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Does limestone show useful optically stimulated

luminescence?
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Abstract: Luminescence around 515 nm wavelength (2.41 eV) from limestone stimulated by pulsed light of 370 nm
wavelength (3.36 eV) is found to decrease with increasing radiation dose.

Introduction

Liritzis (1994) proposed a method for dating the
construction of megalithic limestone buildings, based
on the latent thermoluminescence of the surface of a
limestone building block being bleached by exposure
to light prior to incorporation in the building and
then, in the inter-block surfaces from which light is
excluded, growing again with the passage of time in a
manner akin to the well known methods of dating
sediment deposition using quartz or feldspar extracts,
for example Wintle and Huntley (1980). The method
has since given an age for the Temple of Apollo in
Delphi consistent with the historical age (Liritzis et
al., 1997), and has been applied to determine the age
of two Greek pyramids (Theocaris et al., 1997).
Liritzis and Bakopoulos (1997) observed the decrease
in the thermoluminescence peak at 280°C with
exposure to sunlight for several samples of Greek
limestone. However, a substantial residual signal was
found after 100 hours of exposure. Just as the use of
optically stimulated luminescence rather than
thermoluminescence is advantageous with quartz or
feldspar when dating sediments (e.g. Huntley ef al.,
1985), the same advantage, namely the absence of
residual signal from bleached material, could be
hoped for if optically stimulated luminescence could
be used with limestone. Wintle (1997), in a review of
luminescence dating procedures, drew attention to the
report by Ugumori and Ikeya (1980) of the optical
stimulation of luminescence from CaCOj; and noted
that no further work on the topic had been reported.
Ugumori and Tkeya (1980) observed luminescence (a
broad band around 430 nm, 2.9 eV) stimulated by
light from a N, laser (337 nm, 3.68 eV) from natural
calcite, both crystalline and a piece of stalactite. The
potential for archaeological dating was illustrated by
an increase in luminescence intensity with increasing
distance from the surface into the stalactite. Exposure
to the laser light altered the thermoluminescence

glow curve, reducing the peak at 347°C, increasing
the peaks at 287°C and 237°C, and creating a peak at
57°C.

The work reported here was developed
independently from the study of the bleaching and
phototransfer properties of the 286°C peak in the
thermoluminescence glow curve from limestone
(Bruce et al., 1999). This is the dominant peak in the
thermoluminescence glow curve from limestone and
the peak wused for dating megalithic buildings
(Liritzis, 1994; Theocaris et al., 1997). Bruce et al.
(1999) found that the bleaching of the 286°C peak by
light in the wavelength range 350 — 600 nm was more
rapid for shorter wavelengths of light, 350 — 400 nm
being most effective and wavelengths longer than
500 nm having little effect. Accordingly for the
present measurements, a Nichia light emitting diode
(LED) with peak emission at 370 nm (3.36 eV) was
used as stimulating light source.

Experimental details

The source of stimulating ultraviolet light was a
Nichia LED type NSHUS590E, which according to the
manufacturer’s data has a peak emission at 370 nm, a
half-width of 12 nm, with the output intensity falling
to about 1% at 360 and 410 nm, a power output of
750 uW, and an emission angle of 10°. Measurements
with a spectrophotometer over the wavelength range
400-800 nm show a tiny emission relative to the
ultraviolet output, which would however be quite
significant at the level of photon counting, with a
wide peak around 550 nm and a narrower peak
around 750 nm. This unwanted emission in the
visible region is greatly reduced by a Schott 7-60
optical filter ( peak transmission at 370 nm, falling to
0.01% at 405 nm), which was mounted in front of the
LED for all the measurements reported below, fig.1.

Green light emitted from the sample was selected
by a combination of HA3, BG39 and GG495 optical
filters (peak transmission 515 nm, half maximum at
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Figure 1.

The visible spectrum from a Nichia type NSHU590E
LED compared with a spectrum of the light which
has passed through a Schott 7-60 filter. The constant
relative intensity of 93 from 400 to 430 nm in the
unfiltered spectrum is due to high light intensity
causing saturation of the detector.

495 and 600 nm, 0.01% at 480 and 780 nm) and
detected by a 9635QA photomultiplier, the same
arrangement as in the dating work by Liritzis (1994),
Theocaris et al. (1997) and the bleaching study by
Bruce et al. (1999).

The same French limestone, treated with dilute
acetic acid to avoid spurious luminescence following
Wintle (1975), as used by Bruce ef al. (1999) was
used for the present measurements. The grain size
was ~ 100 um.

The background counting rate with the LED on and
a clean stainless steel disc in the sample position was
~2.6x10° 5™ which fell to less than half within 50 ms
of the LED being switched off. This high background
counting rate is attributed to fluorescence from the
optical filters. No significantly higher counting rate
was observed with natural limestone on the stainless
steel disc, but on switching off the LED, it took about
250 ms for the light to fall to half of the maximum
intensity. It was decided therefore to avoid the high
background counting rate while the LED was on by
using pulsed stimulation and to look for decaying
luminescence after the end of the stimulating pulse,
in the manner of the measurements on a-Al,05:C by
Bulur and Goksu (1997). The LED was pulsed on
once for 1 s and photon counting for luminescence
detection started at the end of the pulse for 250
successive intervals of 50 ms. Successive
measurements were essentially identical, as shown
below. The equipment was that used in this
laboratory for thermoluminescence measurement
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(Galloway, 1990), with minor modification to the
connections and controlling programme to pulse the
LED rather than operate the heater.
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Figure 2.

Comparison of the time dependence of the light from
a natural limestone sample with that from a stainless
steel disc, following a pulse of ultraviolet from the
LED of 1 s duration. The curve is a least squares fit
to the data of a sum of three exponentials plus a
constant with the parameters in table 1.

The measurements

With the pulsed system the signal from natural
limestone stands out clearly from the measurement
made with an empty disc, fig.2. The decay of
luminescence after the end of the stimulating pulse
follows ZX; Apexp(-t/t;) (plus a small constant
background) where t; are the lifetimes associated
with the luminescence processes in the crystal and A;
are the amplitudes of the components, and the curve
in fig. 2 shows a least squares fit of this expression to
the data with lifetimes of 0.04, 0.25 and 1.06 s. Each
component will increase exponentially during the
stimulating pulse, reaching 95% of the maximum
possible amplitude in 3 lifetimes of stimulation.
Thus, shortening the stimulating pulse should
emphasise the shorter lifetime components and
lengthening the stimulating pulse should emphasise
the longer lifetime components. This is found to be
so, comparing stimulation by pulses of duration 0.1,
1.0 and 10 s in fig. 3, with the luminescence decaying
more rapidly the shorter the pulse and the data being
fitted by the parameters in table 1.
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Stimulating pulse duration (s) 0.1 10

T, (s) [relative amplitude] 0.04 [0.76] 0.04 [0.62] 0.05 [0.55]
T, (s) [relative amplitude] 0.21 [0.21] 0.25[0.29] 0.29 [0.33]
T3 () [relative amplitude] 0.93[0.03] 1.06 [0.08] 1.36 [0.12]

Table 1.

Parameters resulting from least squares fitting of the data in fig. 3 for the decay of luminescence after the end of
the stimulating pulse by X; A; exp(-t/ty) ( plus a small constant background), where t; are the lifetimes associated
with the luminescence processes in the crystal and A; are the amplitudes of the components. The relative amplitude
is quoted below, Ay X; A; . In each case there were only 3 statistically significant components.
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Figure 3.

Comparison of the time dependence of the light from
a natural limestone sample following pulses of
ultraviolet from the LED of 0.1, 1.0 and 10 s
duration. The curves are least squares fits to each
data set of a sum of three exponentials plus a
constant, with the parameters in table 1.
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Figure 4.

Comparison of the time dependence of the light,
following a 1 s duration ultraviolet pulse, from the
limestone sample after 6 hours and 28 hours in a
SOL-2 solar simulator and after a subsequent beta
exposure of 4000GYy (for which the indistinguishable
data from two successive measurements are shown).

The natural limestone sample used to produce fig. 2
was subsequently “bleached” in a SOL-2 solar
simulator for 6 hours, the pulsed OSL measured, then
bleached for a further 22 hours and the pulsed OSL
measured, fig. 4. There is only a little difference

between the results from 6 hours and 28 hours total
bleaching, but the signal is increased compared with
the signal from the natural limestone, fig. 2. The
sample was then irradiated by beta particles to a dose
of 4000 Gy and the pulsed OSL measured, giving a
substantially smaller signal than after bleaching, fig.
4. Comparing the pulsed OSL signal from a
limestone sample immediately it was removed from
the SOL-2 after several months of exposure with the
signal from the same sample after beta irradiation to a
dose of 40 Gy, shows little change in signal
immediately after the stimulating pulse, while beta
irradiation to 800 Gy shows a clear reduction in
signal, fig. 5.
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Figure §.

The time dependence of light, following a 1 s
duration ultraviolet pulse, from a limestone sample
immediately after several months in the SOL-2 solar
simulator, along with data for the same sample after
receiving a beta dose of 40 Gy and 800 Gy (for which
the indistinguishable data from 3 successive
measurements are shown,).

The data from the sample taken immediately from the
SOL-2, fig. 5, have a higher constant background
level than the other data, possibly due to
phosphorescence induced by the light exposure in the
SOL-2.

In general, measurements can be repeated without
detectable loss of signal, as illustrated for the 4000Gy
added dose data in fig. 4 and for the 800 Gy data in
fig. 5.




Limestone which has been heated to 500°C before
investigation behaves similarly, (maximum counting
rate 4.8x10° s, after 60 Gy beta dose 4x10° s
maximum, both with a similar decay to the bleached
material).
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Figure 6.

The dependence on radiation dose of the
luminescence detected during the 50 ms immediately
following switch off of the stimulating light. The
luminescence ratio plotted is the number of
luminescence counts from a sample which has
received a radiation dose to the number of
luminescence counts from the same sample after
bleaching for at least 24 hours in the SOL-2.

Discussion

Figs. 2, 4 and 5 show that limestone does not
provide optically stimulated luminescence which
increases with radiation dose, to permit dating in a
manner similar to that employed with quartz or
feldspar, at any rate not with the wavelength of
stimulating light and the wavelength of detected
luminescence used in this work. In contrast, the work
by Ugumori and Ikeya (1980) indicated an increase in
optically stimulated luminescence with radiation
dose, but used a different stimulating wavelength
(337 nm compared with 370 nm in the present work)
and a different wavelength of luminescence (430 nm
compared with 515 nm in the present work). Further,
the Ugumori and Ikeya (1980) study related to the
347°C peak in the thermoluminescence glow curve,
whereas the present study related to the 286°C peak.

The general trend in the measurements reported
here is for the intensity of optically stimulated
luminescence to fall with increasing radiation dose,
shown quantitatively in fig. 6 for the luminescence
detected in the 50 ms immediately following the
switch off of the stimulating light, although there
may be a small increase in luminescence up to about
50 Gy dose. This behaviour is reminiscent of the
infrared radioluminescence of feldspar (Krbetschek et
al., 2000), which has been exploited for sediment
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dating. Whether the phenomenon shown by limestone
in fig. 6 could be used for equivalent dose
determination for the purpose of dating would
require further investigation of the reproducibility of
the data, the dependence of the luminescence signal
on bleaching time and confirmation that the signal
does relate to electrons trapped with long term
stability appropriate to dating. A hint that the latter
may be true is given by the luminescence from the
natural limestone which, measured in the same way
as the points in fig. 6, gives a luminescence ratio of
0.45 which would correspond to an equivalent dose
of 800 Gy. However with regard to the problem
which initiated this investigation, the dating of
limestone buildings, the equivalent dose to be
determined is typically less than 20 Gy (Theocaris et
al., 1997), which would require a much more detailed
study of the phenomenon in fig. 6 for small radiation
dose values.

Conclusion

Does limestone show useful optically stimulated
luminescence? For the wavelengths of stimulation
and detection studied, not immediately, but there is
an indication of a way forward.
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Introduction

From time to time, in papers from our laboratory,
we have discussed the technique of thick source alpha
particle counting (TSAC) for determining uranium
and thorium concentrations and hence dose rates,
more particularly as it relates to its use in
luminescence and ESR dating (e.g. Jensen and
Prescott 1983, Akber et al 1983, Woithe and Prescott
1995 (hereinafter, Woithe and Prescott without the
date).

In the last-mentioned of these references we
discussed the question of the efficiency of the zinc
sulphide screens used in the method. In summary,
we presented evidence that the effective efficiency is
not only less than 100% but varies a percent or two
from batch to batch of screens. A typical efficiency
was shown to be between 85% and 90% for the
screens supplied commercially by W.B. Johnson.
This work was undertaken because of a widely
expressed belief that the efficiency is 100%.

At the time of publication of Woithe and Prescott,
the reviewer, Huntley, commented that the paper
made a case that, "all is not well" and made a number
of suggestions about methodology, all of which had
already been incorporated into the project. Huntley
also remarked that, in his own use of TSAC (Huntley
et al, 1986) he finds efficiencies of close to 100% for
standards, although thorium seems to be
underestimated, and he applies a correction for this.
As mentioned in Woithe and Prescott, the late John
Hutton had also derived an empirical correction for
underestimation of thorium.

TSAC : the method

It will be useful briefly to recall the process of
calibrating TSAC with a zinc sulphide screen and
photomultiplier, as originally set out by Aitken (1985
Appendix J). Using a certified U or Th standard in
known geometry, the count rate is measured as a
function of discriminator setting. The discriminator

setting for subsequent practical use is set at 85% of
the extrapolated counting rate for Th and 82% for U.
With this setting, the count rate for the standard
should correspond to that predicted by Aitken's
calculations or corresponding calculations by others.
If the observed count rate is less than that predicted,
it is concluded that the efficiency of the zinc sulphide
screen is less than 100% and its value is determined.
This was the procedure in Woithe and Prescott.

Our contention remains that, when calibration is
carried out with standard sources according to the
original prescription of Aitken (1985) but using
updated conversion factors, with finely ground
samples (Jensen and Prescott, 1983) an efficiency of
less than 100% is found. Woithe and Prescott used
the conversion factors of Huntley et al (1986) and
found efficiencies between 85% and 90%.

The most recent calculation relating concentrations
of U and Th with count rates for a particular
geometry is that of Adamiec and Aitken (1998).
Their factors are smaller than those of Huntley et al
(1986) by about 6%. Since these conversion factors
are used in calibrating the counting system and
finding the efficiency of the screens, the effect of
applying the Adamiec and Aitken conversion factors
would be to increase the measured efficiency of the
screens by 6%. In our case, all would now be now
better than 90%.

In fact, from the point of view of calculating dose-
rates for luminescence dating, the conversion factors
are not critical since they are used in both the
calibration and the subsequent alpha counting of
samples.  Provided that a corresponding screen
efficiency is used, the measurement is essentially a
comparison with the standard. This is not true, of
course, if the efficiency is wrongly assumed to be
100%. There is a further caveat for efficiencies less
than 100%: The pairs counting technique requires the
detection of two alpha particles, which follow each
other in the thorium decay chain. Consequently a



correction for both requires the efficiency correction
factor to be squared.

Methodology of the measurement of thorium

We have now returned to the problem from a
different angle, concentrating on a comparison of two
independent measurements of thorium concentration
viz, TSAC and neutron activation analysis (NAA).
We show that our deduction of an efficiency of less
than 100% is sustained. Further, incorporation of
delayed neutron activation (DNA) measurements of
uranium improves the TSAC estimate of thorium.

In the standard usage of TSAC, the total combined
count rate, for thorium with its daughters and
uranium with it daughters, is recorded. In addition
"slow pairs" record successive alpha decays of *’Rn
and its daughter *'°Po in the thorium decay chain and
hence give a measure of the concentration of thorium.
Since the rate of slow pairs is commonly about 3% of
the total alpha count rate, the statistical accuracy is
necessarily low for counting times of a day or two.
Nevertheless, in calculating dose-rates from alpha-
counting data, some measure of the ratio of uranium
to thorium is better than no estimate at all, or a guess.

Of course, for luminescence and ESR dating, the
important quantity is the dose-rate, which is derived
from the U, Th and K concentrations together with
cosmic ray intensity. For a given total alpha particle
count, the dose-rate is very insensitive to the relative
amounts of Th and U (Sasidharan et al 1978; Aitken
1990).

In the present paper, we compare the thorium
concentrations obtained by TSAC with those
obtained by NAA. In the first instance we have
chosen to stay with our original (Huntley et al 1986)
conversion factors.

Results

"Raw" Pairs Counting

Samples were selected, more or less at random,
from our data set to cover the range of thorium con-
centrations from less than 1 pg.g”' to about 30 ug.g”.
Initially, all samples were field samples, collected in
the course of dating assignments from a variety of
sites in Australia, Europe, Thailand and China. All
samples had been analysed by TSAC, DNA and
NAA. A few analyses were repeated. With
exceptions noted below, samples known or suspected
to be in radioactive disequilibrium were excluded.
Such samples have been thought to be rare in our
experience. However, interestingly, when all the data
were assembled, five samples were found to give
inconsistent uranium analyses. Reanalysis confirmed
previously unsuspected disequilibrium and these
samples were excluded. It might be argued that
disequilibrium is more common than usually
supposed.
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Concentrations of thorium larger than 15 ug.g” are
rare in our sample collection. However, three widely-
separated sites in Western Australia gave unusually
large Th concentrations. We were initially doubtful of
using these because the associated uranium analyses
showed disequilibrium. However, they were
considered satisfactory for the present purpose of
finding the thorium concentration from pairs in the
thorium chain, since these are quite independent of
the U-chain and disequilibrium in the Th chain is
unlikely because the lifetimes of the daughters are
short on a geochemical time scale necessary to
transport them in the environment. However, to fill
in the upper range of concentrations, we made up
artificial substandards of 15, 20, 25 and 30 pg.g"' by
diluting aliquots of the New Brunswick thorium
Standard NBL108 (520 pg.g” Th) with a sediment
sample measured to have 0.32 pg.g' Th). Since
NBL108 also contains a small amount of uranium,
these substandards contain between 0.7 and 1.2 pg.g”
U; this is of no consequence.

Figure 1 shows a comparison of Th analyses by
NAA and TSAC, the former being taken as the
independent variable. In this comparison, the TSAC
Th concentration is determined only by the rate of
slow pairs.

The continuous straight line in the figure is an
unweighted least squares fit; the equation of the fitted
line and the correlation coefficient are shown. The
screen efficiency used was that appropriate to each
individual sample and ranged between 85 and 89%.
The fitted slope is 1.03 = 0.04 which is not
significantly different from one. We consider that the
agreement between NAA and TSAC is good. The
dashed line corresponds to the TSAC values that
would be obtained if the efficiency were assumed to
be 100%. To obtain this line, the original data were
reprocessed on the assumption of 100% efficiency
and the data refitted. (To avoid a cluttered diagram,
the data points have been omitted). The slope is 0.76
+ 0.03, which corresponds to an average efficiency of
87%. We claim that fig. 1 supports our contention
that the screen efficiency is less than 100%.

"Adjusted" thorium concentrations

The estimate of thorium concentration from TSAC
can be improved by making an independent
measurement of uranium, say by DNA. The expected
U count rate is then calculated from this value,
subtracted from the total count rate and the Th
concentration is then calculated from the remainder.
For the reasons given earlier, this is not very
important for dosimetry but it is an improvement, and
is useful for comparison of TSAC with Th
concentrations measured in other ways, e.g. NAA or
XRS.
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Figure 2 shows such a comparison of Th by
TSAC/DNA with Th by NAA. The figure was
constructed in the same way as fig.1. The fitted slope
is 1.05 £ 0.03. This, too, is not statistically different
from 1. Comparison of figs 1 and 2 shows that the
correlation coefficient is increased, from 0.95 to 0.97,
although both of these show that the fits are excellent.
The uncertainty in the slope is reduced for the data in
fig. 2.

This comparison is essentially independent of the
previous one and makes no use of the pairs count.
The effect of this procedure is not only to give an
improved value for an individual thorium
concentration but also to reduce its experimental
error. This is because the estimate of thorium is now
based on two data sets that are independent of the
pairs count and of much greater precision. We recall
that the Th concentration based on pairs is based on a
relatively small number of pairs and the statistical
uncertainty is commonly of the order of 15%.

It is necessary to comment on the fact that the
number of data points differs in the two figures, viz:
in fig. 2, the high thorium samples from Western
Australia do not appear. This is because the uranium
chains are in disequilibrium for these samples and
DNA analysis for U cannot be used.

It may be remarked that the main reason for our
introducing DNA measurements of uranium is to
provide a simple and rapid check for radioactive
disequilibrium. In this way we compare the
concentration of the parents with the uranium
concentration inferred from the alpha count rate.
Since the latter is the sum of alphas from all parts of
the decay chain, a discrepancy between DNA and
inferred uranium usually indicates loss or gain of
members of the decay chain. The thorium chain is
much less likely to be in disequilibrium.
Nevertheless, an independent measurement of
thorium is sometimes useful, as in the present
contribution.
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Figure 1. (upper)
Comparison of thorium concentrations found by thick
source alpha counting by pairs (TSAC) and neutron
activation analysis (NAA). The fitted and dashed
lines are discussed in the text.

Figure 2. (lower)

Comparison of thorium concentrations found by thick
source alpha particle counting combined with
delayed neutron analysis (TSAC/DNA) and neutron
activation analysis (NAA). The fitted and dashed
lines are discussed in the text.
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Comments

It would be much appreciated if someone would
calculate new conversion factors from U and Th
contents to TSAC rates, using the latest alpha particle
ranges of Ziegler. The software for calculating the
ranges can be downloaded from Ziegler's web site:
http:/www.SRIM.org/
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Abstract: Several attempts have been made in the past to develop a methodology for authenticating marble
artifacts and monuments. They have been basically focused on understanding the weathering alterations in the
chemical composition of the surface. The present study presents a new approach which concentrates on the
bleaching of the thermoluminescence, occurring when the marble surface is exposed to sunlight. Exposure to
sunlight reduces the TL peaks of marble to a certain low level, with similar bleaching rates for samples from
different geological formations. The effect of sunlight is reduced with depth from the surface of marble. An
equation-model describing the combined dependence of TL intensity on exposure time and depth from the surface
of the marble is proposed. The potential of using this model as an authenticity test for artifacts continuously
exposed to sunlight is proved with applications on ancient and modern pieces.

Introduction

The need for a scientific technique to detect
forgeries of marble sculpture is getting very urgent
because of the continuous appearance of doubtful
cases, involving large amounts of money and
historical importance. The scientific community
however, have not been able yet, to develop a
reliable methodology. The problem arises from the
fact that the bulk of a marble piece is a stable
geological material and dating techniques, would
give the geological rather than the historical age.

Authenticity approaches in the past, focused on the
surface alterations, depositions, gradual change of
ion concentration etc.

One of the most usual approaches involves testing
of the disputed artefacts under ultra-violet light,
where they should phosphoresce either in purple in
case they are authentic, or in amber in case of
forgeries (Young and Ashmole 1968). Unfortunately
the results of the technique have not been
scientifically documented and interpreted and
consequently they are not reliable. Furthermore they
depend strongly on the condition of the marble
surface, past treatments (cleaning, varnishing,
consolidating or even taking plaster copies).

Most researchers, on the other hand, study the
gradual change of ion concentration from the surface
to the marble interior (Margolis and Showers 1988,
Ulens et al. 1995). However, these changes are not
easily quantifiable due to their complicated
formation procedures and unfortunately they can be
produced artificially in the laboratory (Heller and
Herz 1995). Furthermore, the reports on gradual ion

transportation inwards and outwards from the bulk of
marble, have not been verified on ancient samples.

The present work intends to contribute in the
authenticity of marble from another point of view.
Our approach concentrates on the defects existing in
the marble since geological times. Exposure to
sunlight anneals these defects up to a depth
depending on the exposure time. The technique of
Thermoluminescense is used to quantify the
relationship between depth and exposure time and an
equation model is proposed, which discriminates
ancient from modern surfaces exposed to sunlight for
a considerable period of time.

The results presented here are a first step towards
the development of a new full methodology for
solving authenticity problems of marble artefacts
under all conditions.

Experimental methods and techniques

All the thermoluminescence measurements were
performed by using the aluminum foil technique
(Michael et al. 1997, Michael et al. 1999). The
powdered sample is spread with a small paint brush
on aluminium foil discs (diameter of 1cm, thickness
of 8um) and covered by silicon grease. The technique
ensures good heating contact between sample and
heater plate and increases reproducibility even in
high heating rates. Another advantage is the
reduction of chemiluminescence, since the
measurements can be performed under vacuum. The
heating rate was 14°C/sec and a BG39 (infrared
absorption filter) was used. Normalisation of the
peaks was made by dividing with a monitor beta dose
*°Sr: 0.52 gray/min).
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The effects of mechanical treatment (Wintle 1975,
Goksu et al. 1988) have been proved to be disastrous
in calcite dating and several remedies have been
proposed (Wintle 1975, Bangert and Henning 1979),
the pressure exerted is the main cause (Maniatis and
Mandi 1992). In order to avoid tribo-luminescence
(in this case new traps created on the grain surfaces
by grinding), the powdered samples were etched with
acetic acid 0.5% for 1 min.

Maximum reproducibility of the peak intensities
was achieved for grain sizes between 80 and 125um
and this range was used in sample preparation. The
reproducibility of the peak temperature was
calculated at +1°C and of peak intensity at 22%.

All measurements and sample preparations were
performed under red light. The use of a solar
simulator was avoided since several researchers
report that the presence in the light source of a strong
ultraviolet component gives risk of removal of
residual TL or phototrasfer phenomena (Aitken
1985, McKeever 1986). All samples thus were
exposed to natural sunlight, in June, October and
November in Athens.

The specimens for the TL profile measurements
were cylinders of diameter 20mm and length 60mm
approximately, drilled out in red light. After cleaning
them with HCI, 0.5 N they were exposed to natural
sunlight. Following that, thin (1-1.5mm) slices
parallel to the exposed surface were cut from the
surface to the interior of the specimens and cleaned
again with HCI, 0.5N.

Results and Discussion

The natural thermoluminescence of marble was
studied on thirty four samples from fifteen different
quarries, with various Mn?* concentrations and grain
sizes. Mn®* is considered the main recombination
center for calcites (Medlin 1968, Lapraz and Iacconi
1976, Calderon et al. 1984, Down et al. 1985).
Typical glow curves of marble are given in Figure 1.
Three peaks are generally observed in agreement
with other researchers (Bruce et al. 1999) and their
energy depths were measured with the initial rise
method and peak shift with heating rate (Mc Keever
1985). a) A peak produced by photo-transferred
thermoluminescence (Lima et al. 1990, Liritzis et al.
1996, Bruce et al. 1999) at around 180°C, b) a well
defined and stable peak at 285-300°C (lifetimes from
10° to 10® years) and c) a very stable (lifetimes from
107 to 10" years) peak, of low intensity at 325-
390°C, which overlaps with black body radiation.
This peak has been used for calcite dating in the past
(Wintle 1978, Debenham and Aitken 1984).
However, our experiments showed that the peak at
290°C is quite suitable for monitoring the changes of
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thermoluminescence of marble due to bleaching and
as it is better defined than the 325-390°C peak was
used in this work.

The relative intensities between the two high
temperature peaks vary for different types of marble.
The ratio observed in curve la corresponding to
Naxian marble is the most common one.
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Figure 1.
Typical thermoluminescence curves for
different types of marble:
a) White Naxian (Apollon quarry) (intensity
multiplied by 5)
b) White Pentelic
¢} White Thassian (Aliki quarry) (intensity
multiplied by 5).

Bleaching of thermoluminescence was observed in
all types of marble exposed to sunlight. Marble slabs
(4x4 cm?, 4 mm thickness), were exposed to sunlight
for different time intervals. The resulting plot for the
peak at 290°C is shown in Figure 2 (Parian marble,
Lychnites). The experiment was repeated with
samples from four different quarries with different
grain sizes and Mn** concentration. The peak at
290°C, shows the same behaviour in all quarry
samples: After 20 minutes of exposure, the peak
loses 80% of its initial intensity. The reduction in
peak intensity continues at a lower rate, until 60min
when it reaches the lowest level which remains
practically constant even after a prolonged exposure
(residual TL) say 3 months. The intensity of the
residual level is usually 11 to 18% of the natural
thermoluminescence.

The data in all cases can be fitted by the sum of two
exponential functions (Polikreti et al. 1996, Liritzis
et al. 1996). One with a time constant of 0.09-0.16
min™ and a second one with a time constant of 0.001-
0.002 min”(Table 1). The phenomenon can be
explained by the existence of two different types of
electron traps in the CaCQsj lattice. Electrons in these
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traps have different escape probabilities. Those with
the higher probabilities of escape are evicted from
their traps easily and cause the high bleaching rate
observed at the first 20 minutes.

5
44
TL=3.7 * exp(-0.16"t) + 0.52 * exp(-0.001°*))
,é‘ 3l p(: ) P
1723
o
5]
c 24
-
|—
14
L} &
. }
o Ll L] T L) 1
0 100 200 300 400 500
Exposure time (min)
Figure 2.

TL intensity versus exposure time (white Parian
marble, Lychnites). TL intensities are normalised
with a second glow.
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Figure 3.

Thermoluminescence versus distance from the
marble surface for various exposure times (Pentelic
marble). TL intensities are normalised with the
second glow.

For a detailed study of thermoluminescence versus
distance from the surface, the TL profiles of
thermoluminescence with depth were drawn for three
specimens from a quarry from Pentelikon mountain.
They were exposed to natural sunlight for 2, 15 and
70 days (Fig. 3). Another profile, of a surface
exposed for 8 years (the date of last use of a modem
marble quarry) was also drawn. All curves show an
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initial part near the exposed surface where
thermoluminescence is minimum and then an almost
linear increase, up to a maximum value which
corresponds  to  the natural  (geological)
thermoluminescence of the particular marble piece.
In an attempt to find an equation describing the
curves of Figure 3, the following assumptions were
adopted:

Theoretical Approach

To simplify the calculations, we assume that the
decrease of TL versus time is represented by an
exponential term plus a constant. This simplification
does not introduce major errors since the second
exponential term fades very slowly (Tab. 1).
According to this assumption TL at two different
depths d and d+x, which correspond to exposure
times ty and t4,, will be:

TLy =R + Cexp(-Aqtq) ()
¢))
TLgix = R + C exp(-Agx tasx) (b)

where R is the the residual TL, C the geological
minus residual TL and )4 the time constant at depth d
If the two TL intensities are equal, then:

Aata = Agex taax )

Now we can assume that the marble matrix, is an
homogenous and isotropic material, where the
intensity of a light beam passing through it,
decreases according to Lambert - Beer law:

Lix=laexp(-kx)  (3)

where 14, 5.« are the beam intensities at depths d and
d+x and k(mm ') is a constant depending on the
wavelength of sunlight radiation and the
transparency of marble (i.e. density, texture, grain
size and accessory minerals).

Assuming that the total number of sunlight photons
or the total energy E (=I'S-t), needed to decrease
natural TL to a certain intensity is the same for the
two depths d and d+x, we have:

E=Id+x-s'td+x=Id-S-td
where S is the cross-sectional area.

Hence from eq. 3,

ta/tasx=eXp(-kx)  (4)
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and combining with eq. (2) we have:

}‘-d+x = )"d CXP('kX) (5)

Introducing eq. 5 to eq. 1(b) gives (for d=0) a double
exponential equation:

TL, = R + C exp(-A, t exp (-kx)) (6)

where A, (day") is the time constant for the TL
exponential decay versus exposure time at the marble
surface.

Application on the experimental data

Equation (6) was used as a fitting function on the
experimental data of the TL profiles with depth, for
2, 15, 70 days and 8 years (Fig. 3). Average values
forR (2.9 r.u.) and C (45.5 r.u.) were calculated from
the data. The fitting seems satisfactory, however the
calculated constants k and 2, (Tab. 2), appear to
decrease with increasing exposure time (although the
o errors are very large).

This behavior indicates that the equations
describing the phenomenon are much more
complicated than assumed. The coefficient k for
example, depends actually on wavelength, a fact that
could introduce an error, given that marble absorbs
strongly at the ultraviolet region (Vaz et al. 1968),
which is also the critical region for TL bleaching. On
the other hand, calcite crystals show decreased
optical absorption after they have been subjected to
ultraviolet irradiation (Vaz et al. 1968). These data
agree with our experimental results showing that k
decreases with exposure time.

As for the time constant A, it is expected to
decrease for longer exposure times, since the average
solar radiation intensity in 100 years is smaller than
that of 70 days of sunny weather, due to weather
variations. However, taking meteorological data into
account, i.e., multiplying the exposure time by a
factor representing the mean solar radiation intensity
for the particular period the experiment took place,
introduces very small corrections, which give results
within the experimental errors. The large errors for
2, could be reduced if we increase the number of
experimental points in the linear part of eq. 6. For
technical reasons, it was not possible to have more
than 2-3 slabs every 3-5 mm, at this first stage.

Time-Depth model for authenticity testing
In order to avoid the problems occuring due to the
variations of k and A,, without loosing the correlation
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of the phenomenon with time, the inflection point of
the double exponential function was found:

t= (1/A,) exp(kx;,) (8)

where x;, is the inflection point, in which the TL is
calculated: TL=R + C/e.

Equation (8), from now on refered to as “time-depth
model”, can be used to calculate the exposure time
for a certain measured depth x;,, by using “effective”
values of k and 2, characteristic for each type of
marble. These values can be calculated from fitting
with equation (8) at least three experimental (t, x;,)
pairs.

The model can be used as an authenticity test
according to the following procedure: Three TL
profiles are drawn, corresponding to specimens
exposed for known times. The xj, depths are
estimated for each profile, with the use of the double
exponential function (Eq. 6). Fitting the (t, x;,) pairs
by the time-depth model (eq. 8), gives “effective”
values for k and A,. Then an unknown exposure time
can be calculated by measuring the corresponding x;,
depth. This can be done for every piece of the same
marble type.

For Pentelic marble, the effective values of k and A,
calculated by treating the data of Figure 3 as
described above are: k = 0.67 (+0.02)mm™ and A, =
53 (£15)day.

Figure 4 shows the behaviour of depth x;, with
exposure time. The effective values lie within the
range calculated from the fitting by the double
exponential (Table 1).
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Figure 4.
Time - Depth model for Pentelic marble (x, is the
inflection point of eq. (6), lamda and k as in eq. (8))
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For another type of marble, different effective values
are expected for k and A,, as they depend on marble
transparency and solar radiation intensity. For a
Venetian piece of marble identified as Naxian
(Polikreti and Maniatis 2001) for example, effective
values of k and %, are: k = 1.021 (10.002)mm™ and %,
= 9.8 (+0.3)day”. The resulting larger k value is in
agreement with the lower transparency of Naxian
marble compared to that of Penteli.

Table 3 shows some depths of x;, for typical
exposure times calculated by eq(8), for Pentelic and
Naxian marbles. This table shows the potential of the
method as an authenticity test and approximate
dating method. According to Table 3, the method
gives broad age ranges for marble objects exposed to
sunlight. For example, an object made of Pentelic
marble with a xi, depth calculated at 24 mm, is given
an age of 300 to 1000 years (1000-1700 AD). The
range resulted by assuming an error for x;, equal to
1mm, which is the maximum error value calculated
in all studied cases (Tab. 2). Similar ranges can be
assigned to objects made of Naxian marble.

In order to evaluate the efficiency of the proposed
model in actual problems, we attempted to “date” a
small, worked parallelepiped block abandoned in an
ancient quarry and a modem quarry front, both from
Pentelikon mountain. The piece bears toolmarks
(point chisel), securely identified as “ancient”. The
modemn front shows an almost white surface, with
traces of loose depositions.

The inflection points for the ancient and the modem
profiles (Fig. 5a and b) were calculated at Xgncien: =
25.0 (#0.5) mm and Xpogem = 20.50 (£0.05) mm.
These depths, according to the model correspond to
tancien =1103 (2£656) years (300-1500 AD) and tpogem=
53 (+£23) (errors calculated by propagation of errors
procedure). The results confirm that the proposed
methodology can easily distinguish ancient from
modem marble surfaces, exposed to sunlight for long
periods.
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TL profiles for two Pentelic marble surfaces
(intensities normalised with a second glow, ..t and k
asineq.(6)):

a) a piece bearing ancient toolmarks (x,, = 25mm)
and

b) a modern quarry front (x;, = 20.5mm)

Conclusions

The natural thermoluminescence of marble and the
effects of natural sunlight irradiation on the surface
of ancient marble monuments were studied.

Bleaching rates and dependence of
thermoluminescence on depth were calculated for
different types of marble.

The results lead to a time-depth model for samples
continuously exposed to sunlight. This model is still
in a preliminary form but it could lead to a method
for testing the authenticity of disputable marble
monuments. In its initial form it can distinguish
between samples exposed to sunlight recently from
those exposed since antiquity. If the studied marble
piece is homogenous and the sources of error are
minimised, the method can give a really narrow age
range.
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Table 1.
Maximum Grain Size (MGS), Mn®* concentration (in relative units, measured by EPR spectroscopy),
residual TL and fitting function of the TL decrease versus time, for different types of marble.

Residual
Sample description | Mn** | MGS TL Fitting function
(ru) | (mm) | (% of
natural)
White, Pentelic 2012 0.6 14 1.90 e—O.le +0.37 e—0.0le
Whit.iSh, Naxian 860 3.0 18 0.80e—0.14x + 0.406—0.001)(
White, Parian 184 1.0 14 3.7 e—0.16x + ().52e_0’001x
White,' Thassian, 685 1.6 11 10106—009)( +2.6 e—0.002x
dolomitic
Table 2.
Ao and k calculated by eq. (6) and inflection points by eq. (8) (Pentelic marble).
Exposure time Ao k Xip
(days) (days™) (mm™) (mm)
2 1816 + 4611 1.6 + 0.5 5.1 +0.1
15 22 0402 9+1
70 0.3+0.2 0.25 £ 0.05 12.2 £ 0.3
8x365 0.1+0.1 0.31 £ 0.08 17.7 £ 0.2
Table 3.
The x,, depth calculated by the time—depth model for typical exposure times.
Exposure time x;jp for Penteli | x;, for Naxos
(years) (mm) (mm)
10 18.1 10.3
100 21.0 12.5
500 23.8 14.1
1000 24.8 14.8
2000 259 15.4
3000 26.5 15.8
5000 27.2 16.4
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It is a first time that bleaching of defects in marble
by the sunlight as a function of time and depth was
studied in detail. The results are leading to the
development of an authenticity test for ancient
marble artefacts that gives reproducible numeric
results, close to the real ages. The model has, of
course, to be improved in order to include artefacts
exposed to sunlight and then buried for long periods.
This will take into account the expected increase in
TL intensity due to the natural irradiation from the
radioactive elements of the ground, a standard
procedure in TL dating. This modification will
extend the application to complicated exposure
histories such as exposure, burial and exposure to
sunlight again. These natural processes are very
difficult to be reproduced by forgers.
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Color images of infrared stimulated luminescence (IRSL)
from granite slices exposed to radiations
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Abstract: Color luminescence images, associated with stimulation by infrared light, were obtained from some
granite slices after X-ray irradiation of 200 Gy. The infrared stimulated luminescence color images (abbreviated to
IRSL-CI) showed two colors, separable into intense yellow and blue portions. The former was assigned to be
originated from a plagioclase feldspar constituent and the latter to potassium feldspar one. Quartz parts scarcely
gave distinct IRSL-pattern. From spectrometry of the IRSL, two main emission peaks, consisting of 550 nm (vellow)
and 580 nm (orange), were revealed besides moderate emission in wavelengths shorter than 450 nm (blue).
Unexpectedly, reddish IRSL was observed in white mineral, probably feldspar of one granite. This IRSL-CI method

can be useful for the examination of feldspar purity as well as for the filter selection of IRSL-dating.

Introduction

In the optical dating method, Hiitt et al., (1988)
have discovered the infrared-stimulated luminescence
(IRSL) phenomena for most of feldspars; when
ionizing radiation-exposed feldspars were stimulated
with infrared light in the range of 800-900nm, the
strong IRSL has been detected in the wider
wavelength range including almost visible light.
According to a review paper by Krbetschek et al.,
(1997), various kinds of luminescence windows in
wavelengths were reported to the IRSL of feldspar.
In our laboratory, some luminescence color imaging
methods, including thermoluminescence color images
(TLCI), afterglow color images (AGCI),
photo-induced phosphorescence (PIP), color center
images (CCI) and 2-dimensional monochromatic
OSL-images, have been established using varieties of
granite slices (Hashimoto et al., 1995). Subsequently,
the color imaging methods of radiation-induced
luminescence have been applied to 16 kinds of
feldspar minerals on the basis of a ternary diagram of
feldspar. As a result, the AGCI could be separated
into two groups, giving intensely bluish or green
coloration along the alkali feldspar line and weak
reddish coloration along the plagioclase line. In most
feldspar slices, heterogeneous color distribution has
been revealed according to the mineral formation and
historical conditions (Hashimoto et al., 2001).

Since the IRSL of feldspar is much effectively
bleached at deposition (Aitken, 1998), the
IRSL-dating of feldspars has been expected to be
more hopeful for the widespread quaternary-sediment
layers, applicable to complete bleaching effects with

the sunlight. In the IRSL-measurements, the selection
of filter-combination is very important to choice the
objective feldspar suitable for dating with low
background conditions as well as for checking the
purification of feldspar samples.

From these situations, a simple IRSL-color
imaging method from granite slices has been
developed using a high sensitive photographic
system accompanied with combination of color
filters. In the 2-dimensional color images, mainly
yellowish and slightly bluish IRSL parts have been
recognized as well as with heterogeneous distribution
on every sample exposed with a y-ray standard
source.

Experimental
1. Preparation of granite slice samples

The following granites were selected to prepare
the slice samples in the 2-dimensional color images
described below; A) HW-5 granite, mylonite-like
sub-facies (granodiorite), B) HW-36 granite,
porphyritic sub-facies (granodiorite) and C) HW-23
granite, foliated granodiorite-tonalite facies. All of
the HW granite samples were collected from Hanawa
pluton adjacent to Tanakura Shear Zone, by which
the main fault divided North-eastern Japan from
Southwestern Japan during the Mesozoic period
(Ohira, 1992, 1994).

After cutting roughly into square planes
(approximately 8x8x0.5 mm), each surface was
polished with an alumina emulsion solution. Every
sliced rock sample was followed by the X-ray
irradiation.

2.Radiation exposure and observation of IRSL-color
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images

All luminescence color images were observed after
the irradiation of X-rays using a fluorescent X-ray
analysis apparatus (SX3063p, Rigakudenki Co. Ltd.)
and a "’Cs standard y-ray source (Pony Co. Ltd.,
PS-3000 SB Type) for the dose standardization.
Following X-ray irradiation with the absorbed dose
of 200Gy (for 15min exposure time), slice samples
were stored to eliminate completely afterglow
emission, by letting the samples stand for 1 day in a
dark box. The IRSL-color imaging (IRSL-CI)
observation of the slice samples was carried out by
means of a photographic apparatus as illustrated in
Fig. 1(a). Infrared light emitting diode (IR-LED,
Hamamatsu Photonics, L2690-02) is certified to offer
890 nm emission peak with 50 nm FWHM value.
Sixteen LEDs were installed to a LED holder having
a hole of 20 mm in diameter and the applied current
was fixed here to 100mA per LED. The applied
IR-power was evaluated to be 3.0 mW/cm® on the
surface of the slice samples using a power meter. For
the IRSL-CI  photography, a glass filter
(Asahi-techno Glass Co. Ltd., CF-50E) for correction
in visible light was inserted to eliminate the
stimulation IR-light. The optical properties of the
filter and stimulation light-ranges from IR-LED are
indicated in Fig. 1(b). To attain most sensitive
photography, a camera (Nikon, F-3) with a lens of
F-1.2 was employed as well as the use of highly
sensitive color film (Fuji 1ISO-400). The practical
photography has been conducted in a dark room and
the camera shutter was opened for 90 sec from start
of the IR-LED stimulation.

3. IRSL-spectrometry by an on-line spectrometric
system

An on-line spectrometric system for extremely weak
photon-emission was applied to the spectrometry of
IRSL from the granite slices in the similar way to the
TL-spectrometry (Hashimoto et al., 1997). Instead of
the camera, a small spectrometer, connected to image
intensified photo-diode array, was placed in the same
arrangement as shown in Fig. 1(a). Every scanning
interval was 22 ms and 512 channel data in
wavelength width were summed up to 45 cycles to
form one spectrum per second. Thus, 100 spectra
during the period of 100 sec stimulated with IR-light,
could be acquired to the microcomputer memory. All
of the spectrum data were plotted in a spectrum
figure for every slice sample.

Results and discussion

Infrared-stimulated luminescence color images
(IRSL-CIs) of some X- irradiated granite slices were
obtained using photon detection are shown in Fig. 2.
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Figure 1.
Schematic view of photographic assembly for
infrared stimulated Iluminescence color imaging
(IRSL-CI) from slices exposed radiation (a) and
optical properties of IR-LED and a IR-cut filter
(CF-50E).

The present results from IRSL-CIs show evidently
that feldspar portions in the real images tend to cause
strong yellowish luminescence, while quartz portions
bring on no IRSL-CI because of extremely weak
luminescence emission with IR-illumination. In
addition to scattered distribution of the IRSL-images,
there appears heterogeneous distribution on the
IRSL-CIs within single feldspar grain part. The
similarly heterogeneous distribution of afterglow and
thermoluminescence was observed within every
single feldspar slice (Hashimoto et al., 2001).

In the preceding publication (Hashimoto et al.,
1995), it has been recognized that among several
kinds of white mineral constituents in granite, albite,
plagioclase and potassium feldspars are sensitive to
the radiation-induced Iluminescence, involving
radio-luminescence (RL), TL, afterglow, photo-
induced phosphorescence as 2-D color images. On
the other hand, quartz constituent shown relatively
poor sensitivity to luminescence phenomena. The
present results are in good agreement with the highest
sensitivity natures of plagioclase portions in any
kinds of the luminescence (Hashimoto et al., 1995,
2001).
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(b) (c)

L |
10 mm

Typical infrared stimulated luminescence color images (IRSL-CIs) from granite slices. Real surface images (4)
and IRSL-CI (B) were obtained from three kinds of granite slices; (a) HW-5, (b) HW-36, and (c) HW-23.

Additionally, it is well known that light-sensitive
trapped electrons (and hole centers) in minerals
should be greatly dependent on the kinds of minerals
in which they are located, as well as the geological
history of the rock body formation (Hashimoto et al.,
1994). From this viewpoint, the IRSL-CIs themselves
were considered to reflect such mineral properties.
However, there appears no significantly different
pattern among the present slices, except for two
samples, HW-5 and HW-36, which show the mixture
images distinguishable into yellow and blue part,
while HW-23 sample renders intense yellowish
patterns alone. The HW-23 sample is known to
contain almost plagioclase constituent as feldspar, so
that the intense yellow IRSL-CI portions are
attributable to plagioclase mineral. Two other
granites, HW-5 and HW-36 have been analyzed to
contain small parts of potassium feldspar constituent
in addition to large amount of plagioclase portions
according to Ohira, (1994). Therefore, the blue
IRSL-CI portions seen in HW-5 and HW-36 were
assumed to originate from potassium constituents. In
fact, single potassium feldspar gave blue
luminescence color in both afterglow and
thermoluminescence. The identification ~ of
plagioclase and potassium feldspar portions was also
confirmed by a mineralogist. Anyway, it should be

emphasized that IRSL-color images in Fig. 2 are the
first visualization, by which the researchers could
admit simply the IRSL-CIs, helpful for the selection
of IRSL-detection filter, superior to the
monochromatic IRSL-images from our laboratory
(Hashimoto et al., 1995).

In further precise way, the results from an
IRSL-spectrometry could serve for the determination
of detection wavelength range, although the
two-dimensional information couldn’t be obtained.
Spectral results from three granite slice samples are
presented in Fig. 3.

Every highest spectrum is corresponding to first
IRSL just after beginning of IR-LED illumination
because of decaying behavior of IRSL as well
known. In the HW-5 sample, there exists a prominent
yellowish emission having a peak at 550 nm. In
addition to 550 nm peak (yellow color), there appears
another 580 nm (orange color) peak and other
emission in shorter wavelength than 450 nm ranges
(blue or violet color) in two granites, HW-36 and
HW-23. Among these luminescence wavelength
ranges, yellow and orange colors tend to decay out
immediately after the IR-illumination, whereas the
blue or violet emission continues for a relatively long
period. This result will support also the two different
minerals for IRSL-emission, probably plagioclase
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(c)

IRSL-spectra measured by an on-line spectrometry installed with an image intensifier. Every spectrum is consisting
of 100 spectra dependent on decaying behavior after IR-LED-illumination. Granite samples are (a) HW-5, (b)

HW-36, and (c) HW-23

potassium feldspars in these granite slices.

It is noteworthy that the spectra (b) from HW-36
offer the existence of longer wavelength side
beyond 600 nm, corresponding to reddish color
ranges. In a preceding paper (Hashimoto et al.,
1995), the similarly originated granite showed
reddish  PIP  (photon-induced-phosphorescence)
pattern (HW-38). Although the IRSL-spectrum
shows certainly reddish emission, it must be
questionable that there appears no red part on the
IRSL color image of HW-36 (Fig. 2(b)). The reason
should be attributable to the use of IR-cut filter
(CF-50E) as indicated optical property in Fig. 1(b), in
which the reddish wavelength ranges were almost
completely absorbed (c.f. emission spectrum in Fig.
3(b)).

Similar color images of the IRSL will be realized
using highly sensitive CCD-camera in near future. To
approach this direction, we are starting the color
imaging visualization and decay curve analysis into
red, green and blue coloration of the imaging data.

Since the PIP-phenomena should be derived from
the same photon-sensitive trapped electrons, the
PIP-color images might be displaced to the
IRSL-color photography in the case of weak
IRSL-emitting minerals.

These IRSL-CI technique must be useful for the
examination of feldspar purity and the filter selection
for the establishment of the reliable IRSL-dating,
together with emission spectrum data.
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Abstract: The dose absorbed by spherical quartz grains containing rubidium is calculated for grain diameters from
5 um to 100 mm. The equivalent geometric factor as a function of grain diameter is also given.

Introduction

Recently it was stated (Huntley and Hancock, 2001)
that a clear need exists for a proper calculation of the
absorbed energy fraction for [ particles emitted by
¥Rb from within grains of various sizes. The tools
required for such a calculation have previously been
published (Readhead, 1987; with an erratum noted in
Ancient TL 6, p.20), but as this work was not
referenced in the review by Adamiec and Aitken
(1998), readers may not be familiar with it. A
synopsis of the method is provided below, along with
the results.

Theory

Spencer (1959) calculated the average energy
dissipated near point isotropic sources of mono-
energetic electrons and presented his numerical
results in the form of a “de-dimensionalized energy

distribution” J (x) , where x is the distance from the

source in units of pathlength r,. He calculated
electron penetration taking into account both nuclear
elastic scattering and electron slowing down, but did
not include straggling. Charlton (1970) states that
Spencer’s results have been extensively tested by
Cross (1967), and that “over a wide range of beta
spectra there is excellent agreement between theory
and experiment, except at distances from the source
greater that about half of the range of the most
energetic electrons in the spectrum. Within this
distance about 95% of the total source energy is
deposited.”

The calculations of Spencer are the basis of
absorbed dose distribution functions derived by both
Berger (1971, 1973) and Charlton (1970). The
method of Berger has previously been used by
Mejdahl (1979); that of Charlton by Bell (1978,
1979). Both are equivalent and Bell (1979) found
good agreement between his and Mejdahl’s results.
The approach of Charlton is followed here.

Consider a sphere of diameter D containing a
homogeneous  distribution of point sources,
surrounded by a region not containing any sources, as
in Figure 1.

Figure 1.

Geometry for a spherical absorber which emits N,
electrons per unit mass. It is surrounded by a region
which does not emit electrons.

Within the sphere N, electrons are emitted per unit
mass, each of initial energy E, and pathlength r.
Using Spencer’s results, Charlton showed that the
energy dissipated per unit volume at point P is

D, (r) =N,E,S, (r)
(1)

where (after some manipulation) the spherical
geometrical function

A

I dex

J. ()dx

sind do

2
is obtained. Here D is the diameter of the grain, 7 is
the distance from the centre of the grain to P,

—rcos@+\/(D/) rs1n¢9)
3)

is the distance from P to the edge of the grain for an
angle #and
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0 for r, >%+r

2
Hmax: r2+r02_(%) .
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“

Equation (1) gives the dose absorbed at a point. The
mean dose absorbed by a spherical grain is

(D€> =NoE, <Se>

%)
where
27 o7 Iy )
(S >: .[0 JO _[0 S, r? sinOdrd0d ¢
¢ 7 eon oD
Ioz .[o J‘Oérz sin 8drdOd ¢
(6)

When a nuclide decays and emits a [ particle, that
particle can have a range of possible energies up to a
maximum value E.,,. The mean dose absorbed from
a P particle must be averaged over this spectrum, so

<Dﬂ> =N <Eﬂ>
(7
where

()=

" (S,)En(E)dE
) “n(E)dE

0
(®)
n(E)dE is the number of B particles emitted per

unit energy with initial energies in the interval E to
E+dE. For many transitions the energy distribution
of the spectrum is not fully known, but Murthy
(1971) gives formulae for calculating it.

Computational considerations

To evaluate the above equations the [ particle
maximum energies and intensities, and internal
conversion and Auger electron energies and
intensities can be obtained from the Nuclear Data
Retrieval Program (http://www.nndc.bnl.gov/). The
pathlengths in quartz can be derived from the tables
of Pages ef al. (1972).

Spencer’s J (x) was evaluated for electrons with
initial energies of 0.025, 0.05, 0.1, 0.2, 0.4, 0.7, 1, 2,
4 and 10 MeV traversing selected media, including
carbon (Z=6) and aluminium (Z=13) using a mesh in
x of Ax=0.025. To interpolate in x requires the
use of a quadratic interpolation formulac. To

interpolate for quartz at a particular initial energy one
uses
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InJ, (x) _ {anu (x) an(,(x)}[Zq —zc} InJ, (x)

4, A 4 |z -z 4,
©)
and
Z —Z
A =4 +(A —A g <
R =y
(10)

where the subscripts q, ¢ and a refer to Z, J (x) and
constants A (given by Spencer) for quartz, carbon
and aluminium, respectively. To interpolate in initial
energy one uses:

InJ(x) _ {m Jue (¥) InJy, (x)}[ log E —log E, ]+ InJ,, (x)

A Ayg Ay log E, —log E, Ay
(1)
and
logE—logE
A= ALE +(AUE _ALE) —_—
logE, —logE,
12)

where E is the energy of interest, bracketed above by
Ey and below by E;, with associated J, (x) and

J e (x), and Ayg and A g.

For Z=37 Murthy gives the 3 energy spectrum as:
n(E)dE = k(1.7964+8.4692F +6.8327E” )(E,,, — E)’ dE

(13)
where k is a constant.

Results

For ¥Rb the maximum P energy is 0.2823 MeV.
Table 1 shows the absorbed dose in MeV/N, and
uGy/a/(ppm Rb) for grain diameters from Sum to 100
mm. Since the values are obtained after averaging
over the 3 spectrum, a simple geometric factor cannot
be given. However, an equivalent value is obtained if

<S e> is set to 1 in Equation (8), in which case the

absorbed dose is 0.0825 MeV/N, or 0.3580
nGy/a/(ppm Rb).  This leads to the equivalent
geometric factors shown in the table for each
diameter. Of course, for very large grains this same
maximum absorbed dose is achieved, as the
geometric factor approaches 1. Figure 2 plots the
equivalent geometric factor as a function of grain
diameter.

Note that the results apply to an absorber of quartz,

for which Z_ ~10.8. Slightly different results will
be obtained with other absorbers, by using the

appropriate effective atomic number in Equations 9
and 10.


http://www.nndc.bnl.gov/htbin/nudat.cgi)
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Equivalent geometric factor as a function of grain
diameter for a quartz grain containing an
homogeneous distribution of ' Rb

In addition it should be pointed out that the *Rb B
energy spectra is most likely an approximation on the
part of Murthy, due to the paucity of experimental
data. His paper includes correction factors for
various types of forbiddingness, but doesn’t
specifically mention *’Rb. However, an approximate
result based on his spectra is better than no result at
all, and is certainly an improvement over that of Bell
(1979), who only used the average p energy for *’Rb
when calculating the attenuation factor for 100 pum
quartz grains.
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Diameter | Absorbed dose | Absorbed dose Equivalent
(mm) (MeV/ No) uGy/a/(ppm Rb) | geometric factor
0.005 0.0036 0.015 0.043
0.01 0.0067 0.029 0.081
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0.02 0.0121 0.053 0.147
0.03 0.0169 0.073 0.205
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Jubilee Aitken - an eightieth birthday celebration

10 - 12 April 2002

It is given to very few of us to be the founder of a
new branch of science.

Martin Aitken is one of those.

From a background in synchrotron physics at the
Clarendon Laboratory, Oxford he moved to the infant
Research Laboratory for Archaeology and the History
of Art, known to most of us “RLAHA” or as “Keble
Road”. There he devoted his attention to a variety of
physical methods of aiding the archaeologist. It was
he who, with Christopher Hawkes, coined the word
Archaeometry for the application of mathematics and
physics to archaeological problems. He first devoted
his attention to archaeomagnetism and its applications
in this context, particularly proton magnetometer
detection of buried remains. Since then, of course,
Archaeometry has come, by extension, to embrace the
application of all the sciences, and the original
archaeology has been joined by Quaternary geology
in the field of operations. Aitken is a physicist and it
may therefore not be coincidental that a goodly
proportion of the advances in methodology for
luminescence dating have been made by physicists.

At the time, thermoluminescence was fairly well-
known as a tool for studying minerals per se. Taking
up an abandoned speculation that it should be
possible to use mineral thermoluminescence to find
the age of pottery, he showed that it was indeed
possible to do so, although by his own account he
wondered from time to time whether it was going to
be possible after all. Nowadays, pottery features
rather infrequently in the dating game, if you exclude
the art market and authentication or the lids of toilet
cisterns from Pripyat, as reported to the Conference.

The needed skills gradually diffused out from Oxford
in the notebooks and heads of their many visitors and,
by the mid seventies, thermoluminescent dating
laboratories were beginning to spring up elsewhere in
the UK, in continental Europe and even as far away
as Australia and Canada.  Visitors to those
laboratories could not help but be struck by the fact
that the way things are/were done . could be
identifiably traced to the Keble Road influence.
Indeed, it was only in the 1990s that it was possible to

find a luminescence dating laboratory in which such
influence was no longer direct.

Two big advances were responsible for the expansion
into geology:

1) the realisation by the Simon Fraser group and
independently in the USSR, that the luminescence
clock could be reset by exposure of mineral grains to
sunlight and that this would allow sediments to be
dated by TL and,

2) the corollary that, just as TL can be used to date
samples for which the TL clock has been reset by
heat, so photostimulation can be used to date samples
for which the clock has been reset by light exposure.
Resetting by heat is, of course still permitted.

All of these have a direct line of descent from Martin
Aitken.

Now he has reached his eightieth birthday, not
perhaps a Jubilee in the dictionary sense, but who
cares?

It was therefore appropriate for his former students
and colleagues to gather together in Clermont-
Ferrand, to help celebrate it. For the idea and the
execution, great credit and our thanks are due to
Stephen Stokes and Didier Miallier.

Some forty five of us were there. There were a
number of his earliest students, including his first D
Phil student, Mike Tite, and others from the early
years. There were present-day students of his
students; and others who had taken the Golden Road
to Keble Road from other less favoured climes and
places. Unless my arithmetic is wrong, there was
someone present who had worked at Keble Road for
every year that Martin was there. Absent friends sent
greetings by video and word processor. The writer of
these notes can claim to have known Martin longer
than anyone else (1950) and have travelled furtherest
to get there. Many recalled the hospitality of Martin
and Joan at Islip and expressed regrets that she was
unable to be present.

The celebration took the form of a two-day
conference with papers grouped roughly in eight
themes. The general idea was to present the current



30

state of the art with invited and contributed papers
and, in due time, to present Martin with a book
containing them. Perhaps it could be regarded as the
book that he himself might write were he updating his
celebrated 1985 and 1998 books. It is hoped that it
will be as useful to practitioners as those two were.
The programme is reproduced below.

A “family tree” with the names of all his students and
their students, in the form of a framed picture was
presented. And individuals added their personal gifts.
There was also a good deal of food and wine.

Happy Birthday, Martin!

John Prescott

Physics Department

University of Adelaide

email: jprescot@physics.adelaide.edu.au

Program
Thursday 11" April

Stephen Stokes & Didier Miallier Introduction &
welcome

John Prescott A datable friendship?

Rainer Griin & Geoff Duller The place of
luminescence dating in the context of absolute dating
techniques

Steve McKeever & Richard Bailey The theoretical
framework for luminescence dating

Ludwig Zoller Towards high temporal resolution of
loess: Combination of physical numerical dating
(luminescence and '*C) and relative chronologies
(magnetism and isotopes)

Richard Bailey, Barney Smith, Andrew Murray &
Ann Wintle Luminescence properties of quartz
relevant to dating applications

Ann Wintle, & Geoff Duller Luminescence
properties of feldspar relevant for dating applications
Raphaél Visocekas Luminescence in France & its
connection with Martin Aitken

Morteza Fattahi, Raphaél Visocekas & Didier
Miallier Red luminescence - new approaches and
potentials

Ancient TL Vol. 20 No 1 2002

Antoine Zink Far red luminescence of feldspar

John Prescott Something old & something new:
Some new data on Thick Source Alpha Counting and
some cosmic reflections

Ian Bailiff & Yeter Goksu Accident dosimetry

Lars Bgtter-Jensen, John Prescott & Nigel
Spooner Instrumentation for the detection of
luminescence emissions

Stephen Stokes A celebration of the career and
contributions of Martin Aitken FRS

Friday April 12

Geoff Duller, Li ShengHua & Andrew Murray
Single aliquot and single grain equivalent dose
determination

Helen Bray, Geoff Duller, Richard Bailey &
Stephen Stokes Data visualisation and error analysis
in luminescence dating measurements

Joy Singarayer & Lars Bsgtter-Jensen Linear
modulation of optically-stimulated luminescence
(LM-OSL)

Stephen Stokes and Simon Armitage Luminescence
dating in desert sedimentary environments

Helen Roberts, Ann Wintle and Ludwig Zaller
Luminescence dating of loess

Jakob Wallinga and Andreas Lang Beyond aeolian
sediments: Applications of luminescence dating in
fluvial and colluvial environments

Eddie Rhodes, Héléne Valladas and Norbert
Mercier Luminescence dating frameworks for
archaeological sciences in the Palaeolithic period
David Sanderson, Iona Anthony and Anne
Sommerville The nature of the event: Luminescence
dating in neolithic and later archaeology

Gunther Wagner Luminescence dating of sediment:
An important tool in geoarchaeology

Andrew Murray, Roger Nathan and John
Prescott Radioisotopes, dosimetry and dose rate
determination

Dorothy Godfrey-Smith Plus ¢a change: A
longitudinal study of developments in optical dating
from the perspective of Rose Cottage Cave, South
Africa

Hélene Valladas, Georges Valladas, Norbert
Mercier, Chantal Tribolo TL dating of burnt stones
Marco Martini A database of TL dates on the Web
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SFU age list
D. J. Huntley
Physics Dept., S.F.U., Burnaby, B.C., V5A 1S6, Canada.

A list of optical and thermoluminescence ages obtained at SFU up to the present can be found at
http://www.sfu.ca/physics/research/workarea/huntley/  as a PDF file. If anyone would like a printed list, please
ask me for one.

The following table is an outline of what is in the age list. O means optical dating, TL means conventional
thermoluminescence dating, and TLS means thermoluminescence sediment dating. For most of the optical ages, 1.4
eV (IR) excitation of K-feldspars was used, and some ages have been corrected for anomalous fading; for a small
number, 2.4 eV (green) excitation of quartz was used. Some samples for which no age was calculated are included in
the age list, but not included in this table.

Region type of sample number of samplies
Canada
British Columbia silt and sand, organic-rich sediment 200, 3TLS
tsunami-laid sand or flood deposit 100
glaciofluvial or glaciolacustrine silt 130,11 TLS
pot sherd 1 TL
tephra 4 TL
Alberta aeolian sand 100
delta sand, glaciolacustrine silt 20
Saskatchewan aeolian sand 370
Manitoba aeolian sand 110
Ontario glacial sediments 3TLS
Quebec silt 10,20 TLS
New Brunswick dune sand 90,1TLS
Northwest Territory dune sand, sand wedge 20
Yukon tephra 1 TL
U.S.A.
Alaska tephra 1TL,1 TLS
Washington peat, tsunami-laid deposit 40
tephra 3TL
Oregon tsunami-laid lake deposits 50
California sand and silt 40
hearth 1TL
Utah tephra 1TL
Massachusetts beach dune 240
other
South Australia dune sands 16 0, 23 TLS
Siberia sand, quartzite 30
Oceania pot sherds 6 TL
ocean and gulf sediment cores 19TLS
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10'" International Conference on Luminescence and

Electron Spin Resonance Dating
Reno, Nevada, June 24-28, 2002

Student awards

The Vagn Mejdahl poster award was shared by

Gunter Erfut
Saxon Academy of Sciences
Freiberg, Germany

and

Sebastien Huot ‘

Departement des Sciences de 1a Terre et de I’ Atmosphére
Montréal, Canada

The Martin Aitken oral presentation award was shared by
Joy Singarayer

School of Geography and the Environment

Oxford, UK.

and

Kiristina Thomsen

Risg National Laboratory
Roskilde, Denmark

The prizes were presented by Dr Glenn Berger and the awards were sponsored by Risg National Laboratory,

Denmark and by Daybreak Nuclear and Medical Systems Inc., U.S.A.
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