mother
tongue is not English are required to have their manuscript
revised for English before submitting it.

We ask reviewers to specify (where required) the minimum of
revision that is consistent with achieving a clear explanation of
the subject of the paper, the emphasis being on rapid
publication; reviewers are encouraged to make a brief written
comment for publication at the end of the paper. Where a
contribution is judged not to meet an adequate standard without
substantial modification, the author will be advised that the
contribution is not suitable for publication. Articles that are not
considered to be of sufficient interest may also be rejected.

Procedures

1. Articles should be submitted to an appropriate member of
the Reviewing Panel or Editorial Board, chosen on the basis
of the subject matter, but who is not in any of the authors’
laboratories.

2. Articles should not normally exceed the equivalent of 5000
words inclusive of diagrams, tables and references. Greater
space will be appropriate for certain topics; for these the
Editor should first be consulted.

Short notes and letters are also invited. These should not
exceed two printed pages in Ancient TL, including diagrams,
tables and references (equivalent to ~1400 words of text).

3. Diagrams and labels should be ready for direct reproduction
and not normally exceed 12 cm wide by 10 cm high. Where
possible, high quality electronic versions of figures should
be submitted. Separate figure captions should be supplied.
Inappropriately scaled drawings and labels will be returned
for alteration.

4. Authors are asked to submit the paper, including diagrams,
to the Reviewer and a duplicate copy to the Editor.
The final version of the text must be submitted to the Editor
electronically using a standard format (Microsoft Word for
PC is currently used for producing Ancient TL). Electronic
copies of Diagrams and Tables should also be submitted.

5.Upon receipt of an article, the Editor will send an
acknowledgement to the author. If the Reviewer is unable to
deal with the contribution within 4 weeks he/she will inform
the author and advise the Editor.

Requirements under various situations

When agreement concerning an article has been reached:

The Editor should receive a copy of the final version of the
paper, both as hard copy and electronically. The Reviewer
should send their final decision, including comments for
publication if any, to the Editor.

If the article has not been rejected, but agreement on its final
Jform cannot be reached or where there are protracted delays
in the reviewing process:

The Editor may request an assessment from the Reviewer and
responsibility passes to the Editor.

If the article is rejected:
The Editor and author receive notification from the Reviewer,
with an indication of the reason for rejection.

Thesis abstracts are to be sent to the Editor and in principle do
not need reviewing. However, authors are requested to make
sure that the English is correct before submission. Thesis
abstracts should not exceed 750 words, and figures and tables
are not accepted.

Advertising. Formal information on equipment can be
published in Ancient TL. It should not exceed one printed
page. Current charges are displayed on the website
(http://www.aber.ac.uk/ancient-tl)

Subscriptions to Ancient TL

Ancient TL is published 2 times a year and is sent
Airmail to subscribers outside the United Kingdom.
While every attempt will be made to keep to publication
schedule, the Editorial Board may need to alter the
number and frequency of issues, depending on the
number of available articles which have been accepted
by reviewers.

The subscription rate for 2012 is £15 for individual
subscribers and £25 for Institutional subscription, plus
any taxes where required. Payment must be in pounds
sterling. Enquiries and orders must be sent to the Editor.
Payment may be by cheques, made payable to
‘Aberystwyth University’, by credit/debit cards or by
bank transfers. Further information on subscriptions is
available on the Ancient TL web site
(http://www.aber.ac.uk/ancient-tl)
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