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Abstract—The effect of ground temperature variations with time and depth as well as of other
complicating factors are examined, with reference to the thermoluminescence dating methods which use
the shape of glow curves as affected by ambient temperatures. It is shown that for accurate dating, detailed
information is needed on the variation of temperature with time at the depth that the object being dated
was found. Taking into account all the sources of error, a total uncertainty of around 20% in the ages
is expected. This makes these methods of little use to archaeological dating but possibly of use in

authenticity tests.

1. INTRODUCTION

THE commONLY used methods of dating by thermo-
luminescence (TL) are based on thermally stable
peaks in the glow curves. However, low-temperature
peaks which are affected by ambient temperatures
have been used in studies of the thermal or radiation
histories of samples (Ronca, 1964; Johnson, 1965;
Ronca and Zeller, 1965; Ronca, 1968; Chris-
todoulides er al., 1971; Christodoulides, 1971; Dur-
rani et al., 1972, 1976, 1977; Wintle and Aitken,
1977).

Peaks that had reached an equilibrium height, with
the rate of trap filling by radiation being exactly offset
by thermal draining at ambient temperature, have
been used in determining this temperature when the
dose rate was known or vice versa (Christodoulides,
1971; Durrani et al., 1972).

Dating methods were also developed, which were
based on low-temperature peaks for the deter-
mination of the dose rate or to avoid the need for
having to determine the dose rate (Charalambous
and Michael, 1976; Langouet et al., 1976, 1979,
1985).

It is the purpose of this paper to consider the
limitations of these methods, imposed by various
factors, with special emphasis on the effects of the
variation of ground temperatures.

2. THEORY

In deriving the equations governing the growth of
TL with dose when thermal drainage is taken into
account, certain simplifying assumptions have to be
made. The main assumptions are that traps are not
destroyed or created by radiation, the rate of filling
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the traps responsible for the TL peak under consid-
eration is proportional to the number of empty traps
and the dose rate, and that thermal drainage is
governed by an Arrhenius expression as described
below. Competition between traps is neglected and so
is retrapping of liberated charges. With these assump-
tions, the mathematics is fairly simple (Christo-
doulides, 1971; Christodoulides et al., 1971).

2.1. Constant temperature and dose rate

If the phosphor is kept at a constant temperature
T and irradiated at a constant dose rate r, and if N
is the total number of traps per unit volume, of which
n are filled at a given time, E is the energy depth of
these traps and s their frequency factor, then

% = —1% (N —n)r —sne ElFT,
The first term on the right-hand side gives the rate of
filling the (N — n) empty traps. R, is a constant of the
peak and, as shown below, it is the saturation dose
when thermal drainage is negligible. The second term
gives the rate of draining the # filled traps by thermal
excitation at temperature 7.

Integrating (1) with all the traps empty at ¢ = 0 and
using the dose R =rt as variable, we obtain:

M

N
n=—[1—exp(—aR/R) @

with
R,
0 e~ EIKT

2 =1+2 ®3)

The parameter o is large when thermal drainage
is important and becomes equal to 1 when the
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Fi6. 1. Hypothetical glow curves for doses equal to 1, 2, 3 and 4 times a certain dose. The glow curve

consists of two peaks, a low-temperature peak (1) and a high-temperature peak (2). Peak (2) increases

in height linearly with dose, while peak (1), which is affected by thermal drainage, shows a sublinear
variation of height with dose and signs of saturation.

irradiation temperature 7 is low enough for drainage
to be negligible. When this happens, equation (1)
becomes

n=N(l-e *) @

where the growth of n is given by a saturating
exponential with saturation dose R,.

Equation (2) shows that thermal drainage has the
effect of decreasing the maximum number of traps
that can be filled by a factor «, and also decreasing
R, by the same factor. We may write

n=n,(1 —e %) ©)
where

n,=Njz and R;=Ry/a.

Figure 1 shows a hypothetical glow curve consist-
ing of a low-temperature peak which is affected by
thermal drainage and a high-temperature peak which
is not affected. Assuming that the TL intensity is
proportional to n, which means that we again dis-
regard retrapping and competition between traps
during heating, we obtain the response curves of
Fig. 2 for the two peaks, at three different tem-
peratures. It is obvious that for a given dose rate, for
higher temperature of irradiation we have a lower
saturation dose R, and saturation level L.

2.2. Periodically varying temperature

If the temperature of the sample changes during
irradiation, we have variations in thermal drainage.
For a complete solution, the exact value of tem-
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FiG. 2. The variation with dose of the heights of two peaks such as those shown in Fig. 1. Peak (2) which
is not affected by thermal drainage is assumed to increase in height linearly with dose. Three different
cases are shown for peak (1) which is affected by thermal drainage. The three cases correspond to three
different temperatures T\, T, and T; in increasing order. To these temperatures there correspond
saturation heights L, L, and L with saturation doses R, R, and Ry respectively.
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perature as a function of time is needed. However, if
the variation is periodic with a small period com-
pared to the age of the sample, an approximate
solution to the problem may be found. Over a time
t, assuming that n does not change significantly, we
have a change 7 in n due to thermal drainage, where

'
—sn
0

We define a temperature Ty such that

~

on e ET dy. 6)

— EfkTp _ _1_ Jl e~ EIkT 4y
tJo
which we call the Boltzmann-equivalent temperature.
Assuming n changes by a small proportion over the
time period ¢, T if kept constant would have had the
same draining effect on the peak as the variable
temperature did. If T(¢) has a period ¢, we take the
average value of the Boltzmann exponential in equa-
tion (7) over a period ¢,.
In the case of periodically varying temperature,

equation (1) may be rewritten as

dn 1

dt R,
with the assumptions mentioned above. This equa-
tion describes the variation of # with time on a long
time scale compared to #, and neglecting the small
fluctuations of #, having a period of #,. The solution
of equation (8) is identical to that of equation (2) with
Ty replacing T.

€

(N —n)r —sne = E/kTs

®)

2.3. Periodically varying dose rate

If r varies periodically with time, with a period
small enough so that # does not change significantly
over a period, then we may use in equation (1) the
average value of r. If both T and r vary with time,
having the same period z,, the average values of r and
T; used in equation (2) should be estimated over a
period #,. If their periods are different, the shortest
interval of time being an integral multiple of both
periods should be used as averaging time.

3. TL DATING METHODS BASED ON
THE SHAPE OF GLOW CURVES

There are three methods of TL dating based on the
theory developed above. All three make use of the
changes in the shape of a glow curve caused by
thermal drainage, to avoid the need for direct deter-
mination of the dose rate r. These methods will be
briefly described below, and then there will follow a
discussion of the characteristics of TL peaks which
may be suitable for use in such methods of dating.

3.1. The TL dating methods

Method A. The first method is based on a low
temperature peak which has reached an equilibrium
height as dictated by the dose rate and the rate of
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thermal drainage, In this case, the dose rate may be
found, (Christodoulides, 1971; Christodoulides et al.,
1971), using the value of », as determined by experi-
ment and solving for r to obtain

r=—"gse ETB,

®)

In addition to n,, one must also determine N, Ry, s,
E and Ty. The ratio N/n, is the ratio of TL peak
height when the sample is irradiated at a low tem-
perature to saturation, to the equilibrium peak height
as measured in the natural glow curve of the sample.
Having determined r and the natural dose received by
the sample using a high temperature peak and any of
the usual TL dating techniques, the age is found.

Method B. After measuring the natural TL of a
sample, a suitable pair of dose rate and temperature
is found, such that by irradiating in the laboratory to
the natural dose received by the sample, the exact
shape of the glow curve is reproduced (Char-
alambous and Michael, 1976). The condition for this
to be achieved is

e

ZAC—E/kTB _ tLeAE/kTL

(10)
where ¢, is the archaeological age of the sample, Tj
is the Boltzmann-equivalent temperature for the peak
used over the time ¢, , ¢; is the duration of irradiation
of the sample in the laboratory to the natural dose at
a constant dose rate and T, is the temperature of
irradiation in the laboratory. This method is based on
reproducing the TL vs dose growth curve in the
laboratory at a much faster rate than that of the
natural irradiation of the sample. This is achieved by
imparting to the sample the same dose as its natural
dose at a much higher dose rate than that of the
natural irradiation and at the same time accelerating
the rate of thermal drainage of the low-temperature
peak by the same factor, by performing the ir-
radiations in the laboratory at a suitably higher
temperature. In this method E and Ty have to be
known.

Method C. This is a method of relative dating by
TL, known as DATE (Différence des Atténuations
Temporelles des Emissions) (Langouet et al., 1976,
1979, 1985). It is based on determining a parameter
g(t) which is proportional to the ratio of the height
of the low-temperature peak affected by thermal
drainage to that of a high-temperature peak which is
not affected by ambient temperature. By laboratory
irradiations the ratio of the rates of growth of the two
peaks with dose is also found so that g(¢) is nor-
malized to unity for zero age (i.e. no thermal drain-
age).

By determining g(z) as a function of the age ¢ for
samples of known age, a calibration curve is obtained
relating g(z) to age. A sample of unknown age is
dated by comparison of its g(z) value with the
calibration curve.
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F1G. 3. The range of peak temperatures and peak energies (shaded region) which would exhibit thermal

drainage effects at ambient temperatures between 0 and 20°C, and correspond to peaks which might be

used for dating by the three methods described in the text. The region of interest is contained between

the lines of s = 10%s™! and 10'2s~! which is the usual range for the frequency factor. It is also limited

between the lines coresponding to half-lives of a few centuries at 0°C and a few thousand yr at 20°C, as

these would be the ages of interest in archacological dating. For geological dating the range of interest
is shifted towards higher Ty and E values.

3.2. Choice of suitable TL peaks

Whether or not a TL peak would be suitable for
use in the dating methods described above depends
on its half-life at ambient temperatures. In dating of
archaeological samples the ages range from a few
centuries to a few thousand years. Each case must be
considered independently, taking into account the
method to be used, the expected age -of the sample
and the temperatures at the site and depth below
ground surface at which the sample was found.

Considering a sample of an age of 2000 years and
ambient temperatures between 0 and 20°C, some
arguments will be presented, which are relevant to the
question of deciding the suitability of a TL peak. This
will be done referring to Fig. 3, which shows the
relation between peak half-life and peak temperature
and energy.

If method A is to be used, a peak of half-life no
higher than approx. 500 years at 20°C must be
chosen, so that equilibrium height may be attained by
the peak in about 2000 years. For s values between '
108s~! and 10'2s~! this means that the peak tem-
perature must be between 250 and 360°C, corre-
sponding to energies of 1.3 and 1.1 eV respectively.

Methods B and C have the same range of applica-
bility. They may be used on peaks that have been
affected by temperature irrespectively of whether they
have reached equilibrium or not. It is preferable,
however, to use peaks not at equilibrium as these are
higher and can be measured with more accuracy. This
means that their half-lives at 20°C may be up to
about 5000 years for the case considered, extending
the range of peak temperatures up to about 350°C for
s =10%"".

The shaded region in Fig. 3 shows roughly the
ranges of peak temperatures Ty, and energies E which
are of interest in the three dating methods described.
These may be roughly taken to be Ty between 210
and 350°C and E between 1 and 1.4 eV, for archae-
ological dating. In all cases, however, an additional
condition to be satisfied is that the low-temperature
peak is high enough to be detectable and measurable
with sufficient accuracy.

4. GROUND TEMPERATURE VARIATIONS

The effects of temperature variations were studied
for various TL peaks and for the temperature at
depths up to 1m below ground surface. The tem-
perature data used were for the Athens region and
in particular the Nea Philadelphia Meteorological
Station.

4.1. Temperature data

The monthly average surface temperature under
shade for Athens is shown in Fig. 4(a) for each of the
twelve months of the year. The curve is based on data
collected between 1952 and 1971. The mean tem-
perature over the year is 17.4°C, the minimum is
about 9°C in January and the maximum about
27.5°C at the end of July. Superimposed on these
there are the daily variations which on average have
amplitudes of 3.5°C in January rising to 7.5°C in July,
as found from data collected between 1946 and 1975,
Fig. 4(b).

Ground temperatures were available for depths
between 2cm and 1m, recorded at intervals of 6 h
starting at noon every day. The data used in this
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FiG. 4. Surface temperatures under shade, in the Athens region, given for each month of the year. (a)
Monthly average temperatures over the period 1952-1971. The mean temperature for this period is 17.4°C.

(b) Average values of the amplitude of temperature

variation over the period of a day, given for each

month, from data collected between 1946 and 1975.

study covered the period of 24 consecutive months
between May 1982 and April 1984. The temperatures
for the month of May 1982 are shown in Fig. 5 for
the depths of 20cm and 1m. The picture is also
representative of other months and depths. The gen-
eral features are that for small depths the daily
variation is clearly visible, superimposed on longer
period fluctuations and the seasonal variation. At
depths over 50cm the daily variations (high-
frequency) are not clearly visible, with only the
seasonal variation remaining, together with some
shorter period variations of small amplitudes.

4.2. The Boltzmann-equivalent temperatures

Using the definition of T (equation (7)) and
detailed temperature data such as shown in Fig. 5, for

depths of 2, 10, 20, 50 and 100 cm, the Boltzmann-
equivalent temperatures were determined for each of
the 24 consecutive months, as well as for each of the
2 years and for the whole 2-yr period. This was done
for peaks of energies 0.8, 1, 1.2 and 1.4eV. The exact
number of days in each month was taken into
account.

Figure 6 shows the results for a peak of 1eV and
for the depth of 100 cm. Ty is shown for each month,
and varies between 10 and 28°C. For these same data
the T value for the first 12-month period is 21.0°C
and for the second 20.6°C. For the whole 2-yr period
it is 20.8°C.

The values of Ty for the depths and peak energies
mentioned above are plotted in Fig. 7, for the whole
2-yr period examined. The variation of Ty with

n
[8)]
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n
?
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s
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10 15
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FIG. 5. Variation with time of the ground temperatures at two depths, 20 and 100 cm, for the month of
May 1982. Readings are shown at intervals of 6 h. The location was the Nea Philadelphia Meteorological
Station near Athens. For the depth of 20 cm the (short-period) daily variation is clearly visible, together
with longer-period and seasonal changes. At a depth of 100 cm the daily variation is smoothed-out leaving
only the longer-period variations superimposed on the slow seasonal increase of temperature.
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Fi1G. 6. The Boltzmann-equivalent temperature Ty, defined by equation (7) in the text, calculated for each

month between May 1982 and April 1984, for the depth of 1 m and for a peak of 1eV energy depth.

Detailed temperature data such as those shown in Fig. 5 were used in the calculations. The differences

in Ty for the same month of the two successive years are 1°C or less. The values given are of the

temperatures 75 which if kept constant over a month would have had the same thermal drainage effect
on a 1eV peak as the actual ground temperature did have over that period of time.
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FiG. 7. The Boltzmann-equivalent temperature Ty for the
2-yr period examined, as a function of depth, for peaks of
energies 0.8, 1, 1.2 and 1.4 eV. The rate of change of T with
depth is very high at depths less than 20 cm. At greater
depths the rate of change is about 2.5°C/m. These graphs
may be used to find the errors in the values of T that would
be caused by a given error in the depth at which the object
being dated was found.

energy should be noted, as well as the rapid changes
at small depths. Due to the exponential dependence
of thermal draining on 1/7, the few “heat-waves” of
even short duration are felt at small depths with the
result of increasing Ty. It should be mentioned that
for all depths examined, the average temperature over
the 2-yr period was the same within 0.05°C and equal
to 18.5°C.

Finally, Fig. 8 shows the variation with time of the
factor exp(— E/kTy), where Ty is the Boltzmann-
equivalent temperature for each month. This is plot-
ted for traps of 1.2 eV energy and for two depths, 10
and 100 cm. The factor gives the fraction of filled
traps which are drained over an interval of time equal
to 1/s, where s is the frequency factor, with typical
values between 10% and 10"2s~!, The main feature of
the graph is that it shows clearly that the main
drainage of filled traps occurs during the 4 or 5
hottest months of the year.

5. DISCUSSION

The effects of ground temperature variations and
of other complicating factors on TL dating will now
be discussed, with reference to the three dating
methods mentioned.

5.1. Ground temperature variations

It should be mentioned at the start that the model
used in the theoretical treatment is a very simplified
one, assuming first-order kinetics both during ir-
radiation and TL measurement, without taking into
account competition between traps, retrapping and
other effects. Nevertheless it is felt that even with
these simplifications, a realistic qualitative exam-



INFLUENCE OF GROUND TEMPERATURES ON TL DATING 53

%10-18

exp (-E/kTy)

monthoz MJ JASONDJ FMAMJI JASONDJI FMA

year : 1882 —%—

1983 I 1984 —

FiG. 8. The variation with time of the factor exp( — E/kTg) for E =1.2¢V and Ty estimated at two depths

(10 and 100 cm) for 24 consecutive monthly periods. Multiplied by the frequency factor s, the ordinate

axis gives the fraction of filled traps which are thermally drained per unit time. For the depth of 100 cm

and for s = 10% ! the average fractional rate of drainage is about 4 x 10~"'s~! or about 0.126% per yr.

For this rate the peak would be suitable for dating. The importance of the hottest 4 or 5 months of the

year is obvious. The difference between the two successive years is also clear, especially at the smaller
depths.

ination of the problem is possible and some quan-
titative estimates may be made.

It is evidently clear from the analysis made that
when detailed knowledge of the temperatures at the
depth at which the sample was found is not available,
using an annual average temperature at the same site
or at the region of the find, will result in large errors
in the ages if corrections have to be applied due to
thermal drainage. This was pointed out for the case
of geological dating by Watanable and Pretti (1984),
who used a peak at 367°C, of E = 1.54¢V and s =8
10's~! for the purpose. At the assumed annual
average temperature of 24°C for the region, this peak
has a half-life of 3.6 x 10°yr while at a temperature
of (say) 2°C higher or lower the half-life would be
different by a factor of 1.5

Using the regional mean surface temperatures un-
der shade would lead to errors also due to the fact
that there may be substantial differences between
neighbouring sites. As an example, it might be men-
tioned that in the Athens region, temperatures at the
Athens Observatory (very near the Acropolis) are on
average 1°C higher than those at the Nea Philadel-
phia Meteorological Station, 5km away.

From the data used in this study it was also found
that for a find at a depth of 50 c¢m, if the monthly
average surface temperatures are used in estimating
the Boltzmann-equivalent temperature instead of the
detailed data for the depth of 50cm, Ty will be
underestimated by approx. 2.5°C and lead to errors
in ages of between 30% for a 0.8 eV peak and 60%
for a 1.4 eV peak.

For samples exposed to sunshine there exist great
variations of temperature with time which cannot be

correlated with any accuracy to ground temperatures.
The shape and surface texture of the sample play an
important role in the temperature of such an object.
For this reason, Ty was not estimated for ground
surface, although temperature readings were avail-
able.

When the exact depth is known at which the object
being dated was found, it is necessary to have detailed
data of temperature at that depth. There exist, up to
a depth of 1m, substantial temperature gradients
which lead to significant variation of the Boltzmann-
equivalent temperature Tp with depth, as seen in
Fig. 7. This variation is more pronounced at depths
smaller than 20cm. As seen in Fig. 8, the most
important period for which temperatures are needed
are the 4 or 5 hottest months of the year.

The thermal history of an object depends also on
its immediate surroundings. The microclimate at the
exact location of the object may be affected by
ground morphology and inhomogeneities in the
ground, caused by the presence of large rocks or
other objects, things which are quite common at
archaeological sites. The assumption is also made
that the environment of the sample was not changed
over a period of time equal to its age. Earthquakes
and other disasters (natural or man-made) may alter
this environment. This limitation is also a problem
for other methods of TL dating.

It is noted that if for any of the reasons mentioned
above there is an overall uncertainty of 1.5°C in 7§,
there will be errors in the half-lives of peaks amount-
ing to 17% for a peak of 0.8V, 20% for 1 eV and
32% for 1.4eV. These will also be the errors in the
ages of the objects being dated. For depths greater
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than 20 cm, an error of 1.5°C in Tj will be caused by
an uncertainty of 50 cm in the exact depth at which
the object was found (Fig. 7).

The storage temperature after excavation is also
important. The height of a low-temperature peak
may be drastically reduced by storage at a tem-
perature which is only a few degrees higher than the
Boltzmann-equivalent temperature during its history.

The temperature variations examined in this study
were confined to detailed examination of a 2-yr
period. There are however longer period variations in
temperature. The mean air temperature in Athens for
example has increased by 0.7°C during the last cen-
tury, although there is no evidence that this rate of
increase has prevailed for longer time periods. Fluc-
tuations of temperature with approx. 1°C amplitude
are present on the decade scale and of approx. 2°C
amplitude for shorter periods. Finally, on the geolog-
ical time-scale there are substantial fluctuations
(5-10°C or more) as witnessed by the onset of ice
ages. These have been well documented by studies of
the isotopic abundance of oxygen in carbonate de-
posits or fossils, which is known to be temperature-
dependent (Emiliani, 1955, 1958).

5.2. Other factors affecting TL age

Other factors besides ground temperature may
cause problems in TL dating based on the shape of
glow curves.

The first important question that has to be decided
is whether a low-temperature peak which is to be used
has reached equilibrium height or not. To decide on
this question one needs to have some idea of the
expected age of the object and the parameters of the
peak to be used so that an estimate of its half-life may
be made. When dating burnt flint, for example,
Wintle and Aitken (1977) had to consider the possi-
bility of thermal drainage effects in some samples
which gave unusually high natural doses for their
expected archaeological ages but nevertheless low
enough to exclude the possibility that they were the
doses received by the flints since their geologic for-
mation. Considerations similar to those of section 2.1
lead to the conclusion that the samples were not in
fact adequately heated in antiquity to remove their
geological thermoluminescence.

Dating by method A requires a peak at equilibrium
height from which to determine the dose rate r. The
parameters that need to be measured however are so
many (E, s, N, n;, Ry and Ty) that the accuracy of the
method is very poor in age determination. It is
however quite suitable for examining the thermal
history of an object by determining Ty if the dose rate
r is known. The method has been used for example
by Christodoulides (1971) and Durrani et al. (1972)
in determining the maximum temperature reached on
the surface of the Moon using material brought to
Earth by the Apollo 12 mission.

For dating by method B, the low-temperature peak
used must not be near equilibrium height although it

is necessary that it has been affected considerably by
temperature to give accurate dates. It seems that
natural quartz which is found in pottery has enough
TL peaks to make possible the use of this method on
objects with ages between 10° and 10* yr, a range
which covers adequately the ages of archaeological
interest.

A source of error is the fact that measurements
performed in the laboratory for the determination of
the half-lives of peaks have to be made at tem-
peratures higher than those of the sample’s environ-
ment, for practical reasons. One then either finds the
E and s values of a peak or extrapolates to find the
half-life of the peak at ambient temperatures. Apart
from the errors caused by the extrapolation, the
procedure is based on the assumption that the kinet-
ics obeyed by the peak (or peaks) remain the same
over a wide range of temperatures.

Closely related to this last problem is also the fact
that irradiating at elevated temperatures may affect
the kinetics quite drastically and yields a different TL
vs dose growth curve than the one prevailing during
the natural irradiation of the object being dated. That
the sensitivity of a peak to dose depends in some cases
on the temperature of irradiation has been demon-
strated by Aitken et al. (1974), Khazal et al. (1975)
and Durrani et al. (1977) for quartz and by Sunta et
al. (1976), and Kathuria and Sunta (1982) for LiF
(TLD-100). It may happen that at a temperature, a
given peak has a very short half-life so that it does not
take part in the competition processes of free charge
carrier trapping and recombination. At a lower tem-
perature, the traps producing this TL peak may
retain charges for much longer periods, thus altering
the kinetics of trap filling during irradiation. This
would have an effect on the sensitivity of peaks at
higher temperatures which would otherwise remain
unaffected by thermal effects. For this reason, ir-
radiations in the laboratory should be performed at
the same temperature as that of the sample during its
history, and this is more or less the procedure fol-
lowed in the “classical® TL dating methods. It is
impossible however to follow this rule when applying
method B. The very basis of the method is the
assumption that one can accelerate the trap-filling
and trap-emptying mechanisms by the same factor
while not disturbing the kinetics of these processes.
This is a dubious assumption, and there does not
seem to be a way of either by-passing it or of checking
its validity, except perhaps by dating objects of
known ages.

The assumption of constant dose rate is also not
entirely correct. Variations of the dose rate with
depth, weather conditions and month of the year
were found at many different sites by Mejdahl (1970,
1978). Seasonal variations of the dose raté and
correlation with weather conditions were also found
by Liritzis and Galloway (1981), and Liritzis (1985).
The only way -of solving this problem would be by
direct measurement of the dose rate as a function of
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time at the exact spot the object being dated was
found. This however, would invalidate the only ad-
vantage these dating methods offer, namely of not
having to know the dose rate. Neither does there
seem to be any regularity in the dose rate variations
which might be used to overcome this problem.

In samples having more than one low-temperature
peak affected by thermal drainage, problems arise if
these are not well separated in the glow curve. For
method B, if two such peaks exist, one may argue that
since there are two adjustable experimental condi-
tions, temperature and dose rate, glow curve match-
ing may be achieved by finding the unique pair of
temperature value T and duration of irradiation ¢
which satisfy the conditions

tpaexp ( — E/kTy) =t exp (— E,/kT)
and
taexp (— Ey/kTyy) =t exp (— Ey/kT)

where the subscripts 1 and 2 correspond to the two
peaks. This however would make the procedure of
finding ¢ and T much more time-consuming and the
errors in the age larger.

In method ¢, low-temperature peaks may be
present after laboratory irradiations which do not
exist in the natural glow curve. These must be
removed by annealing before measurement. In the
DATE method as applied, such a peak appears and
contributes to the 325°C peak used for dating. Also,
the peak at 375°C has some contribution at 325°C but
this is not a serious problem since the parameter g(¢)
can still vary substantially (from 1 down to 0.4 for
ages between 0 and 7000 yr). The range of ages
covered may reach 10* yr and is due to the fact that
the peak used has a mean life at 20°C of
4250 + 350 yr (Langouet et al., 1985).

Of the three methods mentioned, the DATE
method seems to be the more successful, being a
method of comparison not involving the deter-
mination of any peak parameters. If care is taken for
the laboratory irradiations to be performed at tem-
peratures close to those of the sample’s environment
during its history, the only serious source of error
remaining is that of the uncertainty in the depth at
which the sample was buried during its history. If
objects of known age found at the same depth are
used in establishing the g(¢) calibration curve then
the uncertainties in age may be as low as about 10%
as deduced from published results obtained by this
method.

6. CONCLUSIONS

The variation of ground temperature with depth
and with time was found to have significant influence
on low-temperature peaks used in TL dating methods
based on the shape of glow curves. A detailed knowl-
edge of these temperatures at the exact spot where the
object being dated was found must be available for

reasonable accuracy in the results. This is not always
possible and in most cases is a more difficult problem
than measuring the dose rate directly.

Other problems such as the variation of dose rate
with time, weather conditions and nature of the
environment, complicate matters further. In methods
where the peak parameters have to be determined by
measurements in the laboratory the uncertainties in
age are further increased.

The DATE method, which is a method based on
glow curve comparison, seems to be the most accu-
rate of the methods examined, being able in favour-
able cases to give ages with errors of the order of
10%. All methods could be usefully employed in
authenticity tests where a rough estimate of the age
is considered satisfactory. There does not seem, how-
ever, to exist a way of overcoming the problems
mentioned so as to improve the accuracy of the
methods and make them useful for archaeological or
geological dating.

Acknowledgements—The author wishes to thank the Na-
tional Meteorological Service of Greece for providing the
ground temperature data on which this work was based.

REFERENCES

Aitken M. J., Huxtable J., Wintle A. G. and Bowman
S. G. E. (1974) Age determination by TL; review of
progress at Oxford. Proc. 4th Int. Conf. on Lumi-
nescence Dosimetry, Krakow, Poland, pp. 1005-1019.

Charalambous S. and Michael C. (1976) A new method of
dating pottery by thermoluminescence. Nucl. Instrum.
Meth. 137, 565-567.

Christodoulides C. (1971) Thermoluminescent dating of
materials of extraterrestrial or biological origin. Un-
published Ph.D. Thesis Chapter 3.3., University of
Birmingham, England.

Christodoulides C., Ettinger K. V. and Fremlin J. H. (1971)
The use of TL glow peaks at equilibrium in the
examination of the thermal and radiation history of
materials. Mod. Geol. 2, 275-280.

Durrani S. A., Groom P. J., Khazal K. A. R. and McKeever
S. W. S. (1977) The dependence of the thermo-
luminescence sensitivity upon the temperature of irra-
diation in quartz. J. Phys. D: Appl. Phys. 10,
1351-1361.

Durrani S. A., Khazal K. A. R. and Ali A. (1976) Tem-
perature and duration of some Apollo 17 boulder
shadows. Proc. Tth Lunar Sci. Conf., pp. 1157-1177.

Durrani S. A., Khazal K. A. R. and Ali A. (1977) Tem-
perature and duration of the shadow of a recently-
arrived lunar boulder. Nature 266, 411-415.

Durrani S. A., Prachyabrued W., Christodoulides C., Frem-
lin J. H., Edgington J. A., Chen R. and Blair 1. M.
(1972) Thermoluminescence of Apollo 12 samples:
implications for lunar temperature and radiation his-
tories. Proc. 3rd Lunar Sci. Conf., Suppl. 3, Geochim.
Cosmochim. Acta 3, 2955-2970.

Emiliani C. (1955) Pleistocene temperatures. J. Geol. 63,
538-578.

Emiliani C. (1958) Paleotemperature analysis of core 280
(Atlantic ocean) and pleistocene correlations J. Geol.
66, 264-275.

Johnson N. M. (1965) An empirical isothermal decay law
for the thermoluminescence of calcite. J. geophys. Res.
70, 4653-4662.



56 C. CHRISTODOULIDES

Kathuria S. P. and Sunta C. M. (1982) TL response of LiF
TLD-100 at high irradiation temperatures. Phys. Stat.
Solidi T0A, K125-K128.

Khazal K. A. R, Hwang F. S. W. and Durrani S. A. (1975)
The effect of the temperature of irradiation on the TL
sensitivity of quartz. Abstracts of 1975 Oxford Sym-
posium on Archaecometry and Archaeological Pros-
pection, p. .8

Langouet L., Roman A. and Gonzales R. (1976) Datation
de ceramiques par la methode D.A.T.E. Proc. 16th Int.
Symposium on Archaeometry and Archaeological Pros-
pection, Edinburgh, (Edited by McKerrel H.), pp.
312-324. HMSO, London.

Langouet L., Roman A., Deza A., Brito O., Concha G. and
Asenjo de Roman C. (1979) Datation relative par
thermoluminescence methode D.A.T.E. Revue d° Ar-
chéométrie 3, 57-65.

Langouet L., Lopez- Carranza E. and Roman A. (1985) La
methode D.A.T.E. et la cinetique de remplissage-
vidage du piege correspondant au pic de thermo-
luminescence a 325°C dans le quartz. Bull. Soc. Sci.
Bretagne 57, 14.

Liritzis Y. (1985) Determination of annual gamma dose-
rates in archaeological sites: effects on response and
seasonal variation. Revue d’ Archéométrie 9, 19-25.

Liritzis Y. and Galloway R. B. (1981) Correlation of

variations in the gamma-ray dose-rate in soil with
meteorological factors. Archaeometry 23, 109-113.

Mejdahl V. (1970) Measurement of environmental radiation
at archaeological sites. Archaeometry 12, 147-159.

Mejdahl V. (1978) Measurement of environmental radiation
at archaeological excavation sites by means of TL
dosimeters. European PACT J. 2, 70-83.

Ronca L. B. (1964) Minimum length of time of frigid
conditions in Antarctica as determined by thermo-
luminescence. Am. J. Sci. 262, 767-781.

Ronca L. B. (1968) Thermoluminescence as a paleo-
climatological tool In: Thermoluminescence of Geologi-
cal Materials (Edited by McDougall D. J) pp.
495-506. Academic Press, New York.

Ronca L. B. and Zeller E. J. (1965) Thermoluminescence as
a function of climate and temperature. Am. J. Sci. 263,
416-428.

Sunta C. M., Mazzaro A., Sordi G. A. A. and Watanabe S.
(1976) Dependence of LiF TLD-100 response on tem-
perature during exposure. Hith Phys. 30, 309.

Watanabe S. and Pretti W. L. (1984) Feasibility study of
thermoluminescent dosimetry as geological dating
technique. Radiat. Protect. Dos. 6, 197-199.

Wintle A. G. and Aitken M. J. (1977) Thermoluminescence
dating of burned flint: application to a lower palaeo-
lithic site, Terra Amata. Archaeometry 19, 111-130.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


